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Ultrathin hybrid gate dielectrics based on aluminum oxide
15(AIOX) and a mixed-type phosphonic-acid self-assembled
monolayers (PA-SAM) are studied with a high performance
liquid-crystalline semiconducting polymer, viz. poly(2,5-bis(3-
alkylthiophen-2-yl)thieno[3,2-b]thiophene  (pBTTT). We
present a simple assembly procedure to obtain mixed-type
20PA-SAMs terminated by methyl and carboxylic acid groups.
Tunable surface energy in combination with excellent
insulating properties was allowed by this unprecedented
mixed monolayer. pBTTT morphology is dramatically
affected by the presence of sparse functional groups at the
»ssurface.  Lithographically defined field-effect transistors
operating at low-voltages (<3V) are demonstrated utilizing
the mixed-type SAM-based dielectrics.  Lower leakage
currents, higher on/off ratios, and steeper subthreshold swing
are obtained with the mixed-type monolayer, as compared to
somonolayers fully assembled with carboxylate-containing
molecules.

Solution-processable  organic  semiconductors have attracted
substantial interest in recent years due to their processability™®,
multifunctionality®®, and the potential for low-cost fabrication. For
sspolymer  semiconductors, performance has been constantly
improved, with field-effect mobilities reaching benchmark values of
>1cm?v st High-performance materials are generally
comprised of a rigid w-conjugated polymer backbone functionalized
with regularly spaced alkyl side-chains. This molecular design
sopromotes intra/interchain m-r stacking, while allowing the formed
crystallites to align parallel to substrates with appropriate surface
chemistry. An example for this class of material is the liquid
crystalline semiconductor polymer poly(2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophene (pBTTT). It shows long-range two-
ssdimensional order,’® as well as very high field-effect mobilities
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Fig. 1. (a) Schematic representation of the organic transistors with
patterned hybrid gate electrodes, prior to spin-coating of pBTTT. A
three-dimensional atomic force microscopy image is embedded in the
scheme for a device with AI/AIOx functionalized with
PHDA:ODPA(1:1). Transistors’ source (S), drain (D), and gate (G)
electrodes are indicated. The molecular chemical structures are
represented in (b) for ODPA, and (c) for PHDA.

(0.1-1 cm?V1sY). 15 One key step towards the realization of
circuitry based on semiconducting polymers is the development of
organic field-effect transistors (OFET) operating at low supply
voltages, and consequent low power consumption. A very attractive
soroute has been proposed by Klauk et al.,*® wherein they use a hybrid
gate dielectric comprised of a thin AIOx and an aliphatic
phosphonic-acid (PA) self-assembled monolayer (SAM) to provide
high capacitive coupling and low leakage currents. However, due to
the very low surface energy obtained with this functionalization,
ssconventional polymer processing methods (e.g. spin-coating)
become challenging.'’” To solve this issue, Ball et al.'® have
proposed the use of carboxylate-terminated PA-SAMs (16-
phosphonohexadecanoic acid, PHDA, Fig. 1) to increase the surface
energy, and thus to allow solution processing. However, this has in
soturn increased the leakage current through Al/AIOx gates. In this
communication we show that by functionalizing patterned aluminum
gate electrodes with a mixed-type self-assembled monolayer
combination — PHDA and octadecylphosphonic acid (ODPA) —, one
can simultaneously obtain tunable surface energy while recovering
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the insulating performance obtained with highly hydrophobic
ODPA-based gate dielectrics. The power of this mixed-SAM
approach is demonstrated by fabricating solution-processed OFETs
with patterned hybrid gate electrodes by standard lithographic
smethods. The transistors were tested with pBTTT, whose
morphology and electronic properties critically depend on interface
chemistry™ and roughness®®. Therefore, pBTTT is an ideal candidate
to test the quality of these hybrid gate dielectrics.

We present the electronic transport properties of transistors with
10Al/AIOx gate electrodes functionalized with three different SAM
types: (1) PHDA-only, (2) mixed PHDA:OPDA, and (3) mixed
PHDA:OPDA with ODPA-only channel. Devices prepared with
mixed SAMs show steeper subthreshold swing and over two orders
of magnitude lower leakage currents, as compared to the PHDA-only
1scase, whereas full hole mobility is obtained only for the devices with
an ODPA-channel. We also studied the impact of the underlying
SAMs on the semiconductor morphology by atomic force
microscopy (AFM). For ODPA-only monolayers, we observed well-
ordered pBTTT terrace-like domains, after annealing above the
2omesophase transition temperature. This is an interesting result since
terraces can only form on very smooth surfaces, while thermally
evaporated aluminum (Al) films are generally very rough.

