
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 128.104.46.196

This content was downloaded on 08/05/2017 at 21:31

Please note that terms and conditions apply.

Suspended honeycomb nanowire ISFETs for improved stiction-free performance

View the table of contents for this issue, or go to the journal homepage for more

2014 Nanotechnology 25 345501

(http://iopscience.iop.org/0957-4484/25/34/345501)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Optimized operation of silicon nanowire field effect transistor sensors

Taiuk Rim, M Meyyappan and Chang-Ki Baek

High-performance SEGISFET pH Sensor using the structure of double-gate a-IGZO TFTs with engineered

gate oxides

Ju-Young Pyo and Won-Ju Cho

On-chip surface modified nanostructured ZnO as functional pH sensors

Qing Zhang, Wenpeng Liu, Chongling Sun et al.

Highly sensitive ion-sensitive field-effect transistor sensor using fully transparent amorphous

In-Ga-Zn-O thin-film transistors

Min-Ju Ahn, Cheol-Min Lim and Won-Ju Cho

Optimization of pH sensing using silicon nanowire field effect transistors with HfO2 as thesensing

surface

Sufi Zafar, Christopher D’Emic, Ali Afzali et al.

Enhanced Sensing Properties of Fully Depleted Silicon-on-Insulator-Based Extended-Gate Field-Effect

Transistor with Dual-Gate Operation

Tae-Eon Bae and Won-Ju Cho

Low drift and small hysteresis characteristics of diamond electrolyte-solution-gate FET

Yoshinori Sasaki and Hiroshi Kawarada

Hydrogen plasma-mediated modification of the electrical transport properties of ZnO nanowire field

effect transistors

Woong-Ki Hong, Jongwon Yoon and Takhee Lee

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/25/34
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/0957-4484/25/50/505501
http://iopscience.iop.org/article/10.1088/1361-6641/aa584b
http://iopscience.iop.org/article/10.1088/1361-6641/aa584b
http://iopscience.iop.org/article/10.1088/0957-4484/26/35/355202
http://iopscience.iop.org/article/10.1088/1361-6641/aa5138
http://iopscience.iop.org/article/10.1088/1361-6641/aa5138
http://iopscience.iop.org/article/10.1088/0957-4484/22/40/405501
http://iopscience.iop.org/article/10.1088/0957-4484/22/40/405501
http://iopscience.iop.org/article/10.7567/APEX.6.127001
http://iopscience.iop.org/article/10.7567/APEX.6.127001
http://iopscience.iop.org/article/10.1088/0022-3727/43/37/374020
http://iopscience.iop.org/article/10.1088/0957-4484/26/12/125202
http://iopscience.iop.org/article/10.1088/0957-4484/26/12/125202


Suspended honeycomb nanowire ISFETs for
improved stiction-free performance

Kihyun Kim1, Taiuk Rim2, Chanoh Park3, Donghoon Kim1,
M Meyyappan2,4 and Jeong-Soo Lee1,3

1Department of Electrical Engineering, Pohang University of Science and Technology (POSTECH),
Pohang, Republic of Korea
2Department of Creative IT Engineering and Future IT Innovation Lab, Pohang University of Science and
Technology (POSTECH), Pohang, Republic of Korea
3Division of IT Convergence Engineering, Pohang University of Science and Technology (POSTECH),
Pohang, Republic of Korea
4NASA Ames Research Center, Moffett Field, CA, 94035, USA

E-mail: ljs6951@postech.ac.kr

Received 7 May 2014, revised 11 June 2014
Accepted for publication 19 June 2014
Published 5 August 2014

Abstract
This paper reports high performance ion-sensitive field-effect transistors (ISFETs) with a
suspended honeycomb nanowire (SHNW) structure. The SHNW can provide a longer, stiction-
free channel than that which is possible with a suspended straight nanowire (SSNW) for the
realization of gate-all-around biosensors. Devices with SHNWs, SSNWs and conventional
nanowires on the substrate have been fabricated using a top-down approach in order to compare
their electrical performances. The SHNW devices exhibit excellent electrical characteristics such
as lower subthreshold swing, higher transconductance and higher linear drain current. In
addition, the SHNW ISFETs show better pH sensitivity than other ISFETs. Based on the results,
the SHNW device appears promising for enhancing the intrinsic performance and ensuring the
reliable operation of biosensor applications.

