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Platform
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Sebastian Pregl, Michael Melzer, Denys Makarov,* Walter M. Weber, Thomas Mikolajick,
Oliver G. Schmidt, and Gianaurelio Cuniberti
of some of these devices is hampered
by their potentially high cost that is not
readily affordable for, e.g., developing
countries. In particular, high risks of an
epidemic spread of severe diseases under
resource-limited conditions require timely
diagnosis so that early treatment can be
made.[5–7] Not least facing the current west
African Ebola thread, one of the major
strategies outlined by the World Health
Organization (WHO) in the recently published report[8] is to support interdisciplinary researches, which would enable novel
methods for more efficient and precise
detection and treatment of the pathogens
such as seasonal, pandemic, and zoonotic
influenza viruses in order to boost the level
of achievements in modern medicine.
Depending on the detected species, the
diagnostic devices should provide sensitivity to biochemical species at concentrations in the pM–nM range. In this way, successful early stage
diagnoses of manifold diseases can be assured as needed, for
instance for preventing the spread of influenza viruses.[9] Since
most of the bioanalysis tools are realized at the surface, i.e.,
ELISA or microarrays, high sensitivities can be achieved using
functional elements with extremely high surface-to-volume
ratio. The latter is a unique property distinguishing biosensors
based on Si nanowire field effect transistors (SiNW-FETs),[10–12]

A flexible diagnostic platform is realized and its performance is demonstrated
for early detection of avian influenza virus (AIV) subtype H1N1 DNA sequences. The key component of the platform is high-performance biosensors based
on high output currents and low power dissipation Si nanowire field effect
transistors (SiNW-FETs) fabricated on flexible 100 µm thick polyimide foils.
The devices on a polymeric support are about ten times lighter compared to
their rigid counterparts on Si wafers and can be prepared on large areas. While
the latter potentially allows reducing the fabrication costs per device, the former makes them cost efficient for high-volume delivery to medical institutions
in, e.g., developing countries. The flexible devices withstand bending down to
a 7.5 mm radius and do not degrade in performance even after 1000 consecutive bending cycles. In addition to these remarkable mechanical properties, on
the analytic side, the diagnostic platform allows fast detection of specific DNA
sequences of AIV subtype H1N1 with a limit of detection of 40 × 10−12 M within
30 min suggesting its suitability for early stage disease diagnosis.

1. Introduction
The development of modern multifunctional biomedical
devices for health monitoring, point-of-care diagnostics, and
environmental sensing has attracted extensive interest in the
last two decades.[1–4] However, the world-wide deployment
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which are already proven to be successful in detecting biochemical species down to the single molecule level.[13,14] Si nanowires
are easily modifiable with organic and inorganic functional
groups[15–17] enabling selective sensitivity to particular bio- and
chemical substances of interest, e.g., molecules, viruses, antibodies, cells. These features, accompanied with a high power
efficiency, enable the use of SiNW-FETs as biochemical sensors
for point-of-care, rapid diagnostics, and personal safety.[18]
To bring state-of-the-art biomedical diagnostic devices to the
hands of the people in need, a primary task is to reduce the
price of the devices and allow for their high-volume delivery in
a cost-efficient manner, e.g., container transportation.[19] For
the latter, a crucial aspect is to reduce the weight of the device.
This can be achieved by replacing the conventional rigid substrates, like Si or glass by light weight and large area polymeric
foils.[20,21] To this end, flexible diagnostic or analytic devices on
paper,[22] textile,[23] or polymers[24,25] have been demonstrated to
address the emerging needs of low cost and ultralight weight
of the biosensing platforms. Various flexible devices have been
realized as components for smart medical implants,[26,27] epidermal electronics,[28] as well as the electronic skins,[21,29] which
already allow to perceive temperature changes,[30] monitor and
display physiological conditions,[28] perceive the presence of
magnetic fields,[31–33] and communicate wirelessly and harvest
and store energy for autonomous operation.[34,35]
Here, we realized a flexible light weight diagnostic platform
based on SiNW-FETs revealing remarkable limit of detection
at 40 × 10−12 M for avian influenza virus (AIV) subtype H1N1
DNA sequences. The H1N1 subtype of AIV was chosen as it
is considered a global major risk for human health, exemplified by the declaration as pandemic to the 2009 swine-origin
one.[36] A strong advantage of the developed platform on lightweight 100 µm thick flexible foils over conventional electronics
fabricated on rigid substrates is the possibility of fabrication
over large areas (Figure 1) and adaptivity by redesigning the