Figure 1(a) shows an exemplary atomic force microscopy (AFM)
image of the transistors studied here. An optical microscopy image
250f the devices can be found in Fig. S04 of the supplementary
information. The devices were fabricated with a two-step electron-
beam lithography process to define the gate (G), source (S), drain
(D), and guard electrodes. Degenerately As-doped silicon wafers
with 150nm thermally grown SiO, were used as substrates. The gate
soelectrodes were patterned with a PMGI/PMMA double-layer resist
combination (process described elsewhere?!), and with high
deposition rates of Al (~10 nm.s). The resulting Al patterns
(20£3nm thick) were subjected to an oxygen plasma treatment (RIE
Oxford Plasma 80Plus, 220mW/cm?, 20min, 5mbar, 20sccm,
3513.56MHz) to produce aluminum oxide (AlOXx) of defined thickness,
to enhance its quality??, and to create a high concentration of
hydroxyl groups upon air exposure. The samples were then
immersed in 1ImM solutions of ODPA, PHDA, or a mixture of both,
in 2-propanol. Substrates were taken from solution after 1h, rinsed
sowith 2-propanol, and heated to 65°C for 10min on a hotplate. Low
power ultrasonication with 2-propanol removed physisorbed
molecules, before the assembly was continued in fresh ODPA
solution (healing phase). The surface energy resulting from the
assembly of PHDA:ODPA (1:1, for 1h), healed with ODPA, is
sssufficient to allow spin-coating of PMMA from anisole, without the
usual dewetting. Note that samples for leakage current voltage and
contact angle measurements were treated in a low-energy plasma
system (Diener Pico, 100W, 20min, 20sccm, 2mbar).

Source, drain and guard electrodes were patterned in a second
solithography step with the double-layer PMMA resist combination.
We deposited 0.3nm of titanium (Ti) by electron-beam evaporation
as adhesion layer®®, and 35nm of gold (Au) by thermal evaporation.
The resist was stripped in warm acetone, and the sample was rinsed
with warm 2-propanol. This carefully optimized process results in
sshybrid gate dielectrics that routinely show a root-mean-square
roughness Rg~0.3nm, as shown in Fig. 1(a). The devices were
transferred into a nitrogen-filled glove-box (<0.1ppm oxygen,
<0.1ppm water), and thin pBTTT films were cast via spin-coating
from warm 0.5%,,,, solutions in 1,2-dichlorobenzene. The resulting
sopBTTT film thickness was ca. 25nm, as measured by stylus
profilometry. All transistors had a fixed channel width W of 100um,

2 | J. Mater. Chem. C, 2014, 00, 1-3

and the channel lengths L varied from 40um down to 0.5pm. A
guard electrode was positioned next to the source and drain contacts
in order to eliminate fringe currents in the unpatterned
sssemiconducting layer, thus preventing overestimation of mobility
and reducing the gate current (lg). This allows S|mulat|ng the
operation of the transistor as if the pBTTT layer were patterned®* on
top of the gate dielectric. All measurements were performed in
vacuum (<2x10™ mbar), after a short exposure to ambient air (<30s).
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Fig. 2. The healing effect of ODPA on mixed-type SAMs. (a) Static
contact angles (SCAs) of water droplets for various fractions of
PHDA:ODPA. Black squares: SCAs for one-step assembly. Red

7striangles: Fully assembled substrates (>15h) healed with ODPA. Blue
circles: Incomplete assembly (~1h), healed with ODPA. (b) Current
densities for AlI/AIOX/PA-SAM/Au junctions and for a Al/AIOx/Au
reference junction (black curve). Each case is schematically illustrated
on the right.