Keywords: ion-sensitive field effect transistor, gate-all-around (GAA), honeycomb structure,
stiction, pH sensing, top-down, suspended nanowire

(Some figures may appear in colour only in the online journal)

1. Introduction

Ion-sensitive field-effect transistors (ISFETs) have attracted
much attention due to their potential for label-free detection
and real-time response [1–3]. The nanowire form of silicon,
instead of the conventional thin film, has been exploited for
the ISFET channel in order to improve the intrinsic electrical
characteristics [4, 5]. The development of highly sensitive
ISFETs is necessary for the evolution of genomics [6], bio-
medical diagnostics [7], environmental monitoring [8] and
drug discovery [9]. Recently, a honeycomb nanowire struc-
ture has been investigated in order to provide enhanced
electrical and mechanical properties for nanodevices [10].
The sensitivity of ISFETs is mainly related to intrinsic elec-
trical characteristics in terms of transconductance (gm) and
subthreshold swing (SS). The gate-all-around (GAA)

structure, using nanowire channels, has been demonstrated in
CMOS technology and has shown superior gate controll-
ability [11, 12]. The suspended nanowire structures with a
long channel length and a low channel doping level have
provided higher sensitivity due to an increased sensing area
and the relaxation of the diffusion constraints of a surface
bound nanowire [13–15].

In spite of the above advantages, a liquid-based operation
and environment can cause the suspended nanowires to col-
lapse and stick together which is known as stiction. This can
happen, for example, during fabrication steps, such as wet
etching and wet cleaning steps, or during the characterization.
Stiction is a critical issue in the suspended nanostructures
because it can degrade the device’s performance [16]. For a
given diameter, the nanowires cannot be arbitrarily long
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without suffering stiction and other mechanical stability
problems.

In this work, we compare the intrinsic performance and
the pH response of ISFETs that were fabricated using three
types of nanowire structures: the suspended honeycomb
nanowire (SHNW), the suspended straight nanowire (SSNW)
and the conventional nanowire (CNW), which is the case with
straight nanowires on the substrate. To investigate the
superior stiction resistance of the SHNW, the maximum
stiction-free length (LMax) is extracted for different widths of
the nanowires.

2. Experimental details

2.1. Investigation of stiction

The suspended nanowires (the SHNW and the SSNW) with
various widths and lengths were formed on a silicon-on-
insulator (SOI) wafer. Electron-beam lithography (EBL) and
inductively-coupled plasma reactive ion etching (ICP-RIE)
were used to fabricate the honeycomb nanowire and the 20-
parallel straight nanowire structures. The width of the nano-
wires varied from 30 to 100 nm, and the length of the nano-
wires varied from 1 to 10 μm. The thickness of the nanowire
was fixed at 100 nm. The nanowires were released from the
substrate using diluted HF. The gap between the nanowires
and the substrate was fixed at 130 nm. Then, the suspended
nanowires were rinsed by de-ionized water and dried by
nitrogen. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were used to examine the
occurrence of stiction.

2.2. Device fabrication

A 6-inch SOI wafer (p type, ∼10Ω · cm, (100)) with a top-Si
layer of 100 nm and a buried oxide (BOX) layer of 200 nm
was used as the substrate. First, the active area, including the
channel region and the source/drain region, was formed using

photolithography and ICP-RIE. Then, arsenic ions with a
dose of 5 × 1015 cm−2 were implanted into the source and
drain regions. Subsequently, rapid thermal annealing at
1000 °C for 20 s was performed, and then the nanowire
structures were fabricated using EBL and ICP-RIE with a
mixture of HBr, Cl2 and O2. Although the ICP-RIE has
advantages that help to define nanowires with a narrow width,
it may cause plasma-induced traps on the nanowire surface,
which may degrade the electrical characteristics and affect the
detection sensitivity [17–19]. In order to remove the etch
damage on the nanowire’s surface, a 5 nm-thick sacrificial
oxide was grown using a furnace, followed by a diluted HF
dip to etch the sacrificial oxide. Before the gate oxidation, the
SHNW and the SSNW were released from the BOX using a
diluted HF etchant. Then, a 5 nm-thick SiO2, to serve as a
sensing membrane, was grown using a furnace at 850 °C.
Next, 20 nm Ti and 200 nm Ag layers were deposited and
patterned using a conventional lift-off process for the source/
drain contact pads and the pseudo-Reference electrode (pRE).