final product on demand. For instance, a single working unit
on a flexible foil can be cut out (Movie S1, Supporting Information), or redundant parts of the support for specific applications
can be removed simply by cutting. Furthermore, the devices on
polymeric support are about ten times lighter compared to their
rigid counterparts realized on conventional 500 µm thick Si
wafers that make them cost efficient for high-volume delivery
to medical institutions in, e.g., developing countries. To keep
the handling cost of the biosensor as low as possible, we test
the performance of the devices by measuring the target DNA
under dry conditions after the solution is simply dripped onto
the sensing area of the detector.

2. Results
2.1. Fabrication of SiNW-FET on PI Foils
A SiNW-FET with high output currents and low power dissipation is the key component of the developed diagnostic
platform. Fabrication of transistor devices on a flexible support imposes certain constraints, especially on the maximum
allowed processing temperature. First, we grow dense arrays
of vertically aligned intrinsic Si nanowires with a mean diameter of 22 nm and length of 3–20 µm onto rigid Si wafers
using the vapor–liquid–solid (VLS) growth mechanism[37–39]
(see the Experimental Section). Applying the contact printing
approach,[40,41] we transfer onto a receiver flexible support up
to 103 SiNWs per device over an area of 80 µm × 400 µm (areal
density of the SiNWs: 0.03 nanowires µm−2). As a flexible
support, we chose 100 µm thick polyimide foils (PI, Dupont
HN100) owing to the exceptionally good mechanical, thermal,
and chemical stability, which enables their extended use in
state-of-the-art consumer electronics. After the transfer process (see the Experimental Section), the nanowires are aligned

Figure 1. Schematics revealing the key fabrication steps to realize the light weight and flexible biosensing platform based on flexible SiNW-FET devices.
a) Contact printing of vertically aligned SiNW onto flexible PI foils with a thickness of 100 µm. b) Deposition and patterning the source-drain electrodes.
c) Silicidation process to realize NiSi junction between SiNW and Ni electrodes. d) Deposition and patterning of the gate dielectric and gate electrode.
e) SEM image of the array of SiNWs bridging the finger electrodes. The top inset shows the close-up area with a single SiNW. Bottom inset: optical
image of the SiNW-FET device on flexible PI foil. f) Schematics of the cross-section through the key functional layers in the device layout. g) Optical
image of the resulting diagnostic platform consisting of arrays of the transistor devices that can be bent at will after fabrication.
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Figure 2. Electrical characterization of SiNW-FETs. a) Transfer and b,c) output characteristics of the flexible transistors with interelectrode (IE) spacing
of 6 and 8 µm. d) Statistics with the number of the functional devices and their corresponding on/off ratios. The inset shows the array of the measured
devices. The schematic close-up at the right-hand side contains a mapping of the device specific on/off ratios.

