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In this contribution we demonstrate for the first time a downscaled n-channel organic
field-effect transistors based on N,N'-dialkylsubstituted-(1,7&1,6)-dicyanoperylene-3,4:9,
10-bis(dicarboximide) with inkjet printed electrodes. First we demonstrate that the use
of a high boiling point solvent is critical to achieve extended crystalline domains in spin-
coated thin films and thus high electron mobility >0.1 cm?V~!s~! in top-gate devices.
Then inkjet-printing is employed to realize sub-micrometer scale channels by dewetting
of silver nanoparticles off a first patterned gold contact. By employing a 50 nm crosslinked
fluoropolymer gate dielectric, ~200 nm long channel transistors can achieve good current
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saturation when operated <5 V with good bias stress stability.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The performance of solution-processed organic field-
effect transistors (OFETs) has improved through new semi-
conductors development, control of film morphology,
optimization of the device geometry, and reduction of the
contact resistance [1-8]. Both p-channel and n-channel
OFETs with charge mobilities above 0.1 cm?V~'s~! have
been demonstrated, providing a solid basis for the realiza-
tion of solution-processed OFET-based complementary
integrated circuits [2,4,5,8-11]. Meanwhile, viable
manufacturing techniques compatible with inexpensive
fabrication of circuits on flexible substrates and based on
environmentally-acceptable processes have been developed
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[12-16]. Although some OFETs realized via gravure or inkjet
printing have been reported, the poor resolution of standard
printing technologies has limited the transistors channel
length, which is insufficiently small to provide high switch-
ing speeds for many applications such as row addressing in
active matrix displays or RFID tags [10,17-20]. A solution
to this problem is to adopt high resolution printing technol-
ogies allowing downscaling of OFET channel lengths, which
also requires correct scaling of the dielectric thickness and
efficient charge injection in short channels, where optimiza-
tion of the contact resistance is crucial [19,21]. Currently
p-channel semiconductors have been widely designed and
synthesized with satisfying hole mobilities and device sta-
bility, while in the case of n-channel semiconductors, only
afew candidates can satisfy industrial requirements, mainly
due to inefficient electron injection and trapping issues
[8,10]. It is usually more difficult to achieve efficient charge
injection in n-channel OFETs rather than in p-channel ones,
given the significant mismatch between the Fermi level of
noble metals used as electrodes and the lowest unoccupied
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molecular orbital (LUMO) of most organic n-channel semi-
conductors. Despite a few exceptions [22,23], this leads to
severe contact resistance issues which become even more
serious when scaling the transistor channel [24]. Therefore
most of the short channel, printed OFETs demonstrated so
far are fabricated with p-channel semiconductors, whereas
much less work has been devoted to printed downscaled
n-channel transistors [25,26].

Among several promising n-channel organic semiconduc-
tors, N,N'-bis(n-alkyl)-(1,7&1,6)-dicyanoperylene-3,4:9,10-
bis(dicarboximide) derivatives (PDIR-CN,) have shown
great potential for realization of high mobility n-channel
OFETs and the fabrication of organic complementary circuits
[27]. Several PDIR-CN, derivatives exhibit excellent n-chan-
nel performance and remarkable environmental stability
both in the case of vapour deposited and solution deposited
semiconducting layers [28-30]. Recently it was shown that
based on the soluble core-cyanated perylenediimide, Activ-
Ink N1400, electron mobility >0.1cm?V~'s™! can be
obtained in staggered, solution-processed n-channel OFETs
[31,32]. Here we use N1400 as the base of our study with
the aim to realize downscaled, low-voltage n-channel FETs,
as test-beds for commercially-relevant applications. First
we demonstrate that in order to achieve high electron
mobility in N1400 based OFETs, the use of a high boiling
point solvent is essential. When 1,2-dichlorobenzene
(DCB) is used instead of chloroform, a higher degree of crys-
tallinity is achieved, favouring both electron transport and
device stability under bias stress condition. Although the
contact resistance extrapolated from the top-gate n-channel
transistor with Au contacts is relatively low, we show that it
is not sufficient to achieve good downscaled transistors
because of severe contact effects in the short channel de-
vices. This can be strongly improved by adopting silver
electrodes, thus allowing to downscale the channel length
for this n-channel device to a few hundreds of nanometers
while preserving correct field-effect behaviour despite some
injection limitation. Downscaled printed OFETs were fabri-
cated by inkjet printing silver nanoparticles (AgNPs) for
the injecting contact. The lower work-function (W) of these
contacts with respect to evaporated Ag electrodes is found to
be crucial for the correct downscaling. This approach,
together with the use of an ultra-thin crosslinked fluoro-
polymer gate dielectric, allows full current saturation
behaviour at operating voltages <5 V.

