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ABSTRACT: Organic thin-film transistors show tremendous potential for versatile
electronic sensors. Critical challenges facing the integration of organic thin-film
transistors (OTFTs) as chemical and biological sensors include reproducibility,
sensitivity, and particularly stability. Here, we describe a bilayer organic semiconductor
structure consisting of a pentacene active layer with copper phthalocyanine as the top
surface passivation layer. In this architecture, the copper phthalacyanine (CuPc) acts asa
surface passivation layer with efficient charge injection into the pentacene layer, thus
providing a versatile method for the incorporation of many semiconductor materials as
the sensing element. OTFTs fabricated with the described structure exhibited a field-
effect mobility of 1.15 & 0.2 em® V"' s ' at —2 V in ambient conditions with stable
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performance in aqueous media (0.5 cm®> V™ 's™ ' at —1 V). X-ray diffraction (XRD) confirms that the bilayer film achieves a high
degree of molecular order as suggested by the high OTFT mobility. OTFTs based on the pentacene/CuPc bilayer films were
fabricated on both rigid silicon and flexible polyimide substrates. The aqueous buffer stability of these devices was exploited for the

detection of chemical and biological species.
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B INTRODUCTION

Organic materials have shown tremendous promise for a
variety of electronic components and devices, including organic
light-emitting diodes (OLEDs),' organic photovoltaics,” radio
frequency identification cards (RFIDs),® and biosensors.* ¢ The
rapid progress of the field benefits from improvements in fabrication
processes and new material design, with notable advances in im-
proving the electronic properties of semiconducting” and insulating®”
materials. Organic thin-film transistors (OTFTs) have gained
considerable attention due to their low cost, ease of manufactur-
ing, compatibility with flexible, large area substrates, and numer-
ous demonstrations of scalable patterning processes. >0

With many recent advances in chemical and biological detec-
tion, sensors based on organic semiconductors and OTFTs in
particular are poised to provide a viable, low cost alternative to
current mass spectrometry or optical detection systems.> Avoid-
ing optical excitation sources and detectors vastly reduces cost
and allows for portability, and eliminating labeling steps simpli-
fies the readout and increases the speed and ease of bioaflinity
assays. There have been few examples demonstrated based on
transistor sensor platform using stable organic semiconductors,
in which the current passing through the semiconductor is
mediated by either target analytes or ions from the electrolyte
adsorbed to the film surface via nonspecific’ or specific
interactions.” One particular advantage of the use of a transistor
as the readout device, as opposed to a simpler two terminal
chemresistor, is the ability to modulate the drain current with a
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gate bias.'® Moreover, the utilization of organic materials offers
the possibility of tuning the sensitivity'” and selectivity* toward
various analytes by chemical modification of the polymer back-
bone or the addition of side groups. Low-cost fabrication
methods combined with large-area processing capabilities poten-
tially allow for a means to produce large quantities and arrays of
detection elements to measure multiple samples simultaneously.
This technology represents an important step toward the realiza-
tion of a high throughput and disposable detection methodology.

A few examples of electronic detection have been demon-
strated using inorganic based silicon nanowires. Despite their
high sensitivity and stability in aqueous media,"®' their fabrica-
tion remains challenging, owing to the requirements of sophis-
ticated lithography techniques to precisely place them. Solution
processed inorganic thin-film devices may be promising; how-
ever, organic semiconductors benefit from relatively low tem-
perature, solution processing capability, and the flexibility to
work on any kind of substrate with a high mobility.”*** The
lifetime of unpassivated OTFTs is typically short under ambient
conditions as many organic semiconductors degrade through
reaction with oxygen, moisture, and/or light.*> Although penta-
cene has attracted enormous interest as the active la%reg in OTFTs

as a result of its high carrier transport properties,”*** it suffers
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Scheme 1. Schematic Representation of the OTFT Sensor Fabrication Process”
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“ On either n++- silicon or polyimide substrates with a thin Al film, a 25 nm PVP-HDA dielectric layer was spin-coated, followed thermal evaporation of a
25 nm pentacene active layer and a 35 nm CuPc passivation layer. Source-drain (S-D) electrodes with a width (W) of 1000 #m and length (L) of 50 #m
were deposited through a shadow mask. The flow cell was laminated on top of OTFTs for operation in buffer media and biosensing demonstrations.