s0To evaluate the characteristics of the phosphonic-acid SAM (PA-
SAM) type and process method, we performed static contact angle
(SCA) measurements (1pL water, 60% air humidity), and two-
terminal current-voltage (1-V) measurements. Current densities were
analyzed for AI/AIOX/PA-SAM/Au stacks with varied junction areas
65(1.2-2.5x10 cm?). In Fig. 2(a) the SCA is plotted for a range of
ODPA:PHDA molar fractions, with the total concentration fixed at
1mM. The black data points display SCAs of samples immersed in
PA-SAM solution overnight, which indicates higher surface energies
for increasing PHDA fractions. SCA values obtained for PHDA-only
sosurfaces are in good qualitative agreement with values obtained
previously in the literature®. Here, the SCA value of the pristine
layer (one-assembly step) was ~10° higher — this small deviation can
be expected due to a slight different SAM annealing procedure.
Curiously, we found that by re-immersing fully assembled and
osstabilized monolayers into a solution of pure ODPA, SCA values
significantly increased for PHDA-containing monolayers (red data
points). In a parallel experiment, the first assembly step was set to
1h, which results in incomplete assembly of the PHDA:ODPA(¢:1-
&, é&=0—1) monolayers. For this case (blue data points), higher SCA
wovalues were observed as compared to monolayers healed after 15h.
These observations indicate that loosely bound PHDA molecules can
be replaced by ODPA, therefore reducing the overall surface energy.
We attribute the loose bonding to surface coordination with the
carboxylate terminus, as illustrated in the scheme of Fig. 02 for
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PHDA monolayers. The exchange of carboxylate-bound PHDA by
ODPA molecules agrees well with a recent study?, wherein it was
shown that molecules with phosphonic acid groups can replace
carboxylate-bound molecules on AlOx surfaces.

sThe outstanding robustness achieved with phosphonic acid-bound
SAMs with AI/AIOx gates®® can be partially attributed to the
bonding strength of the phosphonate groups to AIOx surfaces. In
turn, weakly (carboxylate-) bound PHDA are expected to have
poorer insulating performance. In Fig. 2(b) we show the current

wdensities recorded for a reference AlOx junction (black), PHDA-
only (red), PHDA:ODPA(1:1) healed with ODPA (grey), and a
junction based on pure ODPA (blue). The increase in current density
for PHDA monolayers in comparison to ODPA monolayers is of the
same order of magnitude (~107) of values reported in the literature®.

1sBy contrast, for the mixed SAM we observe a remarkable
enhancement in insulation, which is imparted by the ODPA healing
step. Leakage current reduces by nearly two orders of magnitude,
approaching the quality obtained with ODPA-only monolayers.
More importantly, lithographic patterned electrodes can be defined

2osince the surface energy is sufficiently high for resist spin-coating.
Dewetting of spin-coated PMMA films were only observed for
healed mixed SAMs with initial ODPA concentration >50%.
Therefore, for all lithographically patterned transistors with mixed
SAMs we exclusively used an equimolar mixture of PHDA and

s0ODPA for the first assembly step. Note that the electrical
performance of the mixed SAMs was only tested at the later molar
ratio. The impact of ODPA content in the mixed PHDA:ODPA
SAM leakage current densities has not been directly evaluated.
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Fig. 3. AFM images of annealed pBTTT on AI/AIOx gates
sofunctionalized with ODPA or PHDA:ODPA (1:1, healed with ODPA).

The impact of the annealing temperature on smooth ODPA-only

channels (Rg<0.31nm) is evaluated for (a) T=165°C, and (b) T=180°C.

(c) pBTTT on rough ODPA-only channel (Rg~0.65nm) annealed at

T=180°C, and (d) on a smooth channel (Rg<0.31nm) with the mixed
35SAM annealed at T=180°C.
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Morphological studies of pBTTT thin films have been extensively
reported in the literature for various types of substrate surfaces.”*
wHowever, to our knowledge, no study has been reported for
patterned gate dielectrics based on AlI/AIOX/PA-SAM. Molecular
terraces of pBTTT are disrupted on rough surfaces (Rg>0.5nm)%
and/or for surfaces with high surface energy. Obtaining Al surface
roughness of Rg<0.5nm generally poses challenges. By controlling
ssthe thermal evaporation rate of Al to 8-10nm.s?, we routinely
obtained Rg<0.35nm on substrates maintained at T=320~350K. At
these surface roughness levels, pBTTT films on ODPA-terminated
gate dielectric show clear terrace-like domains upon annealing above
the mesophase transition temperature (~145°C%). Atomic Force
soMicroscopy (AFM) images taken post-lithographically on transistor
channels functionalized with ODPA are shown in Fig. 3(a,b,c).
Terraced domains of pBTTT (step height 2.1nm) can be easily
distinguished for lower roughness channels (Rg<0.31nm, Fig.
3(a,b)), but not on the rougher AlI/AIOX/ODPA gates (Rg~0.65nm,
ssFig. 3(c)). This is in agreement with a similar study on SiO,/OTS-
based dielectrics.?’ Devices annealed at 180°C display noticeably
better-defined terraces, as compared to devices annealed at 165°C.
Annealing at 165°C for a longer period (30min) improved only
slightly the definition of the terraces (Fig. SO2 in the supplementary
eoinformation).  An AFM image of pBTTT on ODPA-healed
PHDA:OPDA(1:1) is shown in Fig. 3(d). No molecular terracing is
observed, even on channels with low surface roughness. This finding
emphasizes the importance of the chemical nature of the dielectric
surface on pBTTT crystallinity. It has been previously reported that
sssharp and small pBTTT terraces can form on clean SiO, surfaces
upon annealing.’® Surface energies observed for UV-cleaned SiO,
are usually significantly higher (SCA<10°) than for ODPA-healed
PHDA:OPDA(1:1) (SCA=92-94°). Despite this moderate surface
energy, the presence of sparse carboxylate groups connected to the
roflexible alkyl chain (C15), has proven effective in suppressing the
reorganization of pBTTT crystallites upon annealing. It thus seems
clear that the morphological characteristics of pBTTT on mixed PA-
SAMs cannot be explained only in terms of surface energy. We
therefore propose that the side chains (C16) of pBTTT intercalate
7swith the underlying mixed-type PA-SAM in the annealing process.
Interdigitation of alkyl side chains of polythiophene-based based
semiconductors (e.g. poly(3-hexylthiophene-2,5-diyl)) with the alkyl
chains of monolayers is known to occur®. In this scenario,
carboxylate end groups can readily interact with the polymer
sobackbone. In contrast, less reactive and rigid SiO, surface cannot
interact easily with the pBTTT backbone, given that its C16 side
chains protect the semiconducting core.

