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ABSTRACT: We report on a systematic investigation on the Oxygenplasma ~ Immersion in water )
performance and stability of p-channel and n-channel top-gate At,o,{:nm))

OFETs, with a CYTOP/ALO; bilayer gate dielectric, exposed to
controlled dry oxygen and humid atmospheres. Despite the
severe conditions of environmental exposure, p-channel and n-
channel top-gate OFETs show only minor changes of their
performance parameters without undergoing irreversible damage.
When correlated with the conditions of environmental exposure,
these changes provide new insight into the possible physical
mechanisms in the presence of oxygen and water. Photoexcited
charge collection spectroscopy experiments provided further
evidence of oxygen and water effects on OFETs. Top-gate
OFETs also display outstanding durability, even when exposed to
oxygen plasma and subsequent immersion in water or operated
under aqueous media. These remarkable properties arise as a consequence of the use of relatively air stable organic
semiconductors and proper engineering of the OFET structure.

KEYWORDS: organic electronics, organic field-effect transistors, soluble organic semiconductor, CYTOP/AL,O; bilayer dielectric,
device reliability, photoexcited charge collection spectroscopy
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B INTRODUCTION namely the device’s long-term environmental and operational
stabilities, is a critical aspect that needs to be understood and
optimized. A refined understanding of the device reliability is
critical for the transition of academic technology into
commercial applications.”

Compared to other species, oxygen and water are the most
common reactive components in ambient air.”® Isolating the
individual effects of oxygen and water on the stability of an
OFET is therefore critical to understanding the origin of the
overall changes experienced by an OFET operating in air or in

The science and technology of organic field-effect transistors
(OFETs) have progressed significantly in recent years. OFETSs
are now processed from solution and display field-effect
mobility values that are larger than those found in
amorphous-silicon (a-Si) field-effect transistors.'~® Prototypes
of electronic applications, such as drivers for flat-panel
displays,” ' complementary circuits,”'°"'* and various
sensors,”' ' have already been demonstrated. The improved
air stability of the new generation of organic semiconduc-

tors" > and advances in the optimization of the device

geometries and material composition,”>*"** have also lead to Received: November 27, 2013
OFETs that can operate in air for increasingly longer periods of Accepted: February 13, 2014
time. As OFET technology is maturing, device reliability, Published: February 13, 2014
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Figure 1. (a) Schematic cross-sectional view of P1, P2, and N1 type OFETs. (b) Representative transfer characteristics plots of P1, P2 (W/L = 2550

um/180 ym), and N1 type OFETs (W/L = 2000 pm/180 pum).

an aqueous environment. These changes arise as oxygen and
water molecules in the environment diffuse into the OFET
structure causing physical and/or chemical interactions that
modify its electrical properties. For instance, oxygen and water
molecules can cause oxidation of the organic active layer or
metal electrodes, induce the creation of trap sites at grain
boundaries or interfaces, or contribute to polarization of the
gate dielectric layer.”>">” Furthermore, prolonged exposure of
an OFET to a reactive atmosphere commonly leads to
irreversible damage to the organic semiconductor, the dielectric
or the metallic layers that comprise its structure, making it
difficult to conduct systematic studies.

Changes in the electrical properties of an OFET are reflected
in changes to its field-effect mobility (u), threshold voltage
(Vi), on/off current ratio (I,,/I,¢), and/or on the capacitance
density of the gate dielectric (Cy,). A clear identification of the
physical or chemical origin of these changes is extremely
difficult because they arise not only from extrinsic, but also
from intrinsic factors that impact the OFET structure. In
addition, these changes can manifest themselves on different
time scales and can arise from very small electrical disturbances
across the materials and interfaces of an OFET, which are
otherwise hard to measure independently. Therefore, in order
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to study the extrinsic effects affecting the reliability of an OFET
it is preferable to start with relatively stable devices.