from poor stability in ambient conditions. In order to achieve a
long operation lifetime particularly for biosensing applications,
the OTFTs must either incorporate stable organic semiconduc-
tors or be passivated against environmental degradation.*>°

This paper reports on a new, robust approach for fabricating
high-performance OTFTSs with stable operation in water and
buffer solutions by incorporating a thin copper phthalacyanine
(CuPc) film as a passivation layer as well as a hole injection layer
on a pentacene based transistor. Combined with a thin polymer
dielectric layer for low-voltage operation, this approach enables
the use of a high-mobility but not particularly stable semicon-
ductors for aqueous-stable biological and chemical sensor appli-
cations. This greatly broadens the choice of organic semiconduc-
tors that can be used for OTFT based aqueous biological and
chemical sensing. As a demonstration of concept, solutions of
biotin and sodium dodecyl sulfate (SDS) in aqueous buffer media
were used to show the potential for sensing with the new bilayer
structures.

B EXPERIMENTAL SECTION

All materials were received from Sigma Aldrich, unless otherwise
stated, and were used as received without further purification. Thin films
of poly(4-vinylphenol) (PVP; MW 20000 g mol ') cross-linked with
4,4'-(hexafluoroisopropylidene) diphthalic anhydride (HDA) were used
as the gate dielectric layer. Pentacene and copper phthalacyanine
(CuPc) were used as the active semiconducting layer and the passivation
layer, respectively. Biotin (MW 244.32 g mol ™, Alfa Aesar), sodium

dodecyl sulfate (SDS; MW 288.38 g mol '), and phosphate buffered
saline (PBS) tablets were used for the biosensing experiments. The
analytes were diluted in freshly prepared phosphate-buffered saline
(PBS) solution (10 mM, pH 7.4).

Device Fabrication and Characterization. Highly doped
n-type silicon wafers (100) and polyimide (PI) with a thin aluminum
sheet (flexible) were used as the common-gate substrates. Both substrate
types were cleaned by rinsing with acetone, isopropanol, ethanol, and
Milli Q water followed by heating at 100 °C for S min. Solutions of PVP
were prepared according to a previously reported method* and spin-
coated (Headway Research, Inc.) onto substrates at a rate of 7000 rpm
for 45 s and baked at 200 °C for 2 h yielding 25 nm cross-linked PVP
films. Organic semiconductors pentacene (25 nm) and CuPc (35 nm)
were deposited sequentially at room temperature via thermal evapora-
tion (Leybold Vacuum System; UNIVEX 300) at a rate of 0.5 As '
under a base pressure of 5 x 10~ ® mbar and then annealed at 170 °C for
1 h. Gold source -drain electrodes were evaporated through a shadow
mask with a channel width (W) of 1000 #m and length (L) of 50 um.
The flowchart for the fabrication of OTFTs is shown in Scheme 1.

The surface morphology of the organic films was examined by atomic
force microscopy (AFM; NanoScope Dimension 3100 CL) and scanning
electron microscopy (SEM; Leo 1530 Gemini). The structural order within
the films was characterized by X-ray diffraction (XRD; Bruker AXS D8
diffractometer and X-ray diffractometer 3003 Seifert/GE). All electrical
measurements were performed with a Keithley 4200 Semiconductor
Characterization System in ambient air and aqueous media.

Electrical sensing measurements were performed under constant bias
conditions (Vpg = —0.5 V and Vg = —1 V). A home-built flow cell
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Figure 1. Electrical characteristics of a top-contact OTFT with CuPc (35 nm) and pentacene (25 nm) on a PVP-HDA (25 nm) gate insulator with W/L
of 20 using either Si or polyimide (PI) as the substrate. (a) Chemical structures of pentacene, CuPc, and the cross-linked PVP-HDA dielectric. (b) Digital
photograph of a flexible OTFT while bent around a syringe. (c) Output characteristics (Ips vs Vipg) with various Vi and (inset) transfer characteristics
(Ips vs Vg = —2V) using Sias a substrate. (d) Current—voltage output plot as a function of V; and (inset) transfer characteristics (Ins vs Vg =—2V) on

a PI (flexible) substrate.

constructed with Plexiglas was used to confine the buffer and analyte
solutions to the surface of the OTFT channel region. The contact areas were
sealed with a Viton O-ring, and the flow channel was connected to a peri-
staltic pump (NovoChem) using Tygon tubing with an inner diameter of
0.76 mm. The peristaltic pump delivered solution from the sample
reservoirs at a constant rate of 300 4L min™ " to ensure a constant analyte
concentration. After allowing the current to stabilize under the constant bias
conditions (baseline), the flow was switched to the analyte and the current
was measured until the saturated response was observed.