Figure 1. Schematic of the characterization setup for measuring the
electrical performance and the pH response. The gate voltage (VG) is
applied to the embedded Ag/AgCl pseudo-reference electrode (pRE)
immersed in the 10 mM phosphate buffered saline (PBS, pH 7.4).
The drain is connected to the constant voltage (VD = 0.1 V) and to a
source-to-ground connection.

Figure 2. Schematic of the suspended honeycomb nanowire (SHNW) and the suspended straight nanowire (SSNW). (a) A schematic of the
top-view. (b) A schematic of the cross-view. The parameters (h, tNW, WNW, LDEV and Lb) are defined.
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Figure 3. SEM and cross-sectional TEM images of fabricated devices. (a) SEM top-side view of the entire SHNW device with source, drain
and pRE. Close-up tilted SEM images of the SHNW (b) and (c) SEM images of the SHNW and the SSNW ISFETs, respectively
(LDEV = 5 μm). (d)–(f) TEM images of the SHNW with LDEV = 5 μm and of the SSNW with LDEV = 5 μm and LDEV = 1 μm.

Figure 5. The ID–VG curve (left axis) and the IG–VG curve (right
axis) of a SHNW ISFET at a constant VD. The device exhibits a high
on-off ID ratio of 107, negligible hysteresis and a IG of less than
5 × 10−11 A.

Figure 4. Maximum stiction-free length (LMax) graph of the SHNW
and the SSNW as a function of the nanowire width. The theoretical
value for a single nanowire is calculated from the elastocapillary
equation. The measured LMax of the SHNW is 1.3–2.5 times longer
than that of the SSNW for various nanowire widths.
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A 2 μm-thick SU-8 layer was coated over the wafer, except
the sensing area and the pRE, in order to prevent leakage
paths through the aqueous solution. Finally, the Ag/AgCl
pRE was formed using an electrochemical method. The
electrical potential fluctuation of the embedded Ag/AgCl pRE
was previously reported to be invariant during a pH sensing
measurement [20]. The CNW ISFETs were fabricated using
the same process mentioned above, except for the wet etching
step used to release the nanowires from the substrate.

2.3. Electrical measurements

Figure 1 is a schematic of the measurement setup for char-
acterizing the electrical performance and the pH sensitivity.
The electrical characteristics were measured using a semi-
conductor parameter analyzer (Keithley 4200) at room tem-
perature. The 10 mM phosphate buffered saline (PBS, pH 7.4)
was used as the electrolyte, and a gate voltage (VG) was
applied to the embedded Ag/AgCl pRE. To obtain the elec-
trical characteristics of the devices, the drain current (ID) and
the gate current (IG) were measured while sweeping the VG

from 0 to 1.5 V at constant drain voltage (VD = 0.1 V) and
source voltage (VS = 0 V). Various pH solutions from 4 to 10
were prepared by adding 1.2 M HCl and 1M NaOH solution
to 10 mM PBS in order to demonstrate the pH sensitivity of
the fabricated devices.

3. Results and discussion

The suspended nanostructure can suffer from a stiction pro-
blem, which can distort the crystalline active region and thus
jeopardize reliable operation. Stiction problems mainly arise
from the vaporization of the aqueous solution used in pro-
cessing or during operation, which is inevitable. The volume
of liquid among the suspended nanowires and the substrate
can shrink due to liquid vaporization. The capillary forces, the
van der Waals forces, the electrostatic attraction and the
hydrogen bridging become larger than the restoring force as
the volume decreases, resulting in the distortion of the sus-
pended nanowire. Among the forces, the capillary force plays
a dominant role in the stiction problem. Hence, an elastoca-
pillary number (NEC), which defines the ratio of elastic
restoring energy to the capillary energy, is considered to
forecast the stiction of a suspended structure according to
width [21]. The NEC is given by
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where Young’s modulus (E), the gap between the nanowire
and the substrate (h), the thickness of the nanowire (tNW), the
liquid surface tension (γl), the contact angle (θc), the residual
tensile (σr), the width of the nanowire (WNW) and the length
of the nanowire (LDEV) are involved in determining stiction.

