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Bottom-contact/bottom-gate organic thin-film transistors (OTFTs) are fabricated using a soluble
pentacene precursor (13,6-N-sulfinylacetamidopentacene; SAP) and inkjet printed PEDOT:PSS
electrodes on bare SiO2 dielectrics. Saturation mobility, Ion/Ioff ratio, and threshold voltage parameters,
respectively, of 0.27 cm2V-1 s-1, 105, and-4.25 Vweremeasured under ambient conditions after the
thermal conversion of SAP to pentacene in 100 μm long channel OTFT devices. The results obtained
by the above solution approach are comparable to that of vapor-phase grown pentacene-based
OTFTs with photolithographic gold contacts and organic buffer layers and/or inorganic injection
layers. The present high performance level is ascribed to themorphological continuity and uniformity
of the first few layers of the polycrystalline semiconductor phase at the interface with the organic
electrodes, which in effect constitute an ideal chemical interface for the converted SAP. In contrast,
gold electrodes thermally evaporated by employing shadow masks result in blurred-edge regions,
drastically affecting the semiconductor morphology along with the transport properties.

1. Introduction

During the past two decades, the implementation of
molecular organic semiconductors in electronics has of-
fered great potential for emerging technologies such as
nanoelectronics, organic electronics, and plastic electron-
ics.1-3 In particular, great attention has been devoted to
the development of organic thin-film transistors (OTFTs)
since these are promising candidates as active elements in
numerous typesof switchingdevices, smart cards,1,4 sensors,
and biosensors,5 to cite just a few applications. In this
respect, diverse varieties of organic semiconductors in-
cluding both conjugated polymers and small molecules
have been employed.6,7 Among these systems, vacuum-
sublimed pentacene TFTs exhibit impressive performance,

surpassing that of hydrogenated amorphous silicon.8 Un-
fortunately, pentacene is insoluble in most organic sol-
vents, thus hindering implementation in printed transis-
tors and circuits. However, solution approaches based on
soluble pentacene precursors and 9,10-functionalized pen-
tacenes may open avenues to the practical use of this
material.8-10

In addition to the above pentacene functionalization
efforts, impressive studies have reported the synthesis and/
or exploitation of pentacene derivatives designed to im-
prove both solubility and charge transport by increasing
solid state intermolecular π-orbital overlap.11 Thus, 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-PEN) exhi-
bits mobility>1 cm2V-1 s-1, current on/off ratios>108,
and threshold voltages ∼0-10 V.12 Other studies reported
the thermal or photoconversion of Diels-Alder pentacene
precursors,13-18 including 13,6-N-sulfinylacetamidopen-
tacene (SAP) which has been used to fabricate medium
(15 μm)13 and short (40-100 nm)19 channel length OTFTs,
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exhibiting mobilities as high as 0.42 cm2 V-1 s-1 and
0.022 cm2 V-1 s-1, respectively.
A critical issue affecting OTFT performance is the con-

tact resistance, which depends on the device architecture
and the chemical compatibility between the source/drain
(S/D) electrodes and the organic semiconductor. As to the
device architecture, both top-contact and bottom-contact
devices have been investigated using evaporated penta-
cene and gold S/D electrodes. Although the bottom-con-
tact arrangement is attractive for manufacturing subtenth
μm channel lengths,20 the top-contact configuration is gen-
erally preferred for researchmeasurements due to its ease of
fabrication. As a matter of fact, in many studies a fall in
mobility to about 10-3 cm2/(V s) in pentacene-based devices
has been ascribed to the change from a top to bottom-
contact configuration.20-24 In other reports, a multistep
process has been used to realize S/D electrodes in a bottom-
contact configuration, i.e., by introducing gold deposition,
photolithography, and lift-off patterning, and the resulting
pentacene mobilities are comparable to the best reported
in the literature.25