B RESULTS AND DISCUSSION

OTFT Operation in Ambient Air. Top-contact OTFTs were
fabricated with organic semiconductor pentacene on an ultrathin
cross-linked poly(4-vinylphenol) (PVP) dielectric layer. Penta-
cene was chosen as the active layer, because of its relatively high
mobility and wide use for circuits and vapor sensors.”” The
chemical structures of the semiconducting and polymer insulat-
ing layers are shown in Figure 1a. The PVP insulating films cross-
linked with 4,4’-(hexafluoroisopropylidene) diphthalic anhy-
dride (HDA) have previously been proven stable toward air
and water and showed current densities below 10~/ A/cm” at
gate bias (V) = —1 V. The dielectric constant does not vary
significantly with cross-linker and is most influenced by the PVP

matrix. The values are slightly higher, ie., k = 4.1, than the
dielectric constant reported for PVP.>®*® They also have a low
surface roughness of 0.2 nm, as determined by atomic force
microscopy (AFM; Supporting Information Figure SL1). Pre-
vious reports have also shown that it is necessary to use thin
dielectric films in OTFTs to achieve low-voltage operation,
which is essential for operating in aqueous based systems without
encapsulating the source-drain electrodes.” Biosensing applica-
tions also require semiconductor materials with stability in
ambient air and aqueous media; however, to circumvent this
restriction, we incorporated a thin passivation layer comprising a
stable organic semiconductor, CuPc, on the surface of the
pentacene active layer (see Scheme 1 for device structure
fabrication scheme). In our device construction, CuPc serves
two functions: passivating the pentacene surface and enhancing
charge carrier injection from the electrode. Previously, CuPc
films have been used to enhance the hole injection and transport
layer in organic light emitting diodes (OLEDs)* and organic
photovoltaics cells.*® Several reports have demonstrated that the
hole-injection efficiency can be enhanced by incorporating an
interfacial layer between the electrode and the semiconductor in
a top contact configuration.*** In our approach, a thin CuPc
layer is evaporated on the pentacene semiconductor layer before
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Figure 2. XRD profiles and AFM images on Si substrates. (a) Pentacene (25 nm)/PVP-HDA, (inset) rocking curve from pentacene film at Bragg
reflection (001), (b) CuPc (35 nm)/PVP-HDA, and (c) CuPc (35 nm)/pentacene (25 nm)/PVP-HDA. (d) AFM height images showing the
morphology of pentacene (25 nm)/PVP-HDA, (e) CuPc (35 nm)/pentacene (25 nm)/PVP-HDA, and (f) phase image of e.

the gold electrodes. An energy level diagram of the Au/pentacene
and Au/CuPc/pentacene interface is shown in the Supporting
Information, Figure SL2. The injection barrier between Au and
CuPc is slightly smaller than the barrier between Au and pen-
tacene. If we assume that no interface dipole is formed between
CuPc and pentacene, the injection barrier is indeed smaller after
incorporating a thin layer of CuPc.>" It has also been found that
densely packed thin-films of face-on oriented CuPc molecules
favor charge transport normal to the substrate.*®