Top-gate OFETs with a bilayer gate dielectric present a
unique opportunity for the systematic study of the intrinsic and
extrinsic degradation mechanisms in an OFET because they
present good operational and environmental stability.>*"*°
OFETs with this geometry display electrical properties that are
stable for years in air, under continuous operation and can even
sustain an oxygen plasma treatment. These properties arise as a
consequence of using a carefully engineered bi-layer gate
dielectric comprising a first amorphous fluoropolymer layer
(such as CYTOP) having a low dielectric constant (k) and a
second Al,Oj layer, a high-k metal-oxide, fabricated by atomic
layer deposition (ALD). Here, we present a systematic
investigation of the stability of p-channel and n-channel top-
gate OFETSs with a bilayer gate dielectric exposed to different
reactive environments: dry oxygen (at 50 °C), air with an 80%
relative humidity (at S0 °C), and pure water through
immersion. We demonstrate that these OFETs display
outstanding environmental stability and do not suffer
irreversible damage from being subjected to these severe
conditions. We also demonstrate stable operation of an OFET
under water without suffering any degradation of its perform-
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Figure 2. Environmental stability. (a) Transfer characteristics of P1, P2, and N1 type OFETs measured after different conditions of environmental
exposure. (b) The normalized average values of mobility, in the saturation region, and threshold voltage as a function of exposure sequences. (c)
Variations in the averaged capacitance density as a function of exposure sequences and capacitance—frequency characteristics after undergoing

exposure sequence (inset).

ance. These studies provide a consistent picture of the effects
that oxygen and water have on the properties of p-channel and
n-channel OFETs and allow a better understanding of the
physical mechanisms affecting their long-term environmental
and operational stability.

B EXPERIMENTAL SECTION

Device Fabrication. OFETs with a bottom-contact and top-gate
structure were fabricated on glass substrates (Corning Eagle2000)
using p-channel and n-channel organic semiconductors as shown in
Figure la. Thin-films of a blend of poly(triarylamine) (PTAA) and a
soluble acene, 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-
pentacene) or 2,8-difluoro-5,11-bis(triethylsilylethynyl) anthradithio-
phene (diF-TESADT), were used as the semiconductor in p-channel
OFETs. Hereafter OFETs based on TIPS-pentacene and diF-
TESADT will be referred to as P1 and P2, respectively. An inkjet
printed layer of poly[N,N’-bis(2-octyldodecyl)-naphthalene-1,4:5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2"-bithiophene) [P(NDI20D-
T2), also called N2200] was used as the semiconductor in n-channel
OFETs. Hereafter OFETs based on P(NDI20OD-T2) will be referred
to as N1. For p-channel OFETs, a self-assembled monolayer of
pentafluorobenzenethiol (PFBT) was formed on the Au electrodes by
immersion in a 10 mM PFBT solution in ethanol for 15 min in a
nitrogen-filled drybox, rinsing with pure ethanol, and drying. Soluble
acenes: P1 and P2 and PTAA were blended in solutions prepared as
follows: soluble acenes and PTAA were individually dissolved in
1,2,3,4-tetrahydronaphthalene anhydrous, 99%, (Sigma Aldrich) at a
concentration of 30 mg/mL; solutions of one soluble acene (P1 or
P2) and PTAA were mixed at a weight ratio of 1:1. Blends of P1/
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PTAA and P2/PTAA were deposited by spin coating at 500 rpm for
10 s and at 2000 rpm for 20 s. Then, samples were annealed at 100 °C
for 1S min in a nitrogen-filled drybox. For n-channel OFETsS, a coating
of polyethylenimine, 80% ethoxylated (PEIE) (M,, = 70000 g/mol)
was applied to the surface of the Au source and drain electrodes.>'
PEIE was dissolved in H,O with a concentration of 35-40 wt.% when
received from Aldrich. Then it was further diluted with 2-
methoxyethanol to a weight concentration of 0.04 wt %. The solution
was spin coated on top of the Au source and drain electrodes at a
speed of 5000 rpm for 1 min and an acceleration of 1000 rpm/s. Spin-
coated PEIE films were annealed at 100 °C for 10 min on a hot plate
in ambient air. P(NDI20OD-T2) (Polyera Activink N2200), N1, was
used as the n-channel semiconductor. N1 ink was prepared as follows:
N1 was dissolved in mixture of 1,2,3,4-tetrahydronaphthalene
anhydrous, 99% (Sigma, Aldrich) and mesitylene, 99% (Sigma
Aldrich), with a ratio of 1:1 in volume in order to reach a § mg/mL
concentration. A Dimatix DMP 2831 inkjet printing system was used
to pattern the N1 layer. A 100 nm thick layer of active material was
printed in air at room temperature and annealed at 100 °C for 15 min
in air. CYTOP (45 nm)/AL,O; (50 nm) bilayers were used as top-gate
dielectrics. CYTOP solution (CTL-809M) was purchased from Asahi
Glass with a concentration of 9 wt %. To deposit a 45 nm thick film,
we further diluted the original solution in CT-solv.180 (the original
solvent) to have solution:solvent ratios of 1:3.5 in volume. 45 nm-thick
CYTOP layers were deposited by spin-casting at 3000 rpm for 60 s.
The CYTOP films were annealed at 100 °C for 20 min. Then, the
ALO; dielectric films (50 nm) were deposited on top of the CYTOP
layer using a Savannah 100 ALD system from Cambridge Nanotech
Inc. Films were grown at 110 °C using alternating exposures of
trimethyl aluminum [Al(CHj;);] and H,O vapor at a deposition rate of
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approximately 0.1 nm per cycle. Finally, Al (150 nm) gate electrodes
were deposited by thermal evaporation through a shadow mask.