horizontally on the foil (Figure 1a) allowing their integration
into a standard FET geometry. As a single nanowire device
delivers current output of about 1 µA only,[11,39,42–44] parallel
arrays of SiNWs are used in this work to deliver macroscopic
current outputs.[40,41,45] Furthermore, devices with large
numbers of NWs connected in parallel are characterized by
a broader dynamic range as well as higher saturation and
zero field currents as beneficial for the practical realization
of sensing devices. Using conventional lift-off-based optical
lithography and sputter deposition of a 40 nm thick Ni film,
the interdigitated source-drain (SD) electrodes are formed
as shown in Figure 1b. We tuned the interelectrode spacing
(IE spacing) between 3 and 8 µm to assess its impact on the
performance and the yield of the working devices. To decrease
the contact resistance at the interface between Si and Ni
(Figure 1c), a thermal annealing process was performed after
deposition of the SD electrodes. Accordingly, metallic Ni silicide grows into the nanowires delivering abrupt metal to Si
nano-sized Schottky junctions.[42] The transmissibility through
the contacts is strongly enhanced due to the thinning the
barrier, which leads to higher current densities compared to
unprocessed devices.[41] The contact resistance can therefore
be reduced by two orders of magnitude (see the Experimental
Section) even without the need for doping. In contrast to
dopant activation at high temperatures conventionally used in
CMOS, annealing is carried out at moderate temperatures of
350 °C for 20 min, activating Ni diffusion into Si.[42,46–48] The
temperature is still low enough to avoid the degradation of
the flexible PI foils. To realize the metal-oxide-semiconductor
(MOS) transistor architecture, first, we prepare a 20 nm thick
Al2O3 layer using atomic layer deposition (ALD). Then, the
gate electrode of Cr(3 nm)/Au(40 nm) is fabricated by thermal
evaporation into a lithographically predefined area followed
by a lift-off process. The final transistor layout is shown in
Figure 1d. In a single fabrication run, we prepare 100 flexible
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devices to assess the fabrication yield by, e.g., measuring
transfer characteristics (see the Experimental Section).
Although prepared on a flexible support, the fabricated
devices operating in the accumulation mode reveal outstanding
p-type transistor performance (Figure 2): typical on/off current ratio as high as 6 × 106, low threshold voltage of −0.2 V,
maximum saturation source-drain current of typically up to
1 mA at VSD = −5 V and VSG = −5 V, subthreshold swing of
130 mV dec−1. With these characteristics, the flexible SiNW-FET
devices are comparable to or even outperform their rigid counterparts prepared by the top-down technology,[49,50] as well as
previously reported SiNWs transistors on flexible PET foils.[51]
The measured transfer characteristics of the devices reveal
the p-channel MOSFET behavior with rather small leakage currents (source-gate current, ISG) of less than 10−8 A (Figure S1,
Supporting Information). The p-type behavior of the initially
intrinsic silicon nanowire is caused by the presence of negative charged traps in the interface oxide between Si and Al2O3
as shown in the capacitance–voltage (C–V) characteristics
(Figure S2, Supporting Information). The trapped negative
charges reduce the threshold voltage in the accumulation mode
almost down to 0 V, hence enabling the low voltage operation
of the devices and the possibility of operating in an electrolytic
environment. This ensures that low operation potentials do not
lead to breakdown or hydrolysis of the investigated media and
therefore prevents damage to the devices.
The transfer process of SiNWs to flexible foils cannot guarantee a homogeneous distribution of the nanowires over large
areas.[18] On the device level, this leads to the variation of the
performance between the transistors fabricated in a single run
mainly due to different numbers of NWs connecting source
and drain. An overview over the performances of 100 flexible
devices is shown in Figure 2d. Here, we consider the on/off
current ratio as a criteria for comparison among transistors
biased to VSD = 2 V. The variation of the on/off current ratio of
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Figure 3. Mechanical performance of the flexible SiNW-FET devices. Evolution of the a) transfer and b) output characteristics of the transistors with IE
spacing of 8 µm upon bending to different radii. Bending is performed in the direction parallel to SiNWs. The insets show the tested array of devices
mounted into the automated bending setup (see the Experimental Section) when flat (bottom) and bent to the target radius of this experiment (top).
c) SEM imaging of different areas of the device after bending to the smallest radius. The images reveal appearance of defects in the functional layers
resulting in the degradation or even failure of the devices. Modification of the transfer and output characteristics of the transistors with IE spacing of
d,e) 8 µm and f) 6 µm after cyclic bending to a radius of 8 mm.