2. Materials and methods

In this study we realized various FETs with various device
configuration: bottom-gate, bottom-contacts (Fig. 1(a)) and
top-gate, bottom-contacts (Fig. 1 (b) and (c)) FETs, with pho-
tolithographically defined Au contacts (Fig. 1(a) and (b)) or
inkjet printed Ag electrodes (Fig. 1(c)). A n™* silicon wafer
with 300 nm oxide served for bottom-gate structures and
corning 1737F glass substrates were used for the top-gate
configurations. Gold source-drain contacts were photolitho-
graphically defined using a double layer lift-off process.
N-channel Activink N1400 semiconductor (N,N’-dialkyl-
(1,7&1,6)-dicyano-tetracarboximide, Polyera Corporation)
dissolved in different solvents is spin-coated on top of the
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Fig. 1. Schematic illustration of: (a) bottom-gate N1400 FET with
lithographically defined bottom Au contacts and SiO, dielectric layer;
(b) a top-gate FET with lithographically defined bottom Au contacts, a
CYTOP based dielectric layer and a top Al gate contact; (c) a top-gate FET
with inkjet-printed AgNPs contacts, a CYTOP based dielectric layer and a
top Al gate contact; (d) a top-gate FET with asymmetric bottom contacts,
one of Au made by photolithography and one of Ag made by inkjet
printing.

patterned substrates (~70 nm thick, 1500 rpm, 8s) in a
nitrogen glovebox and then annealed (110 °C,4 h)toachieve
high molecular ordering. The top-gate device is completed
by depositing a suitable gate dielectric (450 nm thick Cytop
or 50 nm thick Crosslinked Cytop) on top and then by evap-
orating a thin aluminium gate. All electrical characteristics
of the devices were acquired in a nitrogen glovebox or in
air with an HP 4155B semiconductor parameter analyzer.
The surface morphology of the films was obtained with a
Veeco Dimension 3100 (Digital Instruments) atomic force
microscope (AFM) operated in the tapping mode. The
work-functions (W) of printed/evaporated silver contacts
were measured by non-contact Scanning Kelvin Probe
Microscopy (SKPM) which was carried out in ultrahigh vac-
uum with an Omicron VT scanning probe microscope. X-ray
diffraction (XRD) analysis was performed using a Philips
PW1820 X-ray diffractometer in the Bragg-Brentano geom-
etry, with diffraction patterns collected between 2° and 40°
with a step size of 0.02° and a dwell time of 2 s per step.

3. Results and discussion

Fig. 2(a) shows the UV-vis optical absorption and photo-
luminescence (PL) spectra of annealed Activink N1400 films
spin-coated from chloroform and DCB. For the N1400 films
spun from chloroform two main optical absorption peaks lo-
cated at 525 and 565 nm are observed. When switching the
solvent to DCB, the UV-vis spectrum shows a clear red shift
of approximately 5nm for both absorption peaks to
530 nm and 570 nm respectively. Similar red shift is also
seen at the emission state of 670 nm in the PL spectrum of
N1400 films with DCB as solvent compared to the PL spec-
trum of N1400 dissolved in chloroform. The red shift in both
UV-vis and PL spectra is consistent with a higher degree of
thin-film crystallinity [33] obtained when adopting DCB,
as confirmed by X-ray diffraction measurements (XRD)
reported below. Fig. 2(b) and (c) show the AFM images of
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Fig. 2. (a) Normalized UV-Vis absorption and photoluminescence spectra, (b and c) AFM images and (d) X-ray diffraction spectra of corresponding annealed
N1400 films spin-coated from chloroform and DCB. The inset of (d) shows the molecular structure of Activink N1400.