Electrical Characterization. Electrical characterization of the
OFETs was carried out in a nitrogen-filled glove box (O, H,0 < 1
ppm). All current—voltage (I-V) characteristics of OFETs were
measured with an Agilent ES272A source/monitor instrument.

Reliability Characterization. To investigate oxygen and water
effects on device reliability, OFETs were exposed to six different
ambient conditions as follows: dry oxygen ambient at 50 °C for 1 day,
vacuum annealing at 100 °C for 16 h, humid air with relative humidity
of 80% at 50 °C for 1 day, vacuum annealing at 100 °C for 16 h,
immersion in distilled water for 16 h, and vacuum annealing at 100 °C
for 16 h. Dry oxygen ambient (filled with 99% O, gas) and vacuum
annealing conditions were created using a vacuum drying oven system
(Yamato ADP 21). An environmental humidity chamber (Cincinnati
Sub-Zero Product Inc.) was used for humid air ambient with relative
humidity of 80%. Distilled water was used for immersion. At each
interval, each substrate was briefly transferred back into a nitrogen-
filled glove box and then electrical measurements and bias stress tests
were carried out.

Photoexcited Charge Collection Spectroscopy (PECSS). The
system consists of a light source of 500 W Hg(Xe) arc lamp (Oriel), a
grating monochromator covering the spectral range of 300—1000 nm,
an optical fiber (core diameter of 200 mm) as an optical probe, and a
semiconductor parameter analyzer (415SC, Agilent Technology).
Under an intense monochromatic light, the transfer curves were
obtained from the testing OFETs connected to the electrical
measurement unit. The photo-induced AVy, [AVy = V (incident
photon energy, eV) — VuP**] was measured. The AVy can be
converted to the excited charge (Q,). Finally, the DOS profiles can be
extracted from the differential of Q..

B RESULTS AND DISCUSSION

Figure 1b displays transfer characteristics of representative
pristine OFETs (W/L= 2550 um/180 ym) measured under a
nitrogen atmosphere. Transfer characteristics correspond to
hysteresis cycles wherein the voltage was swept back-and-forth
between the extremes of the gate voltage (V;;) range displayed
in the figure. Pristine OFETs refer to the condition of devices
right-after deposition of the top-gate electrode, having
minimum exposure to ambient air. All pristine OFETs exhibit
hysteresis-free electrical characteristics and operate at voltages
lower than 10 V. Maximum saturation field-effect mobility
(fme) values of 0.7 cm?/(V s), 1.96 cm?/(V s), and 0.13 cm?/
(V s) were found for devices P1, P2, and N1, respectively. An
average  value of 0.57 + 0.11 cm®/(V's), Vi, of =34 +£ 02 V
and I,,/Ig of 1 X 10* were measured on 9 devices of type P1.
On 7 devices of type P2 an average y value of 1.21 + 0.51 cm?®/
(Vs), Vyy= =31 +02V, I, /Ig=1X 10° were found. On 7
devices of type N1, an average y value of 0.12 + 0.01 cm?/(V
$), Vo = 1.2 £ 0.6 V, I,,/I¢ = 1 X 10* were found. Output
characteristics are reported in Figure S1 in the Supporting
Information. Overall, the performance of pristine OFETs is
comparable to state-of-the-art OFETs previously reported in
the literature." ™