Thus, it is clear that the S/D electrode resolution plays
an important role in the bottom-contact configuration,
and the use of shadow masks in a single step patterning
process may result in low performance.21 This fact has
been related to strong gold surface effects on the penta-
cene nucleation and growth, leading to non-uniform film
microstructure on the S/D electrode surfaces.23,24 How-
ever, as long as high S/D pattern resolution ismaintained,
this has negligible effect on themeasuredmobility, although
it still affects the contact resistance.23 Nevertheless, low
resolution patterning, leading to significant gold contam-
ination in the channel, in proximity to the contacts, can
dramatically influence the pentacene growthmorphology.21

To prevent the growth of “low-mobility semiconductor
regions” either on the top of metallic OTFT electrodes or
in their proximity, modification of the metal surface by
self-assembledmonolayers (SAMs),20,22,26,27 by chemical28,29

or plasma30,31 treatments, or by electrochemically deposited
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)32 has been investigated. However, all of
these approaches may also affect the structure of the
channel region. For these reasons, printing techniques are
promising for selectively coating or replacing gold elec-
trodes by conductive polymers such as PEDOT:PSS.More-
over, inkjet printing of S/D electrodes represents a single-
step additive process of great value for realizing large-area,
low-cost devices.
The compatibility of printed PEDOT:PSSS/D contacts

with evaporated pentacene has been investigated, yielding
bottom-contact OTFT performance comparable to that
of top-contactdevices.33,34Furthermore, top-contactdevices
with PEDOT:PSS S/D electrodes exhibit enhanced per-
formance versus comparable devices fabricated with gold
electrodes.35 Nevertheless, despite these promising results,
no studies have addressed the intriguing prospect of com-
bining a solution-processable pentacene with solution-pro-
cessable PEDOT:PSS electrodes in OTFTs, information
necessary to advance to OTFTs in which all components
are printed.
As a promising soluble pentacene precursor, SAP has

been studied in conventional13 and hybrid OTFTs with
channel lengths varied from submicrometer to 100 μm.36-41

Recently, Tulevski et al. studied contact resistance effects in
SAP-based OTFTs,19 reporting decreased contact re-
sistance in submicrometer channels by gold electrode deri-
vatization with thioketone SAMs. Note that when the
device dimensions are greatly reduced, the electrode-semi-
conductor contact resistance exceeds the channel resistance
and dominates the OTFT response. However, this regime
applies mainly to single pentacene grain electronic charac-
teristics andnot to the polycrystallinemicrostructure arising
from SAP conversion.
Here we report on high-performance bottom-contact

100 μm channel OTFTs fabricated with a pentacene
active layer obtained by the thermal conversion of solu-
tion-processed SAP that, for the first time, is coupledwith
inkjet printed PEDOT:PSS S/D electrodes. This ap-
proach is shown to be an effective and low cost means
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to reduce the contact resistance.We focusonunderstanding
the important role of the contact interfaces, and we com-
pare/contrast the microstructural properties of the above
devices with those employing thermally evaporated gold
electrodes.

2. Experimental Section

Figure 1 summarizes the materials and the device architec-

tures employed here. Pentacene active layers were obtained by

thermal conversion (retro Diels-Alder reaction) of 13,6-N-sulfi-

nylacetamidopentacene (SAP, Sigma-Aldrich, 97%;devices 1-4).

SAP was dissolved in dry chloroform to achieve concentrations of

∼20 mg/mL. Heavily p-doped Si wafers with 300 nm thermally

grown oxide (Si/SiO2) served, respectively, as the gate electrode

and thegatedielectric for theOTFTs.Tominimize charge trapping

effects, the SiO2 surfaces of some devices were functionalized

with 1,1,1,3,3,3-hexamethyldisilazane (HMDS; Sigma-Aldrich)