Figure 4 displays the transfer and output characteristics of pBTTT
low-voltage transistors with three types of gate dielectrics. Two
ssdevices  (Fig. 4(a,b)) were fabricated with mixed-SAM
PHDA:ODPA(1:1) healed with ODPA. The third device (Fig. 4(c))
was fabricated with the gate dielectric functionalized with pure
PHDA (1:0). One of the mixed-SAM devices was further processed,
and had its channel monolayer replaced by pure ODPA (0:1) (Fig.
o04(a)). This was done simply by treating the mixed-SAM devices
with oxygen plasma and proceeding with the ODPA assembly
process. The leakage currents, on-off current ratios 17"/ [, and

subthreshold swing are significantly improved for devices prepared
with the mixed-type SAM, as compared to PHDA-only devices.
osLeakage currents decreased by a factor of ~10 (evaluated at

Vg=—2.5 V and Vg =—3V), whereas It‘j’;f decreased by two orders
for the mixed-type SAM.

J. Mater. Chem. C, 2014, 00, 1-3 | 3
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Fig. 4. Electrical properties of lithographically patterned pBTTT
transistors. The transfer and output characteristics are depicted for
transistors with W/L = 100pum/1pm, measured at room temperature and
shigh vacuum. In (a,d) a transistor patterned with PHDA:OPDA(1:1,
healed with ODPA) with ODPA-only channel. In (b,e), the transfer and
output curves for a PHDA:OPDA(1:1, healed with ODPA) channel. In
(c,f), transfer and output curves for a transistor fabricated with PHDA-
only monolayer.

1Leakage current and I:j’;f of OFETSs with patterned bottom-gate with

overlapping bottom-contact geometry (BGBC) are highly sensitive
to the thickness and quality of the gate dielectric. Particularly, the

|;’£f of transistors with very thin hybrid dielectrics can also include

spurious contributions from S/D current leaking through the gate
1selectrode. We attribute the observed off-current degradation
observed in PHDA-only pBTTT transistors to an increased
contribution from spurious gate currents. This result are in contrast
to the results reported in Novak et al. for PHDA-based OFETs;*
however, their data has been obtained on devices with a top-contact
20geometry via shadow-mask patterning. Spurious gate currents in this
case are drastically suppressed since the semiconducting layer
decouples S/D contacts from the gate dielectric. Moreover, the
lithographic patterning of the S/D contacts in our devices comprises
of steps (e.g. PMMA baking and solvent removal) that could
2sefficiently remove loosely anchored SAM molecules from the gate
dielectric, thereby increasing device’s leakage levels. In contrast, for

reducelgg, and consequently increase the
lithographically defined pBTTT OFETSs.