Pristine OFET's and capacitors with structure: Al/bilayer gate
dielectric/Au, were sequentially exposed to: (1) a dry oxygen
atmosphere at 50 °C for 24 h; (2) vacuum annealed at 100 °C
under a pressure of 1 Torr for 16 h; (3) air at SO °C with a
relative humidity (RH) of 80% (hereon referred to as air (50,
80)) for 24 h; (4) vacuum annealed at 100 °C under a pressure
of 1 Torr for 16 h; (S) immersed in water at room temperature
for 16 h; (6) vacuum annealed at 100 °C under a pressure of 1
Torr for 16 h. These harsh environmental exposure conditions
were selected to give sufficient time for oxygen and water
molecules to diffuse into the OFET structure. The electrical
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properties of OFETs and capacitors were evaluated after
exposure to different atmospheres and being transferred into a
nitrogen-filled glove box. Further details on the conditions of
atmospheric exposure and electrical evaluation are given in the
experimental section.

Figure 2a displays transfer characteristics of P1, P2, and N1
type OFETs measured after different environmental exposure
conditions. The normalized average values of p, in the
saturation region, and V, are shown in Figure 2b. Measure-
ments of C,, in capacitor structures, as a function of frequency
(f) and condition of environmental exposure are shown in
Figure 2c. C, values measured after each condition of exposure
were taken into account to calculate the values of y presented
in Figure 2b.

Different environmental exposure conditions induce small
but nonetheless evident changes of C,,(f) when the data is
analyzed in detail. In capacitors that have undergone vacuum
annealing C,,(f) values are slightly smaller compared to values
found in pristine or oxygen exposed capacitors, indicating that
oxygen produces very small (<1%) but measurable increases of
the magnitude of C,(f) without dramatically affecting its
dispersion characteristics. We should note that although the
bilayer gate dielectric (CYTOP/Al,O;) has been found to have
relatively good encapsulation properties with an effective water
vapor transmission rate of 1.1 X 107> g/m*/day determined by
a Ca test (see Figure S2 in the Supporting Information),
oxygen in particular, is expected to diffuse through the bilayer
gate dielectric after prolonged exposure. In contrast, capacitors
exposed to humid atmospheres (air (50, 80) or immersed in
H,0) show larger C,,(f) values and dispersive characteristics in
the range from 20 Hz to 1 MHz. These changes of C,,(f) are
reversible upon vacuum annealing and attributed to the
adsorption of water molecules in the gate dielectric; primarily
in the ALO; layer. The dispersion characteristics can be
explained by considering that mobile adsorbed dipolar water
molecules can orient and polarizes the Al,O; layer, resulting in
increased C, values at lower frequencies. At higher frequencies,
the ability of these molecules to follow the external field
decreases, resulting in a reduction of the values of Cy,(f). The
adsorption of water in CYTOP is less likely because of its
hydrophobic nature (contact angle is over 100°). Indeed, when
single CYTOP layers (700 and 870 nm) undergo the same
conditions of environmental exposure as the previously
described capacitors, the values of C,(f) remain constant
(see Figure S3 in the Supporting Information).

Taking changes of C,,(f) into consideration, small and
reversible variations of the average value of it were observed in
all types of OFETs when exposed to oxygen and/or humid
atmospheres. These changes can be attributed to changes in the
transport properties of the organic semiconductor layer and to
changes in the contact resistance. P1 and P2 type OFETs
display very stable average values of y, with variations that in
general are smaller than device-to-device variations (Figure 2b).
This is consistent with the good electrochemical stability of
these soluble acenes,>” attributed primarily to the role of the
bulky silylethynyl groups, at 6, 13 positions of TIPS-pentacene
and at 5, 11 positions of diF-TESADT, in sterically hindering
the irreversible oxidation of the molecules®® and in mitigating
the acenes’ ability to assist in the formation of reactive singlet
oxygen.>* N1 OFETs display slightly larger changes on the
average values of 4 but these changes are largely reversible after
the devices undergo vacuum annealing. Further details on the
changes of electrical performance parameters, square root
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transfer and output characteristics after each step of the
exposure sequence are summarized in Table S1 and Figure S4—
S6 in the Supporting Information.