by prolonged exposure to HMDS-saturated vapor, leading to a

dense Si-CH3 surface coverage (devices 4-6). Advancing contact

angles >90� were measured by employing water microdroplets

on these surfaces and are consistent with the extensive surface

silylation (bare SiO2 showed a contact angle of ∼50�).
Inkjet printing of the S/D electrodes (device 1) was performed

using an aqueous dispersion of poly(3,4-ethylene dioxythiophene)

poly(styrenesulfonate) (PEDOT:PSS; 1.3 wt.% dispersion in

H2O; Sigma-Aldrich). A properly formulated suspension en-

ables jetting of the ink along with good control of pattern and

printing resolution. Thus, the aqueous PEDOT:PSS dispersion

was further diluted with DI water to 0.43 wt.%. Either ethylene

glycol or glycerol (20% V/V) was added to the ink to avoid

clogging of the cartridge nozzles and spreading of the ink over

the nozzle surface, exploiting the polyol humectant and plasti-

cizer tendencies.42 Both glycerol and ethylene glycol are known

to significantly increase PEDOT:PSS film conductivity.43 The

conductive ink was filtered through a 0.2 μm hydrophilic filter

just before printing. To avoid contamination of the channel (flying

and satellite drops, volume fluctuations, tail formation), the

jetting voltage was sequentially tuned between 25 and 40 V by

controlling the droplet shape with a camera. To avoid unwanted

phenomena such as dewetting, pinning, and coalescence, a plate

temperature of 70 �C, a cartridge temperature of 35 �C, and
a multilayer printing procedure were employed. Accordingly,

6-12 layerswere depositedwith an interlayer delay of 60 s, and a

drop spacing varied between 40-80 μm. Evaporation of residual

solvent was carried out in a vacuumoven at 110 �C for 1 h.Using

this procedure, channels with 40-100 μm lengths and PEDOT:

PSS electrode conductivities as high as 140 S/cm are realized.

For gold S/D electrodes (devices 2-6), 30 nm thick contacts

were obtained by thermal evaporation (PVD) with a Denton

Vacuum Explorer thermal deposition system, assisted by a SQC-

122c controller. Chloroform solutions of 13,6-N-sulfinylaceta-

midopentacene were drop-cast or spun on bare oxide substrates

at 1500 rpm for 1min using a LaurellWS- 400B- 6NPP/LITE

spin coater and were then dried on a hot plate for 3min at 80 �C.
SAP conversion to semiconducting pentacene was achieved

under N2 at 150 �C for 30 min. In addition, 40 nm thick thermal

vapor-deposited pentacene (sublimed grade,g99.9%pure trace

metals basis; Sigma-Aldrich) was also used as the active phase

for comparative studies (devices 5 and 6; growth parameters:

60 �C, 0.1 Å/s).

OTFT electrical measurements were performed under ambi-

ent atmosphere. I-Vcurves, transfer characteristics, andoutput

Figure 1. a) SAP retro Diels-Alder conversion to pentacene. b) Molecular structure of PEDOT:PSS. c) Schematic representation of the OTFTs used in
this study employing a bottomgate configuration and Si-SiO2 substrates: pentacene by SAP thermal conversion in bottom/PEDOT:PSS (device 1), top/Au
(device 2), and bottom/Au (device 3) S/D geometries; the same structure of device 3 but with an HMDS-treated dielectric surface (device 4); thermally
evaporated pentacene in bottom/Au (device 5) and top/Au (device 6) S/D geometries with an HMDS-treated gate dielectric.

(42) Tan, L.; Kong, Y. P.; Pang, S. W.; Yee, A. F. J. Vac. Sci. Technol.,
B: Microelectron. Nanometer Struct.--Process., Meas., Phenom.
2004, 22, 2486.

(43) Ouyang, J.; Xu, Q.; Chu, C.; Yang, Y.; Li, G.; Shinar, J. Polymer
2004, 45, 8443.