the transistors in the array is color coded with the black (white)
color corresponding to the lowest (highest) value, respectively.
The data reveal no correlation between the device performance
and the SD interelectrode spacing. Out of 100 investigated
devices, 34 transistors are assigned as not operational with
either high gate current leakage, or revealing metallic behavior,
or possessing on/off current ratio of less than 102. All other
66% of the devices are operating properly with the on/off current ratio higher than 103. The statistics on the performance
of the transistors reveals that the majority of the devices possess an average on/off ratio of 105–106 independent of the IE
spacing. Therefore, for the further discussion, we focus on
two representative devices with the IE spacing of 6 and 8 µm
revealing distinct electrical performance (Figures 2a and S1,
Supporting Information). The leakage current remains lower
than 10−8 A independent of the IE spacing and gate voltage of
up to −5 V (Figure S1, Supporting Information). At the same
time, the saturation currents differ by an order of magnitude:
10−4 and 10−5 A for the transistors with IE spacing of 6 and
8 µm, respectively. The observed differences in the transistor
characteristics are assigned to the distinct number of SiNWs
connecting source and drain and the longer Si channel, leading
to a larger channel resistance.

2.2. Mechanical Performance of SiNW-FET on PI Foils
To evaluate the mechanical performance of the flexible SiNWFET, the devices were characterized while bending to different
radii down to 7.5 mm in the direction parallel and perpendicular
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to the Si nanowires (Figure 3 and Figures S3, S4, Supporting
Information). These bending radii are typical for the functional
elements prepared on 100 µm thick flexible foils.[52–54] Smaller
bending radii can be achieved when switching to thinner flexible foils.[21,29,55] The transfer characteristics of the devices are
measured before bending and each time the device is placed
on cylindrically shaped adapters of different radii (Figure S3,
Supporting Information). Independent of the bending direction
(Figure S4, Supporting Information), the devices remain fully
operational even when bent to a radius of 7.5 mm. However,
impact of bending on the performance of the devices is reflected
in the slight shift of the threshold voltage, change of the surface
leakage current of the SiNWs, and variation of the saturation
current caused by the tensile stress created in the nanowire.[56]
The tensile strain on the device surface can be estimated from
the ratio of total thickness to bending diameter[57] and is equal
to 0.67% for a bending radius of 7.5 mm. The main reason for
the device degradation for even smaller bending radii is attributed to cracking and/or delamination of the brittle isolating
Al2O3 layer, as well as a damage of the SiNWs/Ni electrode
junctions upon applying the tensile strain to the layer stack.
The SEM image of the device after the bending test is shown in
Figure 3c, revealing that the delamination (areas I and II) and
cracking (areas I, II, and III) is taking place at various locations
of the sample. In particular, a crack in the Al2O3 layer spanning across the array of SiNWs is clearly visible in areas II and
III, which contain only the Al2O3 layer deposited on a PI foil.
Cracks in the metal layers are observed by SEM as well (area II).
The robustness of the device against uninterrupted mechanical deformation was tested by reversibly bending the device
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2.3. Flexible Biosensor Platform
For the application of the devices as biosensors, a modified
design with longer interconnects between device and contact
pads was applied to avoid the contact of nonpassivated electrical
leads and solvents used for chemical functionalization and
biosensing assays. In order to use the flexible devices for the
specific detection of AIV subtype H1N1, the chemical functionalization of the fabricated nanowire devices was realized prior
to attaching the probe DNA sequences. The surface modification protocol was based on immobilization of amino-modified DNA probe sequences on hydroxylated surfaces[58] and is

FULL PAPER

(see the Experimental Section) in the direction parallel to the Si
nanowires to a constant target radius of 8 mm (strain: 0.62%).
The cyclic bending experiments (Figure 3d–f) were carried out
using another device than the one used for determining the
minimum bending radii (Figure 3a,b). The output and transfer
characteristics of the device are measured before and after the
cycling test. Remarkably, even after 1000 cycles of bending
close to the failure limit the device delivers full performance
(Figure 3d–f).