N1400 films spin-coated from chloroform and DCB, respec-
tively. It is clear that when using chloroform the resulting
film consists of very small grains, while with a high boiling
point solvent such as DCB, a clear textured microstructure
can be induced, probably characterized by a higher degree
of molecular order. The roughness of both films, which
was previously found to strongly influence the channel
mobility [34], are similar, around 3-5 nm. To investigate
whether the presence of micron-sized domains in the film
spun from DCB is related to formation of micro-crystals,
XRD measurements were performed (Fig. 2(d)). The 6/20
scan of N1400 film spun from DCB shows a much pro-
nounced feature at 20 = 5.3°, indicating a significant crystal-
line thin film microstructure, in contrast to the much weaker
reflection peak in the N1400 film from chloroform, suggest-
ing a lower thin film crystallinity.

The electrical characteristics of bottom-gate, bottom-
contacts N1400 FETs (Fig. 1(a)) spun from both chloroform
and DCB are plotted in Fig. 3(a) and (b). Typical transfer
characteristics exhibit a steep current increase in the sub-
threshold region; the output characteristics show good sat-
uration behavior for a 20 pm channel. An electron mobility
(1¢)0f0.003 cm? V! s~lisachieved in the saturation region
for N1400 processed from chloroform, while y, substan-
tially improves to 0.02 cm?V~! s~! when DCB is employed.
The saturated g, is therefore more than one order of magni-
tude higher for the film spun by DCB compared to the film
spun by chloroform and this improvement is mainly attrib-
uted to the improved N1400 film crystallinity leading to a
much more efficient electron transport in the transistor

channel. The increase in the off current for the DCB case also
suggests a more favorable bulk charge transport, leading toa
higher conductivity even at low charge density. Transfer and
output characteristics exhibit negligible hysteresis, mean-
ing that few charge traps are present at the semiconduc-
tor/dielectric interface in both cases.

The bottom-contact, top-gate N1400 OFETs (Fig. 1(b))
are further fabricated by using the amorphous fluoropoly-
mer Cytop as the gate dielectric. Fig. 3(c) and (d) summa-
rise the transfer and output characteristics of top-gate,
bottom-contact N1400 FET spun from chloroform and
DCB. Also in this case the DCB processed devices show
strongly improved performances with respect to chloro-
form processed ones. In the DCB case, the transfer curve
demonstrates sharp electron current increase starting from
Va=—10V with small gate leakage currents. y. as high as
0.1 cm? V' s~ ! at V,; = 40 V for top-gate configuration with
a channel length of 20 um is extracted with a dielectric
capacitance of 4.0 nFcm™2; the threshold voltage is as
small as 1V and the on-off ratio is ~103-10% This top-gate
N1400 FET is comparable to the one previously reported by
Boudinet et al. [34].

We also tested the bias stress stability of the top-gate,
bottom-contacts N1400 OFETs, which is relevant for appli-
cations (Fig. 4(a)). The N1400 OFETs have shown bias stress
effect with less than 5% current loss when measured under
continuous bias (V43=5V and V;=40V) up to 10h in a
nitrogen glovebox. Poor device bias stability, with a loss
of 70% of the current, is instead occurring when the device
is measured in air. Although more work is needed to clarify
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Fig. 3. (a) Transfer and (b) output characteristics, from V; =0 to V, =20V in steps of 5V, of N1400 OFETs (L =20 um and W =10 mm) spin-coated from
chloroform and DCB in bottom-gate, bottom-contact configuration with SiO, (300 nm) as dielectric. (c) Transfer and (d) output characteristics of N1400
OFETs (L =20 pm and W =1 mm) spin-coated from chloroform and DCB in top-gate, bottom-contact configuration with Cytop (450 nm) as dielectric. In all