The thickness of each layer, pentacene and CuPc, was
optimized to obtain the highest effective charge-carrier mobility
(4eg) in the pentacene layer. Figure lc shows the output
characteristics (Ing—Vps) of a typical p-channel pentacene tran-
sistor with a CuPc top layer at various gate voltages (V). The
source-drain current (Ig) was also measured as a function of Vg
at a constant Vpg and used to extract the critical device
paramenters, including the saturation mobility (u), current on/
off ratio, and threshold voltage (Vy,). Forward and reverse Vg
bias sweeping reveals minor hysteresis, as shown in the inset of
Figure 1c, which can be attributed to charge trapping or charging
near the organic semiconductor/dielectric interface. * However,
few reports showed a long-term stable behavior of pentacene
transistors with insulating passivation, but the thickness of those
encapsulations is high enough to screen the sensing pro-
perties.>>*® Devices fabricated on planar Si substrates exhibited
an average field-effect mobility of 1.15 £ 0.2 cm® V™' s~ ' at —2
V, while those on polyimide (PI)/Al gate substrates measured on
a flat stage (Figure 1d) displayed values of 0.022 + 0.2 cm®> V™'
s~ " under the same bias conditions. Optical images of the flexible
OTEFTs fabricated on PI/Al are shown in Figure 1b. Mobility
values approaching 0.08 & 0.01 cm® V" s~ ' could be achieved
on PI/Al substrates at an increased gate bias of —S V (Supporting
Information, Figure SL.3). The roughness (rms = 12.5 nm) of the
CuPc passivation layer appears similar on both substrates;
however, the grains of the underlying pentacene layer were
smaller on the flexible PI/Al substrates (Supporting Information,
Figure SL4a,b (PI/Al). The lower performance can, therefore, be

attributed to the rougher substrate with smaller pentacene grains
and less uniform gate-dielectric layer, which is typically observed
when transferring devices to rougher plastic substrates.

OTFTs were also fabricated with pentacene active layers
without the CuPc passivation layer and annealed at 170 °C in
ambient air. The electrical performance of these devices was
inferior to those with a CuPc injection layer, with a mobility of
0.15 cm® V™ 's” " at an operating voltage of —2 V (Figure SL$
(Supporting Information) shows the transfer characteristic).
This result indicates that the improved performance of bilayer
transistor devices is due to the CuPc encapsulation layer that
subsequently reduces the energy barrier for charge injection and
reduces the contact resistance.

Structural Characterization. X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), and atomic force microscopy
(AFM) were used to investigate the structure and morphology
of the CuPc modification layer on the pentacene thin-films.
Figure 2a—c shows XRD profiles of pentacene (25 nm)/PVP-
HDA, CuPc (35 nm)/PVP-HDA, and CuPc (35 nm)/pentacene
(25 nm)/PVP-HDA structures measured in the 0-20 mode. The
peaks of the as-deposited pentacene films were fit to a series of
(001) lines (I = 1—4) with a spacing of 15.3 A, and no bulk phase
was observed (Figure 2a). This indicates that the long axis (c*)
of pentacene molecules is perpendicularly aligned to the surface
with a layered structure.”” The crystalline parameters, including
the domain size and degree of structural disorder, were deter-
mined from the half width of the diffraction peak by analyzing the
rocking curve (inset Figure 2a). The calculated value for the full-
width at half-maximum (FWHM) was 0.03°, which is consistent
with a lower limit domain size of approximately SO A, as
determined by the Scherrer formula D = KA/Acosf, neglecting
contributions of line broadening.*®

A diffraction peak at 20 = ~6.9° from the CuPc layer on PVP-
HDA (Figure 2b) is consistent with reported values,* generally
labeled as the (200) diffraction for the o-phase. Molecular
packing of planar phthalocyanines, in particular, CuPc, in the
solid state shows a broad polymorphism. The most frequent
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Figure 3. Electrical characteristics of a representative top-contact OTFT with CuPc (35 nm) and pentacene (25 nm) on a PVP-HDA (25 nm) gate
dielectric layer with gold source-drain electrodes (W/L = 20) on an n++- Si gate/substrate. (a) Transfer characteristics (Ipg vs V5) with a constant Vpg
of —1V in ambient air (black solid curve), immediately after the injection of a buffer solution with a flow rate of 300 4L min~ ' (blue deshed curve). (b)
Transfer characteristics (Ipg vs V) while in buffer solution for 30 min, showing almost no change in Vy;, and on/off with time. Output characteristics (Ips
vs Vpg) are shown for an OTFT in (c) ambient air and (d) under aqueous conditions.