Observed changes of y and Vy, are consistent with the
oxidation or reduction of oxygen and water molecules diffused
into the semiconductor channel. For p-channel OFETs, oxygen
exposure results in small increases of the average values of y,
reduced values of V,;, and increased off-current values, I g
Reduced values of V, and increased I values have been
reported in the past in air-exposed p-channel OFETs and
rationalized as oxygen doping of the semiconductor chan-
nel. 2243335 An oxidation event (an electron transfer from an
acene to an oxygen molecule) will lead to a hole being injected
into the transport manifold and consequent?f to an increased
charge density and channel conductivity.*>**** The increased
values of I 4 observed in the transfer characteristics of P1 and
P2 type OFETs after exposure to oxygen can be attributed to
increased channel conductivity or to increased source to gate
leakage current. We favor the first of these hypotheses because
on N1 type OFETs similar exposure to oxygen leads to the
opposite trend, a reduction of I g indicating that changes of I
are better correlated with changes in the electrical properties of
the channel rather than with potential changes on the bilayer
gate dielectric. The reduction of the values of Vi, could arise
directly from the oxidation of acene molecules around the
contacts. An increased acene cation density will increase the
Fermi level and bring it closer to the highest occupied
molecular orbital (HOMO) edge, presumably making it easier
for holes to be injected®® by decreasing the width of the
depletion region around the contact, reducing the contact
resistance.”” The reduction of the contact resistance is also
consistent with the small increase in the average values of y
observed in P1 and P2 type OFETs after oxygen exposure. In
the presence of water, P2 type OFETSs display remarkable
stability with no change in the average values of . For P1 type
OFETs the average values of u slightly increase after each
exposure condition but variations remain within the range of
device-to-device variations. The reduced values of V,, and
increased values of I observed after exposure to humid
atmospheres are similar to the ones observed after oxygen
exposure. The influence of oxygen cannot be entirely ruled out
after exposure to any of the humid atmospheres studied,
considering that oxygen dissolved in water is present at part per
million levels. However, it is very likely that, after immersion in
water, shifts of Vy are driven primarily by dipolar water
molecules diffused into the gate dielectric. The orientation of
these dipolar molecules will increase the effective gate voltage
and produce an apparent reduction of the value of Vy. As
shown in Figure 24, it is worth noting that none of these effects
leads to hysteresis within the time frame the transfer
characteristics of P1 and P2 type OFETs were acquired (a
few minutes).

In N1 type OFETS, oxygen and water molecules can be easily
reduced at the semiconductor channel, therefore acting as
electron traps.>® Trapped charges can reduce the average values
of u due to an increased contact resistance arising from the
decreased channel conductivity. These effects could also lead to
the decreased values of I 4 and the increased value of Vy
observed after oxygen exposure and air (50, 80). Interestingly,
Vg, follows the opposite trend (Vy, is reduced) after N1 type
OFETs are immersed in water. The reduction of V,, can be
explained if we consider that as we have previously described,
shifts of V;, could also arise because diffused water molecules
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could increase the effective gate voltage leading to excess holes
or electrons and resulting in effective reductions of the value of
Vyy revealed as positive shifts of V, on p-channel and negative
shifts of Vi, for n-channel OFETs, as shown in Figure 2a, b. It is
to be noted that as previously described, after exposure to air
(50, 80), a positive shift of Vy;, was observed in N1 type OFETs.
In air (50, 80), the presence of oxygen is unavoidable so the
shift of Vi, must be a combination of the shifts induced by
oxygen and water “alone”. Indeed, if we take the average values
of Vg, we can calculate the following shifts after oxygen
exposure: (1) AV, V&N = Y, 098 _ 7 pristine — 60y — 12V =
4.8 V (positive shift); after water immersion: (2) AV"™" =
ViV — VP = —1.4 V — 1.2 pristineV = —2.6 V (negative
shift); and therefore, after exposure to air (50, 80), we can
expect: (3) AV, 080 = Ay ovgen L Ay water — 48V — 2.6
V =22V (positive shift), which yields a calculated Vj, air(30, 80)
= VPristine 4 AV, G080 = 19V 4+ 22V =34V, which is
similar to the value of 3.7 V measured in N1 type OFETs.
Finally, it is worth pointing out that, in contrast to p-channel
OFETs, oxygen and water exposure causes hysteresis in the
transfer characteristics of N1 type OFETSs devices.