The stiction problem can easily occur when the surface of
a suspended object has an oxide layer (>5 Å) that is related
with θc and σr. The oxide surface, which has a high surface
energy with the hydroxyl groups, is extremely hydrophilic,
and a strong capillary force between the suspended objects
develops as the aqueous solution is vaporized [22]. Therefore,
the FET-based sensors that contain the surface hydroxyl
group are vulnerable to the stiction problem. According to
equation (1), the stiction issue can be mitigated as the width
of the nanowire increases. However, the width of the nano-
wire cannot be enlarged for the sensor application because the
sensitivity is directly related to the width of the nanowire. The
parameters (h, tNW, WNW and LDEV) are illustrated in
figures 2(a) and (b). The branch length (Lb) of the honeycomb
nanowire was 100 nm. Note that when h = 0, SSNW becomes
CNW when directly sitting on the substrate. The stiction-free
nanostructure can be obtained for NEC > 1, whereas the sus-
pended structures stick to the substrate for NEC < 1.

Figure 3 shows the SEM and the TEM images of the
fabricated devices. Figure 3(a) shows the SEM images of
representative SHNW ISFETs with source and drain, the Ag/
AgCl pRE and the suspended nanowire, revealing that the
Ag/AgCl pRE is embedded near the device and the SHNW is
connected between the source and the drain. The SHNW and
the SSNW have the same physical dimensions (WNW= 20 nm,
tNW= 65 nm, h= 70 nm, and tox = 5 nm), as seen in the TEM
images (figures 3(d)–(f)). Whereas the SHNW (LDEV = 5 μm)
is free of stiction, the SSNW (LDEV = 5 μm) shows a collapse
in the middle of the structure, as seen in figures 3(d) and (e).

Figure 4 shows the LMax as a function of the nanowire
width for the SHNW and the SSNW nanostructures. The LMax

is a critical parameter used to evaluate the stiction char-
acteristics. The solid line indicates the calculated LMax for the
SSNW structures, using equation (1) when NEC = 1 to figure
out the dependence of stiction on WNW. To investigate the
effect of nanowire design on stiction, the experimental LMax

for the SHNW and the SSNW is also presented in figure 4. It
turns out that the LMax of the SSNW follows the estimated
value from equation (1), which confirms the validity of the
elastocapillary number model for estimating the LMax. When
the SSNW has a shorter length than the LMax, it is also free
from stiction (figure 3(f)).

The honeycomb structure exhibits excellent resistance to
stiction as a result of superior mechanical stability enabled by
periodically repeating ‘Y’ junctions, and it can be improved
with a shorter Lb at a fixed WNW [23]. The measured LMax of
the suspended honeycomb nanowire is 1.3–2.5 times longer
than that of the SSNW for various nanowire widths, indi-
cating superior mechanical stability. Thus, the suspended
honeycomb structure with the longer LMax can provide higher
sensitivity and more reliable operation in biosensor applica-
tions under the same dimensions (h, tNW and WNW), com-
pared to other structures.

Figure 5 shows the ID and the IG as a function of the VG

of a SHNW ISFET (WNW= 20 nm, Lb = 100 nm, tNW= 65 nm
and tox= 5 nm). The ID–VG was measured by double sweep to
observe the hysteresis characteristics. The device exhibits
typical n-type FET behavior with a high on-off ID ratio of 107,
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negligible hysteresis and an IG of less than 5 × 10−11 A. The
negligible hysteresis of these SHNW ISFETs means that the
devices have negligible interface trap density [17, 19]. Low
gate leakage current indicates that the SU-8 layer successfully
prevents the leakage current flow between the Ag/AgCl pRE
and the source/drain electrode through the aqueous solution.

Figure 6 shows the average value and the standard
deviation of the electrical parameters, including SS, gm and
the linear drain current (ID,Lin), from the fabricated devices.
The parameters were extracted from eight devices in each
category of SHNW, SSNW and CNW. The SS (=dVG/dlogID)
was extracted when the ID was in the range of 1 nA to 10 nA.
The gm (=dID/dVG) and ID,Lin were extracted at a gate
overdrive voltage (VOD =VG−VTH) of 0.5 V. The whole set of
electrical parameters are enhanced in the increasing order of
the CNW, the SSNW and the SHNW ISFETs. The best
recordable SS of 63 mV dec−1 is obtained for the SHNW
ISFETs, which is close to the ideal value. This value is lower
than the previously reported values of SS for Si-nanowire FET
using liquid gating (80∼ 150 mV dec−1) [7, 10, 20, 24]. The
electrical performance enhancement of SHNW devices comes
from geometrical benefits of the suspended honeycomb
structure such as outstanding gate controllability and enlarged
surface area [10]. The honeycomb nanowire, owing to its
network nature, can always provide a larger surface area than
the straight nanowire array, which is an important advantage
in detecting a low concentration of biomolecules and
chemicals.