forms, o and (3, have been studied extensively.40 The scattering
curve for the bilayer structure comprising CuPc on pentacene is
shown in Figure 2c. It can be seen that the 200 diffraction peak
associated with CuPc disappeared. Instead, two diffraction peaks
appeared at 20 ~27.58° (d ~3.2 A) and ~26.75° (d ~3.33 A).
The first peak can be fit to the (313) lattice plane, and the other
can be fit to the (312) lattice plane. Hence, this 3.2 A/(313)
diffraction peak is most accurately assigned to a-CuPc crystal-
lites, consistent with a standing b-axis. Since, the peak at 3.33
A/(312) is always observed with the 3.2 A/(313) peak in the o.-
polymorph, it seems very plausible to associate it with a-CuPc or
a very close relative to a-CuPc.*"* In the bilayer configuration
(Figure 2c), the diffraction peaks from pentacene did not shift
and showed an identical symmetry to the diffraction peaks as
displayed in Figure 2a. Thus, the high mobility of pentacene can
be attributed to the thin-film phase of pentacene with highly
oriented molecules normal to the substrate, as evidenced from
the sole (100) peak at 26 = 5.7° and the absence of a bulk phase.

Atomic force microscopy (AFM) images are shown in Figure 2d,e,
for pentacene/PVP-HDA and CuPc/pentacene/PVP-HDA, with
surface roughness (rms) values of S and 12 nm, respectively. The
AFM images of a CuPc film deposited on pentacene shows face-on
orientation either in columnar structures or within rodlike crystals
(Figure 2e). Figure 2f shows the densely packed structure of such a
face-on crystal that was further confirmed by the SEM (edge view,
Figure SL 6, Supporting Information). The stable electrical mea-
surements of these devices in air (Figure 1c) are likely directly related
to the densely packed array of domains with a homogeneous
CuPc film as the top layer. The highly compact and oriented nature
of the CuPc grains suggest that buffer solution penetration into the
film will be minimized when applying these transistors as a biosen-
sing platform.

OTFT Operation in Buffer Solution. OTFT stability in
aqueous media was characterized using the flow system described
in the Experimental Section. A flow cell was laminated on the
surface of an OTFT such that the solution chamber primarily
contacted the channel region. Freshly prepared 10 mM phos-
phate buffered saline (PBS) solution with pH 7.4 was injected
into the channel, and electrical measurements were performed in
a similar manner to ambient measurements. Compared to
ambient air, we observed an increase in both on- and off-currents
and a shift in the threshold voltage (Vy,) from 0.4 to 0.3 V
(Figure 3a) when operating the device in buffer solution. The
operational stability in buffer solution was investigated by
measuring the transfer characteristics (Vps = —1 V) over a
period of 30 at 2.5 min intervals; the results are featured in
Figure 3b. Only a small change in Ing was observed over the given
time period, which can be attributed to the increasing relative
humidity at the interface, in agreement with previous
results.”*>** Remarkably, the pentacene based transistor with a
CuPc layer functioned well in buffer solution, exhibiting only a
moderate reduction in mobility from 0.8 £ 0.2 cm®> V"' s~
(ambient) to 0.5 = 0.08 cm> V"~ ' s~ (aqueous buffer). This
indicates the CuPc top layer is effective in protecting the
pentacene. Figure 3c,d shows the output characteristics in
ambient air and buffer solution, respectively. We expect to see
a small shift in Ipg (<one time at —0.55 V) when the surface was
exposed to buffer solution (Figure 3d), but due to minor leakage,
it was invisible. Control OTFTs were fabricated with 50 nm
CuPc active layers, and their transfer and output characteristics
are presented in the Supporting Information, Figure SI.7a,b,
respectively. These devices showed not only low mobility, i.e.,
4x10 3 ecm?Vv! s_l, but also low current on/off ratios of 8 x
10" at an applied voltage of —2 V. We previously showed that low
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Figure 4. Kinetic/surface titration measurements of biotin and SDS detection using pentacene based OTFT sensors with CuPc top coating. The
measurements were performed at constant biasing Vg = —1 Vand Vpg = —0.5 V with a flow rate of 300 4L min~ . Solid arrows indicate the addition of
analyte solutions, and open arrows indicate the exchange of the analyte with buffer solutions. OTFT sensor titration using (a) biotin and (b) SDS.

electrical performance devices did not provide adequate sensi-
tivity for use as OTFT sensors” with negligible sensor responses
in aqueous media, as shown in Figure SI.7¢, Supporting Informa-
tion. Other recently reported high mobility organic semiconduc-
tors may be suitable candidates without encapsulation. However,
pentacene is readily available, and the approach here can
potentially offer a general approach for high mobility organic
transistors to be implemented in water-stable sensors.