summarized in Figure 4a. First, the surface (OH) groups were
activated by oxygen plasma treatment, followed by a silanization
step in an ethanol solution containing 2% aminopropyltriethoxysilane (APTES) and 5% DI H2O for 60 min. The resulting
aminated surface was further modified by succinic anhydride to
provide exposed carboxylic groups at the surface, as described
in the Experimental Section. After rinsing in borate buffer,
the probe oligonucleotide was immobilized (PBS buffer with a
20 × 10−6 M of DNA, incubated for 60 min). This oligonucleotide (sequence: 5′-NH2-(CH2)6-CAC ACT CTG TCA ACC TAC3′), which is complementary to a target DNA sequence of the
H1N1 AIV (sequence: 5′-GTA GGT TGA CAG AGT GTG-3′),
presents a 5′ modification with an amino group that could be
bound to activated carboxilyc groups present at the active area
of the sensors. The functionalized devices were rinsed again
and a blocking step of the unreacted carboxylic groups in
0.5 mg mL−1 bovine serum albumin (BSA) was performed in
Tris-HCl buffer in the presence of 20 × 10−3 M MgCl2 to promote DNA folding. After a final rinse, the devices were ready
to use. The functionalization process resulted in a device with
a higher conductivity compared to the native state, as observed
by a measurement of the output characteristic by sweeping the
source-drain voltage, VSD, from −2 to 2 V (Figure 4b, compare

Figure 4. Use of the flexible platform to detect the Avian Influenza Virus (AIV) subtype H1N1 DNA sequences. a) Chemical functionalization scheme.
b) Output characteristics of the flexible SiNW-FETs used for the DNA sensing before and after the functionalization. Measurement after the first incubation in buffer containing no target DNA is used as a reference. The inset shows measurements setup: two needles connected the electrical contact
pads with the data acquisition device and a micropipette was used to deposit each DNA sample and the rinsing buffer. c) Output characteristics after
the accumulation of hybridized target DNA in the picomolar range (device with IE spacing of 6 µm). Error bars represent the standard deviation of the
mean value of three consecutive sweepings after each hybridization step in order to determine the repeatability of the measurements. d) Change of
the source-drain current taken at VSD = 2 V with the concentration of the target DNA.
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data in open and closed squares). This increase is related to the
presence of negatively charged phosphates in the DNA backbone structure.[59]
In order to sense the Avian Influenza Virus, the evolution of
the source-drain current ISD was monitored after hybridization
of the DNA molecules with complementary oligonucleotides at
different concentrations. A 100 µL droplet containing oligonucleotides was incubated for 30 min. After rinsing and drying in
N2, the output characteristic of the device was measured. However, a remaining thin liquid film that enables the dissolution
of salt ions and their movement toward the surface[60] causes
a decrease of the measured signal (Figure 4b, closed circles).
Hence, the reference measurement in a buffer containing no
target DNA was always taken prior to the incubation. A buffer
of 10 × 10−3 M PBS was used for such a reference measurement
and for the DNA hybridization. We note that the used buffer
possesses low ionic concentration compared to the one used
in microarray technology, which contains a six-time higher
concentration of NaCl.[61] Assuring the low salt concentration
is crucial to prevent the salt cluster formation and the presence of an excess of ions on the remaining thin film that could
decrease the sensitivity of the device.
Consecutive incubations of the target DNA in the picomolar
range caused an accumulation of hybridized strands, which
can be understood as an accumulation of negative charges
that induce an increase of the current values (Figure 4c).[62] In
short double-stranded DNA molecules the hydrophobic nucleotide base-pairs lie within the biomolecule, while the negatively
charged phosphates remain outside repelling each other, being
energetically favorable to be a straight molecule[63] and allowing
the electrostatic interaction with the carriers that move through
the nanowire channels of the FET. To analyze the limit of detection, we monitor the changes of current values for different
concentrations of the target DNA molecules at fixed SD voltage
VSD = 2.0 V (Figure 4d). Although small changes are observed
for 2 × 10−12 M DNA, a clear increase of the current is detected
already at 40 × 10−12 M.