these cases Au contacts were adopted.
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Fig. 4. (a) Bias stress measurements on N1400 top-gate FET (L =20 um and W =1 mm) in nitrogen (circles) and in air (squares) at V4=5V and V,=40V.
(b) Linear (circles) and saturated (triangles) mobility as a function of the channel length in top-gate N1400 OFETs. (c) Total device resistance in the linear
region (V4 = 5 V) as a function of the channel length, at different V, (symbols), for a set of 4 devices with photolithographically defined gold source and drain
contacts; the dashed lines indicate the linear extrapolation to zero channel length in order to extract Rc according to TLM. (d) Total resistance (filled
symbols) and contact resistance (void symbols) as a function of the gate voltage at V; =5 V. Data in (b) and (d) are obtained on a set of 16 devices fabricated

on the same substrate.
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this aspect, the instability in air could be reasonably due to
water or oxygen penetration at the semiconductor/dielec-
tric interface despite the presence of the Cytop dielectric
which in principle could serve as a barrier layer [35]. To
test the device scalability we investigated the contact
resistance effect in these n-channel OFETs. We adopted a
common scaling approach and fabricated N1400 top-gate
OFETs with different channel lengths, from 20 to 4 pm. In
Fig. 4(b) the linear and saturated mobilities as a function
of L are reported. While the saturated mobility is substan-
tially constant in the 0.08-0.11 cm?/Vs, the linear mobility
is apparently decreasing with L as an effect of the contact
resistance R, passing from 0.10 cm?/Vs for L=21 um to
0.05 cm?/Vs for L =4 pm. In order to estimate R we used
the well-known transmission line method (TLM, Fig. 4(c))
[36]. Fig. 4(d) shows the plot of the measured total channel
resistance and the extracted contact resistance as a func-
tion of the gate voltage at V;=5V. We have observed a
characteristic drop of the total resistance with increasing
gate voltage, which is a main characteristic of current
crowding effect in staggered device configurations and
has been discussed in our previous study [37]. At
V=60V we extracted a contact resistance R¢ value of
39.1 £ 5.5 kQcm, consistent with previous experimental
results [32]. The measured Rc value is relatively low for
electron injection from a high work function electrode in
n-channel OFETs [23], indicating that N1400 is potentially
suitable for downscaled n-channel OFETs.

Downscaled, inkjet-printed sub-micrometer OFETs were
fabricated in a top-gate, bottom-contact configuration
(Fig. 1(c)). For these short channel devices the previously
reported self-aligned printing (SAP) technique is adopted
[21,38]. However, here we use for the first time printed
Ag as the electron injection contact. 1H, 1H, 2H, 2H-perflu-
orodecanethiol is deposited on photolithographically pat-
terned gold contacts by a vapor process to lower their
surface energy. Following this procedure, commercially
available AgNPs ink (Harima Chemicals NPS-], diluted with
xylene) is printed within the gap between two confining Au
contacts. Due to a limited capability of dewetting showed
by the AgNPs ink with respect to our previously adopted
Au ink [38], we found that in order to obtain a reliable for-
mation of the SAP channel, the overlap between the AgNPs
ink and the Au pattern has to be reduced to a minimum. The
AgNPs droplets were consequently printed much closer to
one of the two Au contacts, the bottom one in Fig. 5. This,
while strongly reducing the process yield on this side be-
cause of a not complete dewetting, allows the AgNPs con-
tact line to reliably self-align with the edge of the top
gold contact, either because of a dewetting from a very lim-
ited overlap or because of the natural expansion of the
droplets entirely landed on the glass towards the hydro-
phobic gold surface. In this case we found that ~80% of
the top SAP channels are formed successfully. In the dow-
scaled transistors adopting such electrodes, contacts with
printed AgNPs serve as the source to favour electron injec-
tion and the patterned gold electrodes serve as the drain.
Fig. 5(a) and (b) shows optical images of SAP AgNPs
between two patterned gold contacts with SAP channels
before and after annealing. As a reference we fabricated
also long channel devices (40-60 pum) by printing the same