Sensor Applications. Label-free detection of biomolecules is
possible using organic transistors, which provide an output signal in
the form of a change in electrical current in response to a binding
event.” The occurrence of chemical or physical absorption is
converted to a Alpg response, which depends on the analyte
composition, concentration, and the OTFT bias conditions.*®
The main challenge is detecting a particular analyte or discriminating
between multiple species that may elicit a similar response from a
particular organic semiconductor in buffer solution. This requires
that specific binding molecules/sites are attached to the surface of
the OTFT. Thus, more complex device structures can be prepared
in a similar manner to our previously reported paper,* where the
surface functionality was achieved using the plasma polymerization
of maleic anhydride, because it is applicable to any surfaces.”
Nonetheless, it is outside the main scope of this paper. Here, we
investigate the transistor response to several biologically relevant
chemicals, namely, biotin, pH, and sodium dodecyl sulfate (SDS), as
a demonstration of concept for the use of CuPc encapsulated
pentacene OTFTs as the readout transistors for future biosensor
development.

Various molecules containing primary amines, such as proteins
and antibodies, can be covalently attached to create a ligand-
functionalized substrate. These chemical reactions can be per-
formed in standard buffer solutions under mild protein structure-
protective conditions, which mainly include a pH and ionic
strength of buffer solution.***” Additionally, the strength with
which antibody—antigen binds also depends mainly on the pH of
the working solution due to the different isoelectric points (pI) of
different proteins.*’ Thus, the influence of pH on these devices
was investigated and can be found in the Supporting Information,
Figure SI.8. pH sensing in particular shows a typical response
time of 50 s and a recovery time 70 s, indicating a good reversible
and reproducible characteristic.

Next, we show the detection of biotin due to its wide application in
gene therapy,™ single-molecule enzymology and nanotechnology,
microarrays, microchip based capillary electrophoresis,* and
multiplexed protein measurements.*° Prior to measuring sensor
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responses, a baseline current was recorded for approximately 60 s
in the buffer solution. While recording the background current,
only a small shift in baseline current was observed (which
stabilized within seconds), further demonstrating that CuPc is
effective in passivating the pentacene layer toward aqueous
media. Biotin solutions with concentrations ranging from 200
nM to 15 uM (diluted in buffer solution of pH 7.4) were injected
into the flow cell after the current was stabilized in buffer solution
while continuously monitoring the OTFT current. After inject-
ing a 200 nM biotin solution, the Ig increased with time until
equilibrium was reached between the bulk concentration (C,)
and the corresponding surface coverage. The remaining solutions
were sequentially injected (thin arrows), and the OTFT response
as a function of analyte concentration is shown in Figure 4a. The
adsorption of biotin onto the OTFT surface resulted in an
increase in Ing proportional to the increase in equilibrium surface
charge density. Upon rinsing, the Ing signal partially decayed
toward the initial baseline due to biotin desorption from the
surface. It is important to mention here that our OTFT platform
does not have surface functionality needed for selective analyte
detection. However, the electronic structure of proteins consist-
ing of amino-acids with charged groups are determined by the
isoelectric point (pI) of a respective analyte. Since biotin is a
highly polar molecule with a pI of 3.5, above the pl, it possess
negative charges, and below, it shows average potitive charges
due to high ratio of NH, to NH,; " .3"* Therefore, in pH 7.4 (our
working solution), biotin can attain negative charges and the
CuPc surface has a positive net charge upon exposure to air/
liquid.>® We can presume that electrostatic interactions will draw
the biotin from solution to the CuPc surface, which results in an
increase in OTFT current during sensor measurements. Further-
more, these devices showed a very slow decay in current upon
rinsing with buffer solution (Figure 4a), indicating a strong
interaction between the surface and adsorbed species. This is
consistent with previous literature in which DNA probes were
electrostatically adsorbed onto the polylysine matrix/Si-nano-
wires and the OTFT current response was attributed to a top-
gating effect.>*>> A similar mechanism may be applied to our
sensors via the formation of a negative ion accumulation layer
from biotin species adsorbing at the pentacene/CuPc interface.
Ion diffusion through the grain boundaries may also result in a
change in Ipg in OTFT sensors; however, the negatively charge
biotin species interacting with the pentacene layer would result in
a decrease in Ing,>" which is not the case in our sensor measure-
ments. It is, therefore, likely that the analytes are capacitively
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interacting with the charge transport layer while being separated
by a nonion conducting film, ie, the CuPc passivation layer.
The biotin surface exhibits a surface potential and a related
surface charge. This surface potential is known as the Donnan
potential,* or the potential between two solutions separated by
the membrane. If we consider that the biotin is closely adsorbed
to the sensor surface, then the protein species provides only the
external potential detected by the transistor sensors. Multiple
detection experiments using a 200 nM biotin concentration were
measured, and the change in current with time is shown in
Supporting Information, Figure SL9. We conclude from a similar
Alpg that the sensor surface is stable and can be reused for
multiple experiments.