3. Discussions
The biosensor devices on flexible foils should offer quick, easy,
and cost-efficient tests, when the analyte is simply dripped onto
the sensing area of the detector. In this concept, the diagnostics chips are not equipped with microfluidic channels or other
reservoirs, where the shape and volume of the liquid analyte,
as well as, e.g., capacitance values are well controlled. Therefore, in order to avoid the influence of the aforementioned
issues on the result, the measurement of the target DNA is
carried out under dry conditions. This scheme is also beneficial to eliminate the Debye screening problem that affects the
measurement of liquid samples using FETs.[64] Furthermore,
the measurements were performed with the thermodynamically undefined gate voltage (no gate voltage applied). This configuration is similar to the first realizations of the ion-sensitive
solid-state devices.[65]
The underlying sensing mechanism is the gating effect,
which is possible due to the modification of the surface potential at the nanowires, when the surface charge density changes
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upon molecules binding events. It has to be stressed that generally not all of ssDNA will hybridize with the probe sequences
at the nanowire surface due to their electrostatic repulsion on
binding sites. Typically, the hybridization probability varies in
the range from 5 to 50%,[62] depending on the ionic strength of
the buffer. Further reduction of the sensing efficiency can be
expected due to the nonideal activation of the alumina surface.
In order to determine the limit of detection and the sensitivity
of the devices, the following estimates were performed. First,
we calculate the sensing area of all Si nanowires per device
with IE spacing of 6 µm. This area is estimated to be 165 µm2
(= πDLηNσ) under the following assumptions:
• each nanowire of a cylindrical shape has a diameter of
D = 22 nm and length of 10 µm (= averaged value based on
statistical analysis in the array of nanowires with the length
from 3 to 20 µm);
• working length of a nanowire for the device with IE spacing of
6 µm is L = 6 µm;
• the semiconducting length of a nanowire after the silicidation
process is η = 70%;[45]
• there are approximately N = 1000 nanowires per device;
• from the total amount, only those SiNWs contribute to the sensing process, which are located between the metal electrodes.
For the device with the IE spacing of 6 µm, this area is about
σ = 57% of the total active Si surface of the device.
Taking the average diameter of a single ssDNA molecule to
be 2 nm and assuming the separation between neighboring
molecules of 2 nm, the surface area occupied by a molecule is
[π × (4 nm/2)2] = 12.56 nm2. Hence, there will be 1.3 × 107 surface states available for the detection of the molecules. If we
want to detect 100 × 10−12 M of the ssDNA, this corresponds to
6.02 × 109 molecules in 100 µL of the sample solution. Out of
6.02 × 109 molecules, only the fraction settled at the working
area occupied by the SiNWs will contribute to the detected
signal. This fraction can be estimated by the ratio of the area
occupied by the active area of the nanowires to the total area
of the droplet [165 µm2/28 mm2] = 5.9 × 10−6 multiplied on
the total number of molecules, resulting in the total number
of molecules to be detected N0 = [6.02 × 109 molecules × 5.9 ×
10−6] = 3.6 × 104. As the number of the available surface states
(1.3 × 107 states) is substantially larger than the total number of
molecules to be detected, the device is working well before its
active surface is saturated. Furthermore, we note that the total
surface occupied by the molecules is [12.56 nm2/molecule ×
6.02 × 109 molecules] = 75.6 × 103 µm2. This is substantially
smaller than the area of the droplet of 28 mm2 initially spread
over the device. In this respect, the homogeneous coverage of
the device area by the ssDNA molecules is expected.