AgNPs ink on glass substrates. In these devices AgNPs func-
tion as both source and drain contacts. In either cases, the
printed AgNPs are sintered at 220 °C in a nitrogen glovebox
for 1h, turning the AgNPs into a homogeneous metallic
contact (~100 nm thick) with shiny, metallic appearance
and high electrical conductivity (~10°Scm™!). We found
that during annealing in air the surface of AgNPs becomes
very rough with a large root mean square (rms) roughness
of around 60 nm, while AgNP lines annealed under nitrogen
exhibit a relatively smooth surface morphology with dra-
matically reduced rms surface roughness of 9.8 nm
(Fig. 5(c)). An AFM image of a SAP sub-micrometer channel
is shown in Fig. 5(d). Due to dewetting, the deposited
AgNPs ink has been repelled from the surface-modified
gold contacts and the average channel length L between
gold and printed AgNPs is ~200 nm.

First the electrical characteristics of a long channel
N1400 transistor were tested with two printed AgNPs con-
tacts (Fig. 6(a) and (b)). The calculated electron mobility is
~0.07-0.1 cm? V~' s~! with a threshold voltage Vi, = —1 V.
The mobility is similar to that extracted from standard long
channel, top-gate N1400 transistors with photolithographi-
cally patterned gold contacts. We find that the sub-microm-
eter devices (L = 200 nm) with AgNPs as source contact and
a thick Cytop dielectric (thickness d = 450 nm) exhibit typi-
cal short channel effects with superlinear increase of drain
current and lack of current saturation in the output charac-
teristics. Previous studies on the scaling behaviour for short
channel printed transistors showed that when d/L>1
(~1.75 in this case), the transistor exhibits severely
degraded characteristics with pronounced short channel
effects due to the insufficient downscaling of the gate dielec-
tric [25]. Several methods to decrease the dielectric thick-
ness d for OFETs have been reported, including the use of
high-k metal oxides, self-assembled monolayers (SAMs) or
thermally crosslinked polymers [39-41]. In a top-gate con-
figuration the latter approach is the most suitable, although
it is challenging to obtain good-quality thin polymer gate
dielectrics, principally because thermally-induced cross-
linking typically occurs at temperatures incompatible with
the underlying organic semiconductor layer and the intrin-
sic roughness of the organic semiconductor can lead to
unacceptable gate leakage. Here we adopt a recently devel-
oped crosslinked polymer gate dielectric system fabricated
by crosslinking the fluoropolymer dielectric Cytop with
1,6-bis(trichlorosilyl)hexane (Cg-Si) [C-Cytop, inset of
Fig. 6(c)] [42]. This approach enables substantial dielectric
thickness reduction (down to 50 nm) while retaining high
dielectric breakdown strength and small gate leakage
current. By adopting a 50 nm thick C-Cytop dielectric, it is
possible to fabricate downscaled top-gate N1400 sub-
micrometer transistors with AgNPs as source contact
exhibiting correctly downscaled transfer and output charac-
teristics (Fig. 6(c) and 6(d)). Thanks to the combination of
sub-micrometer channel with a ultrathin gate dielectric,
the downscaled N1400 FETs can operate at V; and Vz <5V
and show a Vi, of only —0.7 V. The apparent electron mobil-
ity of these downscaled FETs is ~2-3 x 10 > cm?V s,
and the reduction with respect to micron-channel transis-
tors can be mainly attributed to an effect of contact resis-
tances. Accordingly we find that long-channel devices
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Fig. 5. Optical images of printed AgNPs ink confined between two patterned gold contacts before (a) and after annealing at 220 °C for 1 h (b). (c) AFM image
of surface morphology of printed AgNPs annealed in nitrogen and (d) AFM image of the 200 nm channel between printed AgNPs and patterned gold contact.
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Fig. 6. (a) Transfer and (b) output characteristics of inkjet-printed long channel N1400 OFET with source and drain AgNPs contacts (L ~40 um and
W 2600 pum) and Cytop (450 nm) gate dielectric. (c) Transfer and (d) output characteristics of fully downscaled sub-micrometer N1400 FET (L ~ 200 nm
and W~ 300 um) using AgNPs as source and ultrathin crosslinked Cytop (C-Cytop, 50 nm) as gate dielectric. The inset of 2(c) indicates the chemical
structure of C-Cytop. The gate leakage current is plotted in dashed lines at V; =5V and 1V, respectively.