1064 Chem. Mater., Vol. 23, No. 4, 2011 Luzio et al.

plots were obtained by employing a 4-probe probe station inter-

faced to a Keithley 6340 subfemtoamp meter and a Keithley

2400 source meter. A Veeco profilometer was used for film

thickness measurements. Film microstructure and morphology

were investigated by X-ray diffraction (WAXRD; Rigaku, CuKR
monochromic radiation) and tapping-mode AFM (Veeco Digital

Instrument MultiMode SPM). For AFM, commercially avail-

able etched-Si probes with a pyramidal-shaped tips having a

nominal curvature of 10 nm and a nominal internal angle of 35�
were used. During scanning, the 125 μm-long cantilever, with a

nominal spring constant in the range of 20-100 N/m, oscillated

at its resonance frequency of ∼330 kHz. Height and phase

images were collected by capturing 512 � 512 points in each

scan, and the scan rate was maintained below 1 line/s. During

imaging, temperature and humidity were ∼298 K and ∼40%,

respectively.

3. Results and Discussion

3.1. Pentacene Thin Film Transistor Characterization.

Figure 2 shows optical micrographs of a representative
bottom-contact OTFT realized using converted SAP as
the semiconductor and inkjet printed PEDOT:PSS S/D
electrodes. Figure 2a shows the structure of a device with
an average electrode thickness of∼40 nm, channel length
of ∼100 μm, and channel width of ∼1.0 mm (device 1).
Gold leads for facile engagement with the source-meter
unit are also shown. Figure 2b depicts the optical image
on the same device after SAP film deposition and thermal
conversion to pentacene. After OTFT fabrication, the re-
sponse characteristics of devices 1 were measured in air.
OTFT performance parameters, including field-effect mo-
bility (μ) and threshold voltage (VT), were extracted from
the transfer characteristics of the transistors. In the sat-
uration regime, the drain-source current (IDS) is expressed
as follows44

IDS ¼ W 3Ci=ð2 3LÞ 3 μsat 3 ðVG-VTÞ2 ð1Þ
where W and L are, respectively, the channel width and
the channel length, Ci is the capacitance per unit area of
the gate insulator, and VG is the gate voltage. Figure 3
shows the transfer (Figure 3a) and output (Figure 3b)
characteristics of a typical device 1. From the (IDS)

1/2 vs
VG fit to eq 1, a straight linewith the slope proportional to
the field effect mobility is obtained, as an indication of the
well-behaved response of this device. By fitting the data in

the saturation regime to eq 1, μsat= 0.27 cm2 V-1 s-1 and
VT =-4.25 V are obtained, with Ion/Ioff ∼105. From the
subthreshold regime data, the observed subthreshold slope
(SS) in proximity to the onset is∼5V/dec, whereas 12V/dec
is obtained close to the threshold voltage.
Although our study is centered on the electrode/semi-

conductor organic interface, we believe that the observed
device behavior could be further improved by limiting the
observed leakage currents (see Figure 3b). Several papers
report on possiblemethods to reduce leakages and further
studies are needed also in view of realizing fully organic
devices with high-quality dielectrics.45 More interestingly,
by analyzing the transfer characteristics, it can be seen
that this device exhibits a positive Von of ∼10 V. Numer-
ical simulations indicate that this type of onset shift is
caused by acceptor-like states deep in the bandgap.46,47

Several studies show that such acceptor-like states are fre-
quently induced by O2 and/or water incorporation in the
organic semiconductor films.48 Moreover, in some pen-
tacene films, this behavior appears to result from nonuni-
form doping, with O2 incorporated in areas of low struc-
tural order, and dependent on the film and contact mor-
phology.49 Also, the PEDOT:PSS morphology could
conceivably affect the aforementioned acceptor-like states,
since previous studies demonstrated a vertical segregation
of PSS at the top layer, and thus a PSS protonation doping
mechanism at the PSS/pentacene interface may be ex-
pected.50 This is also in agreementwith recent experiments
employing a PEDOT:PSS/poly(9,9-dihexylfluorene) (PF)
or a PEDOT:PSS/poly(9,9-dioctyl-fluorene-cobithiophene)
(F8T2) contact layer acting as an electron trapping sur-
face, which favors the accumulation of negative charges
and thereby the presence of an additional electric field at
the interface.51,52

Figure 2. Optical micrographs of a) an inkjet printed PEDOT:PSS channel (L=100 μm;W=1000 μm). The arrows mark the gold lead contacts; b) the
same device after SAP deposition and its thermal conversion to pentacene.
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OTFTperformancedataare summarizedbelow inTable 1.