Figure 7(a) shows the ID–VG curves of the SHNW
ISFETs in response to varying pH values ranging from 4 to
10. The transfer curves are shifted toward the lower VG

without any change of the SS and the gm as the hydrogen ion
concentration within the solution increases. To investigate the
VG shift dependence on the pH value in the subthreshold
regime, the sensing voltage (VSen) is defined as the VG at the
ID = 1 nA. The shift of VSen per pH (ΔVSen/ΔpH) is calculated
as high as 35 mV pH−1 for all three types of devices,

comparable with other ISFETs using a SiO2 sensing surface
with a value of 30∼ 40 mV pH−1 [10, 20, 24]. The ΔV/ΔpH is
dominantly ascribed to the density of the hydroxyl groups on
the sensing surface [25, 26].

The sensitivity (S) is typically defined as the absolute ID
change divided by the initial reference ID level (S = |ΔID|/ID0),
where ΔID = ID1− ID0 is the drain current difference, ID1 is the
drain current induced by the sensing event (the attachment of
ions on the sensing membrane) and ID0 is the baseline current
[27–29]. The current sensitivity is an important parameter for
smart sensor applications because read-out circuits based on a
current-sensing technique can operate in low voltage and at
high speed [30–32]. The ID0,Sub is measured at VG =VSen in a
pH 10 solution in the subthreshold regime, and the ID0,Lin is
measured at VOD = 0.5 V in a pH 10 solution in the linear
regime. The baseline current is determined at pH 10 because
the number of the hydrogen ions within the solution is the
least at pH 10. Figures 7(b) and (c) show the average sensi-
tivity for the fabricated ISFETs as a function of the pH value
in both the subthreshold regime (VG =VSen) and the linear
regime (VOD = 0.5 V). Whereas the S increases exponentially
in the subthreshold regime as the hydrogen ion concentration
increases, the S varies linearly in the linear regime as the
hydrogen ion concentration increases. This result comes from
the operation mechanism of the ISFETs, which is in fact
nothing other than a MOSFET. In the MOSFET device, when
VD is a small constant, the dependence of ID on VG is given by
[33, 34]

∝
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exp

2.3
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G
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In the subthreshold regime, the S of the SHNW ISFETs
is 5 times larger than that of the CNW ISFETs at the pH 4
condition. In the linear regime, the SpH (=dS/dpH) is calcu-
lated as 0.4/pH, 0.3/pH and 0.15/pH for SHNW, SSNW and

Figure 6. Electrical parameters of SHNW, SSNW and CNW ISFETs. (a) Subthreshold swing. (b) Transconductance. (c) Linear drain current.
Symbols: the minimum and maximum value( ), the average (▪) and the standard deviation ( ).
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CNW ISFETs, respectively. The SHNW devices show
excellent pH sensing responses both in subthreshold and
linear regimes. Here, the higher sensitivity of the SHNW
devices results from a lower SS in the subthreshold regime
and a higher gm in the linear regime of SHNW, which can

generate larger ΔID with the same amount of surface charges
(which is induced by hydrogen ions bound to the SiO2 sur-
face) at a given gate bias (equations (2) and (3)). Conse-
quently, the SHNW ISFETs show higher pH sensitivity than
other devices due to improved electrical characteristics.

4. Conclusions

We have demonstrated a suspended honeycomb nanowire
structure for the gate-all-around ISFETs with a high immunity
to stiction, better intrinsic characteristics and a higher
pH sensitivity. In order to compare the stiction immunity and
the intrinsic characteristics for various nanowire dimensions,
honeycomb nanostructures and other straight nanowire struc-
tures were fabricated, characterized and compared at room
temperature. The honeycomb devices can provide a longer
LMax with the nanowire width in the range of 30–100 nm and a
large sensing area without the stiction problem. It can provide a
LMax up to 2.5 times longer than the conventional nanowire
structures, depending on the nanowire width. The honeycomb
devices exhibit improved electrical characteristics in terms of
SS, gm and ID,Lin, which are attributed to geometrical benefits
such as better gate controllability and increased effective
channel width. In addition, the honeycomb devices exhibit
better pH sensitivity, mainly due to a smaller SS value and a
larger gm. Therefore, the suspended honeycomb nanostructure
is very promising as an advanced sensor platform for label-
free, real-time detection of biomolecules.
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