with C-Cytop exhibit mobilities on the order of 0.07-0.08
cm?V~1s~! which are only slightly lower than those of
devices with uncrosslinked Cytop (0.07-0.1cm?V-!s™1).
Therefore the cross-linked, ultrathin dielectric is marginally
influencing the overall mobility, likely due to the creation of
traps for the electrons. The dominant cause of the mobility

degradation in the downscaled device is a contact resistance
effect that becomes more critical in such short channels (see
discussion below) [25]. Nevertheless, despite of a short
channel length (L = 200 nm), good drain current saturation
is observed in the output characteristics of these FETs,
where d/L ~ 0.25. To the best of our knowledge this is the
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first report of a downscaled n-channel organic transistor
with inkjet-printed contacts. It is interesting to discuss the
impact that the downscaling of the channel length would
have on the transition frequency fr, the maximum operative
frequency of the device [43]. In an ideally downscaled de-
vice, where the overlap parasitic capacitance is negligible,
frscales with pL~=2 [20]. Therefore despite the lower mobil-
ity, the 200 nm channel device would show an fr about 300
times higher than in a 20 pm channel OFET, allowing the de-
vice to operate in the MHz regime. This would be enabled by
a minimization of the overlap capacitance, for example by
implementing the self-aligned gate process, which was
demonstrated to be compatible with the present architec-
ture [21].

The normalized drain current (I; x L) of the downscaled
device (L = 200 nm) is significantly lower (by about a factor
of 50) than the corresponding current of a long-channel
device (L =60 pum) (Fig. 7(a)), when both transistors are
fabricated with the same 50 nm C-Cytop gate dielectric.
In other words, instead of inversely scaling with L, the
absolute current of the downscaled device is only by a
factor of six higher than that of the long channel device.
The downscaled device also exhibits less pronounced cur-
rent saturation and nonlinearity in the output characteris-
tics at small V4. This deviation from the ideal 1/L scaling
relationship is a clear manifestation of contact resistance
limiting the current in the downscaled devices [17]. If the
contact resistance is comparable or exceeds the channel
resistance, the apparent carrier mobility drops rapidly with
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channel length shortening. However, despite of the signif-
icant residual contact resistance, the printed silver con-
tacts provide improved electron injection than printed
gold contacts. In downscaled devices with two gold con-
tacts we observed very poor transistor operation. This is
not surprising since the extrapolated total device resis-
tance from Fig. 4(c), for a 200 nm channel device, results
in a value very close to R, thus meaning that the lateral
voltage would drop mainly on the contacts. This can also
be seen by investigating the effect of exchanging the
source-drain contacts between printed AgNPs contact
and photolithographically patterned gold contact in our
asymmetric sub-micrometer channels. The corresponding
transfer characteristics are shown in Fig. 7(b), indicating
a substantial difference of drain currents by switching
the contacts. For the same device, the measured drain cur-
rent is much higher when using the printed AgNPs as
source than when using the gold electrode as source. Both
linear and saturated currents obtained with AgNPs biased
as source are one order of magnitude larger than those
obtained with gold biased as source. We believe that this
improvement is the result of the lower electron injection
barrier of AgNPs vs. Au. In fact it was previously reported
that, with respect to devices employing bare Au electrodes,
a lower contact resistance for N1400 TC FETs can be
achieved by a better matching of the contact Wy with the
LUMO level of N1400 (4.3eV), thanks to surface
modification of the contacts [32]. We therefore employed
Scanning Kelvin Probe Microscopy (SKPM) to measure

(b) 10°® . , , . . .