For OTFTs fabricated from soluble pentacene deriva-

tives, the device 1 results are important. As a reference, a

device using spin-coated SAP converted to pentacene on

HMDS-treated Si-SiO2 substrates, having a channel length

of 15 μmandwidth of 1500 μm,with electron-beam evapo-

rated gold S/D electrodes, has been reported.13 The

authors showed μsat = 0.42 cm2 V-1 s-1 and Ion/

Ioff ∼107. Although VT was not reported, analysis of

the transfer characteristics of smaller channel devices

(L=4.8μm,W=1500μm) allowsderivationof a threshold

voltage of-60/-70 V. Furthermore, long channel (95.6 μm)

OTFTs using SAP-derived pentacene films, electron-beam

evaporated gold S/Ds, and an HMDS-treated SiO2 gate

dielectric were also reported38 and exhibitmobilities com-

parable to vacuum-deposited pentacene devices. However,

no information on threshold voltages and the subthreshold

regime behavior were provided. Therefore, devices 1 show

mobility and Ion/Ioff comparable to the best-performing

SAP-derived OTFTs, with improved threshold voltages,

despite the larger channels and untreated SiO2 dielectric

surfaces.
To rationalize the enhanced performance of these

OTFTs, attempts were made to compare type 1 devices

with those fabricated with converted SAP films and top

gold contacts (type 2). However, the latter devices are

found to be inactive, presumably due to the poor injection

characteristics of vapor-deposited gold on the rough con-

verted pentacene surface (rms roughness∼150 nm), reflect-

ing pentacene island formation (see Figure 5b below).

Rough semiconductor surfaces depress effective metal-

semiconductor contact area and reduce conductivity.53

In a different experiment, bottom-contact/bottom-gate
OTFTs were fabricated in the device 1 configuration, but
employing vapor-deposited gold S/D contacts patterned
by using shadow masks during the deposition (device 3).
Interestingly, these devices are mostly inactive, and those
that are active exhibit very poor performance with μsat =
4� 10-6 cm2 V-1 s-1,VT= 32 V, and Ion/Ioff = 10. Note
that the performance of the bottom-contact/bottom-gate
devices with Au contacts is improved by treating the di-
electric withHMDS (device 4). For these OTFTs, themo-
bility increases by 1000� with respect to device 3. Figure
4a shows the transfer characteristics, and Figure 4b the
output of device 4 (L=100 μm;W=2000 μm), resulting
in μsat = 0.0016 cm2 V-1 s-1, VT = -24.6 V, and SS =
9.5 V/dec and Ion/Ioff ∼ 6.5 � 103.
The poor performance of the gold contact devices

likely reflects the microstructure of the converted pen-
tacene films. Specifically, for PVD-derived pentacene
films, a so-called “low mobility phase”, i.e., a phase
characterized by poor crystallinity and small grain size,
has been observed either in proximity to, or on the top
of, Au S/D electrodes.23,24 The origin of this phase
has been ascribed to the different molecular stacking of
pentacene on the gold surface and to the consequent
microstructural transition toward the channel. More-
over, a “blurred-edge” region of Au is formed due to
lateral diffusion of Au particles at the edge of the
shadow mask. This Au “contamination” enhances the
extent of the low mobility phase in the channel, dras-
tically affecting the pentacene transport properties.21

Informative comparisons can also be made by fabricat-
ing devices with vapor-deposited pentacene films, in top-
contact (device 5) and bottom-contact (device 6) config-
urations, with the same deposition and patterning single
step process for the Au S/D electrodes employed for
devices 3 and 4. In agreement with literature data,21,24

Figure 3. Transfer (a) and output (b) curves of OTFT employing SAP-derived pentacene and inkjet printed PEDOT:PSS source and drain electrodes
(device 1). Leakage currents are reported at the different VG values by the dashed lines in 3b.