In addition to these “static” characteristics, after each
exposure step, the operational stability of the OFETs was
also evaluated through a direct current (DC) bias-stress test.
This “dynamic” test is expected to reveal the presence of deeper
traps and slower polarization effects that cannot be resolved
during the rapid evaluation of the transfer characteristics as
described in Fig 2a. Figure 3a—c show the temporal evolution,
over a period of 10 min, of the Ipg measured in all OFETSs
normalized to its initial value. Through these experiments, it is
clear that in general water plays a more critical role than oxygen
in the degradation of Ipg during bias stress test. For P1 and P2
type OFETs, the effect of oxygen is negligible. Pristine, oxygen
exposed and vacuum annealed p-channel OFETs display
variations of Ipg smaller than 2%. For N1 type OFETs, oxygen
molecules can create deep electron trap states due to its high
electronegativity, resulting in a decrease of Ig of about 20%. In
OFETs exposed to humid atmospheres, Ij,g decreased by 10—
15% for P1 and P2 type OFETs and 30—40% for N1 type
OFETs. Therefore, we can conclude that water molecules
create deep trapping states when OFETs are subjected to
continuous bias stress. Here we need to point out that this
trapping mechanism is different from the increased polarization
of the gate dielectric that arises as water molecules orient under
a low frequency external field. This extra polarization can affect
OFET performance in two ways, first by increasing I through
the prefactor C,uW/L and by reducing the values of Vj as
previously described. The first effect increases C;, by no more
than 6% (Figure 2c), and consequently, Ing by a similar
amount. The second effect will produce more pronounced
increases of Ipg through decreased values of Vy,. Neither of
these effects is consistent with the observed degradation of Ijg
over time after exposure to humid atmospheres and therefore
reveals a different mechanism in which water can act as an
electron and hole trap, presumably in the organic semi-
conductor layer. Here, it is also important to note that in all
cases, vacuum annealing leads to water detrapping and restores
the Ipg stability found in pristine or vacuum annealed devices.
Further details on bias stress conditions and Ij,g variations are
summarized in Table S2 in the Supporting Information. The
reversible nature of all changes observed after vacuum
annealing confirms that the interactions of oxygen and water
with the organic semiconductor molecules are not permanent,
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Figure 3. Operational stability. (a—c) Temporal evolution of the

normalized drain current of P1, P2, and N1 type OFETs under
constant bias stress.

in these set of OFETSs, because they can diffuse out of the
device, leading to a performance that is similar to that found in
pristine devices.

Photoexcited charge collection spectroscopy (PECCS), a
type of charge modulation spectroscopy (CMS), allows for
resolving the charge-induced absorption characteristics that can
be directly correlated with charge excited quantum states of
organic molecules. To further investigate the effects of
environmental exposure on the behavior of top-gate OFETs,
we conducted PECCS measurements. Details on the
experimental method and extraction of the density of states
(DOS) are given in the Experimental Section and previous
studies.’”*° Figure 4a—c displays the DOS profiles of ambient
air exposed (a few weeks) and vacuum-annealed OFETs,
wherein the charge-induced states in the DOS and the
absorption spectra are overlaid to allow easy comparison. In
P1 and P2 type OFETs, after ambient air exposure (oxygen and
water), pronounced charge-induced peaks at 1.32 and 1.44 eV
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Figure 4. Density of state (DOS) profiles from photo excited charge
collection spectroscopy (PECCS). (a, b) P1 and P2 OFETs. (c) N1
type OFET. The optical absorption spectra on glass substrates are
overlaid to be compared with the DOS profiles.