Ag as_source

2 4 6 8 10
Bias time (hours)

ol

Fig. 7. (a) Scaling of output characteristics of N1400 transistors normalized by multiplying the drain current by the channel length and by dividing by the
channel width (dashed line, L ~ 60 pm, W ~ 600 um with printed Ag-Ag contacts; solid line, L ~ 200 nm, W ~ 300 pm with SAP Ag-Au contacts). The scaled
output current (I; x L) of the SAP device is multiplied by a factor of 50. (b) Transfer characteristics of the 200 nm channel FET by switching source/drain
contacts between AgNPs and gold. (¢) Histogram of work-function changes (A®) with respect to evaporated gold (Aug,,), evaporated silver (Aggya) and
printed AgNPs measured by SKPM. (d) Bias stress on downscaled N1400 FET at V;=1V and V=4V measured in nitrogen and in air.
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the work-function differences (A®) for the electrodes
adopted in the present work. Fig. 7(c) shows the measured
A® for printed AgNPs and evaporated gold (Augy,); we also
characterized evaporated silver (Agg,,) for comparison. We
found that Agg,, work-function is lower by 0.3 eV than that
of Aug,y,, but the printed AgNPs surface work-function is
0.73 eV lower than that of evaporated gold. The fact that
the printed AgNPs Wy is lower than that of Aggy. after air
exposure might be the result of residual organic ligands
present on the AgNPs surface after annealing, or could be
a manifestation of an improved air stability of printed
AgNPs films compared to evaporated silver films. However,
the SKPM results are fully consistent with the printed
AgNPs contacts providing a better electron injection into
the organic semiconductor than Au. This is because the
OFET performance is expected to be more sensitive to the
contact resistance present at the reverse biased source
contact than at the forward biased drain contact [23,37].

Finally, we have also investigated the bias stress of the
N1400 downscaled FETs both in a nitrogen glovebox and
in air (Fig. 7(d)). While applying a continuous bias to the
transistor (Vy =1V and V, =4 V) for 10 hours, we measured
the drain current of the device. In the nitrogen glovebox the
current decreased by ~20%, while in the device that under-
went bias stress in air exhibited a more serious current
decay, which reached 75% of the initial current after 10 h.
As in the previous case, this is probably due to the penetra-
tion of oxygen and/or water through the ultra-thin dielectric
film into the device channel region. These stress data are
significantly better than those previously obtained with
micron-channel F8T2 p-channel transistors with C-Cytop
operated under the same conditions [42]. Furthermore, they
are consistent with the bias stress result on N1400 micron-
channel transistors with C-Cytop, where a 35% and 74%
reduction in electron current were obtained under nitrogen
and in air, respectively. These results confirm that the
printed sub-micrometer channel architecture does not sub-
stantially influence the device stability under bias stress
conditions.

4. Conclusion

In summary, we reported the successful downscaling of
n-channel FETs with inkjet-printed source-drain electrodes
and N1400 as the semiconductor. Electron mobilities
>0.1 cm? V' s~ can be obtained in long channel devices
with a high boiling point solvent thanks to the formation
of highly textured semiconductor films. Crisp current satu-
ration for operating voltages lower than 5V was achieved
for a 200 nm channel length when using inkjet printed
AgNPs as source electrode and a 50 nm thick C-Cytop film
as gate dielectric. The sub-micrometer inkjet printed AgNPs
contacts do not affect the device bias stability and show
improved electron injection, with smaller contact resis-
tance, compared to Au contacts. Given the demonstrated
compatibility of N1400 with polymeric substrates [32] and
the availability of metallic inks with low sintering tempera-
tures (<150 °C) [38], also compatible with the gate contact
patterning, it should be possible on the basis of the present
demonstration, to develop downscaled n-channel OFET

devices compatible with low-cost, large area manufacturing
of flexible electronics, provided a suitable coating tech-
nique, alternative to spin-coating, is developed for the active
and dielectric layers [44-46]. While further reduction of the
contact resistance is still required, downscaled, printed
n-channel N1400 transistors could therefore provide an
important building block for the fabrication of printed
organic complementary circuits.
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