In addition to detecting biotin, we also found that our OTFTs
showed sensitivity to chemical additives without degradation.
Sodium dodecyl sulfate (SDS) is a negatively charged molecule at
pH 7.4 and is commonly used as detergent to remove nonspecific
bound protein®” and more recently to identify the limit of detection
(LOD) in DNA sensors.*® It is important to understand its
influence on the transistor sensor performance; therefore, we
evaluated the sensor response with concentrations applicable to
these applications. A clear Ipg response was observed for SDS
diluted in buffer solutions down to 1 M concentration (Figure 4b).
The injection of 10, 50, 100, and 200 uM SDS solutions (thin
arrows) resulted in a correspondingly higher I as the equilibrium
surface coverage increased. Upon rinsing (thick open arrows), the
device showed a rapid current decay toward the buffer solution
baseline current, which occurred over a period of ~60 s. It is worth
mentioning that the SDS analyte does not show a chemical or strong
physical interaction with the CuPc surface, as the OTFT current
rapidly approached the baseline current from buffer solution rinsing
alone (Figure 4b). Additional evidence is displayed by the sensor
response curves of biotin and SDS; i.e., SDS shows a linear response
as the concentration increases compare to biotin response
(response proportional to surface coverage (concentration)). More-
over, the transistor showed no degradation, as determined by the
consistent current, even at high concentration of SDS.

The above studies demonstrate that our pentacene based
transistor with a CuPc encapsulation layer is capable of stable
and rapid biochemical detection. Chemical and biological species
can be detected, even when a passivation layer is incorporated on
the surface of the active semiconductor layer. Other recently
reported high mobility organic semiconductors may be suitable
candidates without encapsulation.*®> However, pentacene is
readily available, and the approach here can potentially offer a
general approach for high mobility organic transistors to be
implemented in water-stable sensors. Nevertheless, one can
easily process these bilayer devices through a dry/solution
deposition technique to create the surface functionalities for
selective interaction of biospecies.*

Bl CONCLUSION

We have demonstrated an approach for integrating CuPc/
pentacene bilayer structures as a general method to obtain aqueous-
stable transistor sensors. As a result, stable device behavior
was achieve in aqueous buffer media with a mobility of up to
0.5+ 0.08 cm® V' 5™, representing one of the highest values
reported for OTFTs in aqueous media. These devices benefit
from the addition of an organic semiconductor passivation layer
with densely packed grains that simultaneously improve device
performance via enhanced hole injection and stability toward

aqueous media. Most importantly, our approach allows for the
incorporation of water-unstable organic semiconductors as the
active transport layer rather than restricting the selection to
highly stable materials. The biosensing results presented above
show that pentacene based transistor sensors are capable of real-
time detection of charged molecules with reversible and repro-
ducible results that are promising for a variety of sensor applica-
tions. Future work will examine the selective detection of
antibodies, quantify the immunodetection efficiency, and inves-
tigate the influence of pH on analyte sensitivity.
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