are observed in the DOS profiles, respectively (note that the
peak at 1.32 eV in P1 corresponds to a previously reported
charge-induced peak position measured in TIPS-pentacene
OFETs by CMS*"). These charge induced peaks in the DOS
profiles can be attributed to transitions between HOMO and
singly occupied molecular orbital (SOMO) induced by acene
cation states (hole charge carriers)*" which are relevant for the
positive shift of Vi, and increased I g4 currents observed in p-
channel OFETs. After vacuum annealing, these charge induced
signals in the DOS profiles were not detected. In contrast, in
N1 type OFETSs no charge induced peaks were detected after
air exposure, but after vacuum annealing, charge induced peaks
at 1.52 and 2.88 eV were observed in the DOS profile. The
position of these peaks are also well matched with previous
peaks reported in N1 measured by CMS.** Hence, these results
correlate well with the interpretation of previous OFET
characterization in that that oxygen and water lead to doping
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Figure S. Device durability upon severe conditions of exposure. (a) Snapshot of device durability tests (O, plasma for S min and immersion in water
for 1 h) and representative transfer characteristics of P1, P2, and N1 type OFETs. (b) Photograph, transfer characteristics, and cycling test under
water droplet of P1 type OFET. (c) Photograph, transfer characteristics, and cycling test under water flowing of 0.6 yL/min of P1 type OFET.

and trapping of charge carriers in p-channel and n-channel
OFETs respectively.

Although we have seen changes in the parameters of p-
channel and n-channel OFETs upon exposure to reactive
oxygen and humid atmospheres, we should highlight the fact
that the conditions of environmental exposure were rather
severe. Under less stringent conditions, top-gate OFETs are
remarkably stable and offer a stable platform for sensor
applications. Detailed studies on the use of these top-gate
OFETs as label-free chemical and biological sensors in aqueous
environments will be published elsewhere.*> Here, for
completeness, we demonstrate the environmental stability of
these OFETs by exposing them to oxygen plasma, and
subsequently immersing them in water for 1 h. Figure Sa
displays photographs illustrating these tests and demonstrates
that the transfer characteristics of all types of OFET's, measured
after this, present negligible variations after each condition of
exposure. Furthermore, P1 type OFETs where operated under
a water droplet or under a flow of water (0.6 #L/min) covering
the channel area. Here, we note that Ag or Au were used as top-
gate electrodes instead of Al, to prevent its rapid oxidation.
Figure Sb, c display the transfer characteristics and on/off Ipg
currents cycling tests, wherein the OFET was subjected to
several on- and off-gate voltage cycles at constant drain voltage,
which demonstrate the outstanding environmental and opera-
tional stability of top-gate OFETSs, even when operated in
aqueous media.
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Bl CONCLUSIONS

We have presented a systematic investigation on the perform-
ance and stability of p-channel and n-channel top-gate OFETs,
with a bilayer gate dielectric, exposed to controlled dry oxygen
and humid atmospheres. Despite the severe conditions of
environmental exposure, p-channel and n-channel top-gate
OFETs show only minor changes of their performance
parameters without undergoing irreversible damage. Very
importantly, all changes where observed to be reversible after
annealing the devices under vacuum. When changes of the
performance parameters are correlated with the conditions of
environmental exposure, it is revealed that oxygen acts as a
dopant on p-channel OFETSs, without compromising its
stability under constant bias stress, and as a trap on n-channel
OFETs. Water, on the other hand, not only polarizes the gate
dielectric and decreases the threshold voltage of both types of
OFETs, but under constant bias stress it can act as a deep trap
severely degrading the performance of the OFETs. Photo-
excited charge collection spectroscopy experiments provided
further evidence of doping and charge trapping in p-channel
and n-channel OFETS, respectively, in the presence of oxygen
and water. Top-gate OFETs display outstanding durability,
even when exposed to oxygen plasma and subsequent
immersion in water. Although it is clear that the use of “air
stable” organic semiconductors is critical to achieve this level of
performance, this work underlines the critical importance of
proper engineering of the OFET structure to maximize the
potential for long term environmental and operational stability
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of organic semiconductors. In particular, the ability of top-gate
OFETs to show stable operation under aqueous media is
expected to pave the way for the development of a new
generation of chemical or biological sensors. We believe that
the results presented will not only contribute toward
developing a better understanding of the physical mechanisms
affecting the long-term environmental and operational stability
of OFETs but also toward developing novel device strategies to
mitigate them.
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