Capacitance of the device can be roughly estimated as
C = εε0S/d, with ε0 = 8.85 × 10−12 F m−1. We use d = 20 nm
thick Al2O3 gate dielectric with the electric permittivity of
ε = 2.5. Accounting for the active surface area, S, of the SiNWs
of 165 µm2 contributing to the sensing process, we obtain that
C = 182 fF.
To minimize the impact onto the depletion layer of SiNWs,
VSD should be chosen as small as possible in the range of several mV. Therefore, while calculating the electrical charge based
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4. Conclusion
We put forth an approach to fabricate a lightweight and flexible
diagnostic platform for early detection of the Avian Influenza
Virus (AIV) subtype H1N1 DNA sequences. The biosensing
is realized based on the high-performance Si nanowire field
effect transistors, which are optimized on extended 100 µm
thick polyimide foils. The devices withstand severe mechanical
deformations, namely, they can be bent down to 7.5 mm radius
and retain their performance after 1000 bending cycles. In addition to its appealing mechanical properties, the device reveals
remarkable analytic performance with the limit of detection
of the target DNA molecules of 40 × 10−12 M and the detection
time of 30 min only. This is achieved without use of microfluidic channels or other reservoirs by simply dripping the
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on the known capacitance of the device, we have to consider
the threshold voltage only. By interpolation to ISD = 0 A in the
linear scale of ISD versus VGS, the threshold voltage is VTH =
−1.5 V (Figure 3f). The total charge is q = C ×VTH = −273 fC.
To calculate the number of the ssDNA molecules, NC, that are
needed to open the transistor, we note that each of the ssDNA
molecules carries 18 negative electrical charges and we should
take into account doubling of the surface charge due the interaction between DNA molecules and functionalized layer (DNADNA hybridization). Hence, NC = q/[2 × 18 × q0] = 4.7 × 104.
In our case, the number of available molecules for detection
is N0 = 3.6 × 104 that means that the transistor is working in
the subthreshold regime. The latter is crucial to assure its high
sensitivity. When detecting 3.6 × 104 molecules, the voltage
induced by them is V = 2 × 18 × N0 × q0/C = −1.14 V leading
to the subthreshold current of about 60 µA. In this respect,
the data presented in the inset in Figure 3f are in quantitative
agreement with the biosensing results in Figure 4c. The limit
of detection, NDL, of the device is defined by the “cut-off”
voltage of −0.48 V (Figure 3f, red curve), which corresponds
to NDL = 1.5 × 104 molecules. With this limit of detection, the
device is able to measure about 40 × 10−12 M of the ssDNA molecules as observed experimentally (Figure 4c,d). Remarkably,
the flexible biosensing platform is comparable in the detection
performance with the rigid counterparts.[66,67] The detection
limit of the flexible diagnostic platform could be potentially
enhanced by reduction of the “cut-off” and threshold voltages.
This can be achieved through the surface treatment in order to
compensate for positive surface charges.
Using the flexible SiNW-FETs, the influenza virus is successfully detected within about 30 min only including the incubation and measurement time. The fast detection ability of our
analytic platform suggests its suitability for an early-stage disease diagnostic. This performance is superior compared to
standard methods such as viral culture, which takes up to 14 d
for the diagnosis of influenza whose duration is 5–7 d.[68] In
addition, our detection platform minimizes the risk of false
positives that could occur in fast and highly sensitive methods
such as PCR. Indeed, the PCR requires about half an hour for
the detection of a single molecule through its amplification into
more copies, but at the same time a contaminant DNA molecule could also be amplified leading to its detection.[69,70]