Table 1. Pentacene OTFT Performance Data As a Function of Film-Contact Characteristics

device pentacene deposition method S/D material S/D configuration dielectric mobility (cm2 V-1 s-1) Ion/Ioff VT (V) SS (V/dec)

1 spin coating PEDOT:PSS bottom contact SiO2 0.27 105 -4.2 5
2 spin coating Au top contact SiO2 NO NO NO NO
3 spin coating Au bottom contact SiO2 4 � 10-6 10 32 NO
4 spin coating Au bottom contact SiO2/HMDS 0.0016 6.5 � 103 -24.6 9.5
5 PVD Au top contact SiO2/HMDS 0.328 2 � 106 -16.8 3
6 PVD Au bottom contact SiO2/HMDS 0.002 4 � 103 -24.3 8.5

(53) Knuyt, G.; Quaeyhaegens, C.; Haen, J. D.; Stals, L. M. Phys.
Status Solidi B 1996, 195, 179.



1066 Chem. Mater., Vol. 23, No. 4, 2011 Luzio et al.

a 100� difference in mobility is observed between the two

configurations (Table 1). These results allow us to reason-

ably ascribe the low mobility of pentacene in devices 3

and 4 to the same origin, i.e., the “lowmobility region” in

proximity to the electrodes. This interpretation is sup-

portedby the enhancedmobility achievedbyusingPEDOT:

PSS electrodes (device 1).
3.2. Microstructure of the Solution-Processed Semicon-

ductor, Electrode Surfaces, and OTFT Performance. To
understand howPEDOT:PSS electrodes enhance theOTFT

performance of bottom-contact devices and to determine

whether there are correlations with the semiconductor film

microstructure, the morphological features of SAP-

derived films were investigated. Figure 5 shows the AFM

images of a SAP film spin-coated on Si/SiO2 (Figure 5a),

and the corresponding pentacene layer obtained after ther-

mal conversion (Figure 5b). For a 160 nm thick film on Si/

SiO2, a rms roughness of 0.765 nm is extracted from the

images, while after conversion, the pentacene films are

characterized by a highly columnar growth mode leading

to disconnected islands widely distributed in lateral size

and up to 500 nm high (Figure 5b). Moreover, a contin-

uous polycrystalline film structure surrounding and/or

underneath the islands (Figure 5e) is also present. This

phase has small grains (∼20 nmwide), a rms roughness of

∼5 nm, and a thickness of ∼60 nm.

Out-of-plane wide-angle X-ray diffraction (WAXRD)

measurements were performed on both precursor and

converted films (Figure 6), revealing the amorphous

nature of the precursor and the highly crystalline nature

of the converted pentacene. Narrow peaks corresponding

to the (00l) reflections of the pentacene “bulk phase”54 are

clearly visible. However, in contrast to PVD-derived penta-

cene films grown on SiO2, the pentacene “thin film”54

phase is not detected byWAXRD. This is consistent with

WAXRD results from other groups suggesting the for-

mation of typical terrace-like 3D crystal with the crystal-

lographic ab plane parallel to the substrate surface.54

Moreover, the in-plane GIXRD spectra exhibit (00l)

reflection components, indicating tilting of the pentacene

crystallographic ab plane with respect to the substrate

surface, along with a disordered growth in the thin film

phase.39 Indeed, the AFM images (Figure 5d) confirm

the terrace-like growth mode leading to pentacene islands,

characterized by 1.5 nm step heights that are approximately
one interplanar repeat distance in the pentacene “bulk
phase”.
Figure 7 below compares the AFM images of SAP-

derived pentacene films on bare Si/SiO2 (Figure 7a), on

Figure 4. Transfer (a) and output (b) plots for OTFTs employing SAP-converted to pentacene and evaporated Au source and drain electrodes (device 4).