on off H
I /1 ratio of

The subthreshold swing Sgy, becomes sharper with decreasing
PHDA content - Sg4 =213mV/dec (for PHDA-only 1:0), S.
3s;p=106mV/dec (for mixed ODPA-healed PHDA:ODPA 1:1), and
Ss_1v=119mV/dec (for ODPA-only 0:1 channels). This is followed
by a variation of the subthreshold voltage — Vy=-1.5V (for PHDA-
only 1:0), Vy=-1.4V (for mixed ODPA-healed PHDA:ODPA 1:1),
and V= -1V (for ODPA-only 0:1). Capacitance per unit area (C;)
aovalues were found to vary for the different types of SAM used:
0.78uF/cm? for ODPA-only, 0.8uF/cm? for ODPA-healed
PHDA:ODPA(1:1), and 0.99uF/cm? for PHDA-only (1:0) transistors
(Fig. S03 of Supplementary Information). Field-effect mobilities
were calculated with their respective capacitance values in the
sssaturation regime (Vg=—2.5V), as shown in Fig. 5. Devices with
ODPA-only (0:1) channel had the best performances, with hole
mobilities approaching ~0.1cm?V%s for long-channel transistors.
On the other hand, PHDA-containing devices exhibit lower field-
effect mobilities, irrespective of the carboxylate concentration in the
sointerface. It is interesting to observe that although the reduction of
the PHDA fraction improves the overall performance (e.g. on-off
current ratios and subthreshold swing), the field-effect mobilities do
not improve significantly. We attribute this to the strong disorder in
the pBTTT morphology induced by PHDA, as observed by AFM
s5(Fig. 3). Therefore, the formation of long-range order pathways for
charge carrier transport is hindered since pBTTT crystallites are
pinned at the interface. For PHDA-containing transistors in on-state,
the channel resistance dominates the device’s series resistance,
whereas for devices with ODPA channel the contact resistance has
somore pronounced impact on the electrical response. This is seen in
Fig. 5 as a strong reduction of extrinsic carrier mobility with channel
scaling for ODPA-only channel, whereas for PHDA-containing
devices the extrinsic mobility is nearly constant.

—— ODPAI Channel (post-processed) I
—e— ODPA-healed PHDA:ODPA(1:1)
—a&— PHDA-Only E

[

o
N
1

1077 E

Saturation Mobility (cm?V's™)

1 10
Channel Length (um)
Fig. 5. Extrinsic charge carrier mobility calculated in the saturation

regime (Usa, Vas= —2.5V) after annealing at 165°C for with fixed channel
width (W = 100pum) and varying channel lengths. For each surface
functionalization type three independent devices with seven junctions
each were measured. Error bar plotted for data points with 2 or more
working junctions.

Conclusions

the ODPA-healed PHDA:ODPA(1:1) mixed SAMs, loose-bound ¢:In summary, we have shown a simple two-step assembly process for

carboxylate-anchored PHDA molecules are essentially not present,
providing excellent resistance against lithographic processing steps
soand S/D metal penetration. The mixed-SAM approach can thus

4 | J. Mater. Chem. C, 2014, 00, 1-3

mixed phosphonic acid (PA) monolayers to obtain tunable surface
energy, while preserving excellent insulating properties. Our results
strongly suggests that the anchoring of PHDA molecules on AlOx

This journal is © The Royal Society of Chemistry 2014

Page 4 of 7



Page 5 of 7

surfaces is not given exclusively via de PA terminal groups, which
explain its inferior insulating performance. We combined our
method with standard lithography, and fabricated low operation
voltage OFETs based on the high performance semicrystalline
ssemiconducting polymer pBTTT. Additionally, we provide a
comprehensive study of the morphology of pBTTT on patterned
molecular gate electrodes. In particular, we demonstrate that by
careful control of the AlOx surface roughness and PA-SAM surface
modification, molecular terracing can be observed on pBTTT. The
100FET performance was evaluated for three types of channel surface
chemistries, namely PHDA, mixed PHDA:ODPA, and ODPA. The
overall performance improves for mixed SAMs when compared to
PHDA-only devices. Especially for device properties that suffers
strong impact from the gate dielectric quality, such as off-state S/D
iscurrents and gate leakage. However, mobilities for PHDA-
containing devices have significantly reduced in comparison to
reference devices with a further ODPA functionalization process
step. This detrimental effect has been correlated to high sensitivity of
pBTTT morphology to sparse carboxylic acid groups for PHDA-
aocontaining SAMs. While this functional group should not act as
charge trap sites for hole transporting organic semiconductors, its
applicability in n-type devices might be limited to materials with
high electron affinity.*> The proposed method may prove also
valuable for the growth of semiconducting oxides via atomic layer
2sdeposition, and indeed for any other chemical methods that rely on
the presence of functional groups on gate electrode surfaces.
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Highly insulating gate dielectrics based on AlOx and on mixed phosphonic-acid SAM
terminated with methyl/carboxylic acid groups are demonstrated.
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