solution with the analyte onto the sensing area of the detector
and measuring under dry conditions. The main motivation for
the applied measurement scheme is to keep the handling cost
of the biosensor as low as possible.
The devices on a polymeric support possess unique features:
they are about ten times lighter compared to their rigid counterparts realized on Si wafers and can be prepared on large
areas. This results in the reduction of the price per device and
makes them cost efficient for high-volume delivery to medical
institutions in, e.g., developing countries. We envision that the
realization of the sensitive diagnostic platform, which can be
fabricated on cost-efficient large area flexible foils by roll-to-roll
methods, will allow the timely diagnosis of the viral or infectious diseases, e.g., the here demonstrated H1N1 subtype of the
AIV, in the developing countries. The early detection of this and
other harmful virus species is absolutely crucial as a prevention
mechanism for its epidemic spreading.

5. Experimental Section
Fabrication of the Si Nanowires: Silicon nanowires were grown in a
CVD furnace (ATV technology GmbH) with Au seed particles of 20 nm
mean diameter (GNPs, Plano GmbH). Au particle decorate the SiO2
coated Si growth wafers (up to 8 in., p-doped boron 116 cm3) were
exposed to SiH4/H2 (1/10 p/p) gas mixture at a pressure of 65 mbar at
400 °C for 40 min. Growth rate of nominally undoped Si nanowires was
approximately 1 µm min−1 for the chosen recipe.[41]
Transfer of SiNWs to the PI Foils: A contact printing method was applied
to transfer arrays of SiNWs (length: 3–20 µm, diameter: 22 nm) onto
flexible Polyimide foils. The donor Si wafer with a dense array of SiNWs
was attached onto a metal sledge to make a directional sliding on top
of the receiver flexible foil. The sledge was pushed to the predetermined
path and the van der Waals interaction induced the detachment of the
SiNWs from the donor substrate to the receiver substrate.
Silicidation Process: A thermal annealing process was followed after
the deposition of the SD electrodes to create a metal silicide. The
thermally activated axial intrusion of NixSiy from the Ni electrodes to the
SiNWs was performed in a high temperature annealing chamber in the
forming gas N2/H2 (10/1 p/p) atmosphere. The vacuum in the chamber
was kept at 0.06 bar during processing. The thermal annealing was
carried out at 350 °C for 20 min to form the NiSi2 phase and to avoid
the deformation of the PI film by heating. To evaluate the influence of the
silicidation process at the device performance, electrical characteristics
of the devices were measured before and after the thermal annealing
process (Figure S5, Supporting Information). SD currents through the
SD voltage swing from −2 to 2 V were measured using a Keithley source
meter. The SD current was increased approximately by the factor of
100 after the thermal annealing process. A bright color, which was typical
of the nickel silicide, was not observed by the SEM investigation. It was
suggest that only a small part of the SiNWs underneath the Ni electrode
was silicidized owing to the relatively low processing temperature.
The annealing process period was extended from 20 to 60 min to
increase the diffusion of the Ni electrode to the SiNWs. Contrary to the
expectation, no phase of the NixSiy was observed by SEM. Instead of the
diffused NixSiy, traces of Si were observed at the edges of the SiNWs.
This might occur due to the different thermal expansions of the PI film
and SiNWs. According to the data sheet of the PI film, approximately
1.3% of residual shrinkage took place at the 400 °C temperature. Since
the SiNWs had higher thermal stability compared to the PI film, traces
of SiNWs might be formed by partial delamination and sliding on the
PI support during the expansion and contraction. Therefore, prolonged
thermal annealing processes should be avoided.
Analysis of the Total Yield of the Working Devices: In a single fabrication
run, transfer characteristics of 100 flexible devices were prepared and

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

7

www.advhealthmat.de

FULL PAPER

www.MaterialsViews.com
measured to assess the fabrication yield. The 34 elements, which were
defined as bad working devices, either had high gate current leakages
or had an on/off current ratio of less than 102. These poorly working
devices did not occur at one particular place, but were scattered
throughout the array. It was assumed that the main reason of the device
failure was due to the accumulation of, e.g., dust particles or other
inclusions onto the surfaces of either the flexible foil or the functional
elements of the transistor during the fabrication process (Figure S6,
Supporting Information).
Bending Setup: The bending experiments were realized on a motorcontrolled mechanical loading setup. The sample was mounted on a
loading stage, one end of which was precisely driven by a motor to move
with a speed of 100 µm s−1 over a defined distance while the other end
was fixed.
Biofunctionalization Process: First, the surface (OH) groups were
activated by oxygen plasma treatment, followed by a silanization step in
an ethanol solution containing 2% aminopropyltriethoxysilane (APTES)
and 5% DI H2O for 1 h. After rinsing the devices with ethanol to remove
the nonspecifically bound APTES molecules, a postbake at 110 °C for
30 min was carried out, resulting in amino groups at the surface. These
were further modified into carboxylic groups by an incubation for 60 min
in a succinic anhydride dissolved in dimethyl sulfoxide (DMSO) and
diluted in 200 × 10−3 M borate buffer pH 8 (with a final concentration of
10 mg mL−1). Here, the ring structure of the molecule opened, leaving
an exposed carboxylic group. After rinsing in borate buffer, an incubation
for 10 min in a 10 × 10−3 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 5 × 10−3 M N-hydroxysuccinimide (NHS)
solution in phosphate buffered saline (PBS) buffer pH 7.4 was carried
out in order to activate the carboxylic groups. Then, the amino-modified
probe oligonucleotide was immobilized (20 × 10−6 M of DNA in PBS) by
incubation for 1 h. The functionalized devices were rinsed again and the
unreacted carboxylic groups were blocked by an incubation for 30 min
in 0.5 mg mL−1 BSA in Tris-HCl buffer. This buffer contained 20 × 10−3 M
MgCl2 to promote DNA folding. A final rinse left the devices ready to
use.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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