Figure 5. AFM images of a) SAP spin-coated on silicon dioxide; b) the corresponded film converted to pentacene at 150 �C for 30 min; c) a single island
from image b) in a 3Dview; d) expanded image of a selected region of image c); and e) the polycrystalline phase surrounding and/or underneath the islands.
z scale: a) 5 nm; b) 500 nm; c) 1 μm; d) 20 nm; and e) 50 nm.

(54) Ruiz, R.; Choudhary, D.; Nickel, B.; Toccoli, T.; Chang, K.-C.;
Mayer, A. C.; Clancy, P.; Blakely, J.M.;Headrick, R. L.; Iannotta,
S.; Malliaras, G. G. Chem. Mater. 2004, 16, 4497.
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PEDOT:PSS (Figure 7b), and on gold (Figure 7c). No
obvious morphological differences are apparent in these
films. To elucidate possible differences in the growth mode
during SAP conversion and related surface and interfacial
effects, thin films of SAP were grown by spin-coating
dilute chloroform solutions on Si/SiO2 substrates which
supported either PVD Au or inkjet printed PEDOT:PSS
electrodes. At first, 6 mg/mL solutions were used, and
40 nm thick SAP films were obtained by spin coating.
On thermal treatment (120 �C, 30 min), pentacene islands
up to 300 nm high with lateral sizes ranging from hun-
dreds of nanometers to few micrometers are obtained.
Interestingly, no significant differences are observed in
the pentacene island morphological features at the edge
perimeters of either the SiO2/Au or SiO2/PEDOT:PSS
interface (Figures 8a,b below). This result indicates that
the island formation is not critically affected by the surface
chemistry, suggesting that growth occurs on the surface
of an organic layer (converted/nonconverted SAP) in
direct contact with the inorganic surfaces.

Note that enhanced electronic performance along with
better pentacenemorphological uniformity across the chan-
nel and the source/drain gold contactswaspreviously reported
for SAP conversion in submicrometer channel devices.55

Nevertheless, considering theOTFT channel lengths used
here, a continuous charge carrier percolation pathway is
obviously required through the polycrystalline film,
since the large islands are randomly separated. More-
over, any field-induced carrier accumulation would be
confined within the first layers of the semiconducting
film, and, as reported above and in agreement with litera-
ture data,39 the pentacene islands would more likely be
on top of a thin polycrystalline layer.
To investigate in more detail the early growth stages of

the thin organic layers in direct contact with the dielectric

as well as with the S/D surfaces and interfaces, the poly-

crystalline pentacene phase was grown using amore dilute

Figure 6. Out-of-plane WAXRD spectra of an unconverted SAP film (gray line); an SAP film thermally converted to pentacene (black continuous line);
and a 40 nm thick vapor-deposited pentacene film (black dashed line).

Figure 7. AFM topographic images of pentacene converted from SAP: a) in the channel; b) on a PEDOT:PSS electrode; and c) on gold; z scale: 500 nm.
Bottom: expanded images in selected regions are reported to show the polycrystalline phase underlying/surrounding large islands; z scale: 50 nm.

(55) Tulevski, G. S.; Nuckolls, C.; Afzali, A.; Graham, T. O.; Kagan,
C. R. Appl. Phys. Lett. 2006, 89, 183101.
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SAP chloroform solution (3 mg/mL), yielding film thick-

nesses of 7-10 nm (measured by AFM), and nucleating

only small islands (hundreds of nms). To aid in comparing

the effects of different electrode types on OTFT response,

Figure 9 shows the organic layer film morphology grown

on device types 1 and 3. Note that there is no evidence for

“layer-by-layer” growth of polycrystalline pentacene on

SiO2 (Figure 9e). However, the SAP-derived pentacene

films on SiO2 exhibit a “defect assisted” regime that

induces the growth of the upper layers before completion

of the first ones, leading to a disordered film structure.40

Moreover, note that at this thickness (a few nms), hun-

dreds of nm-scale pentacene islands are already observed,

indicating that the islands and polycrystalline phase grow

concurrently, beginning in the early growth stages.
In the case of device 1, the thin pentacene layer exhibits

a very similar morphology along with good morphologi-

cal continuity and uniformity either across the channel or

on the PEDOT:PSS electrodes and at their interface

(Figures 9 a,b). In marked contrast, small disconnected

mound-like particles of pentacene are visible on the Au

electrode of device 3. Moreover, at the edge region (Au/

SiO2 interface), there is no evidence of the pentacene layer,

and the morphology of that region closely resembles that

of free gold particles (Figures 9 c,d). A continuous penta-

cene polycrystalline phase is only observed several μms

far from the Au edge within the channel. The above mor-

phological features, including the discontinuity at the

“blurred-edge”,54 emphasize the decisive effect of the

gold surface in the assembly of the pentacene layer. This

in turn explains the poor OTFT performance, arising

from the poor pentacene crystallinity at the gold electrode

edge and consequently, the limited charge injection into

such devices (see devices 3 and 4 in Table 1).
In addition, the enhanced performance of device 4

versus device 3 can be explained by limited charge trap-
ping55 and/or a better morphology at the dielectric
interface.56,57 Note also that improved OTFT contact

Figure 8. a) Island morphology of SAP films thermally converted to pentacene at the interfaces: a) Au/SiO2; b) PEDOT:PSS/SiO2; z scale: 500 nm.

Figure 9. AFMimages of the early growth stages of converted pentacene fromSAPwithin different regions of device 1 anddevice 3: a) on the PEDOT:PSS
surface indevice1; b) on thePEDOT:PSS/SiO2 interface indevice 1; c) on the gold surface indevice3; d) on the blurred region at the gold/SiO2 edge indevice
3; and e) on the channels; z scale: 20 nm.

(56) Yang, H.; Shin, T. J.; Ling, M. M.; Cho, K.; Ryu, C. Y.; Bao, Z.
J. Am. Chem. Soc. 2005, 127, 11542.
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resistances for a thermally converted SAP active phases
have been reported using electron-beam deposited Au
electrodes, for which mobilities ranging from ∼0.2 to
∼0.5 cm2 V-1 s-1 are obtained.13,38 This latter growth
technique should lead to better electrode pattern defini-
tion, limiting the blurred-edge region size.

4. Conclusions

One of the most important fabrication issues in the
emerging field of plastic electronics concerns developing
low-cost, large-scale solution deposition processes for
organic molecules and polymers. In this respect, soluble
pentacene precursors are among the best candidates for
realizing high performance OTFTs. Due to the stochastic
nature of organic film growth processes, one major
challenge deals with controlling the organization of the
charge accumulation layer at the dielectric and electrode

interfaces. By employing the appropriate experimental
parameters and inkjet printed organic electrodes, we are
able to achievemicrostructural continuity and uniformity
of the pentacene polycrystalline phase across the device,
and, in particular, across the dielectric/electrode inter-
facial region by thermal conversion of SAP. This situa-
tion is critical for achieving by means of a solution tech-
nology, performance comparable to that of polycrystal-
line silicon and/or vapor phase grown pentacene-based
OTFTs.
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Note Added after ASAP Publication. This article was pub-

lished ASAP on January 10, 2011, with incorrect versions of

Figures 1, 3, and 4. The corrected article was published ASAP

on January 14, 2011.
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