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Top-contact self-assembled monolayer field-effect transistors (SAMFETs) were fabricated
through both spin-coating and solution assembly of a semiconducting phosphonic acid-
based molecule (11-(5""-butyl-[2,2';5",2";5",2";5" 2" |quinquethiophen-5-yl)undecylphos-
phonic acid) (BQT-PA). The field-effect mobilities of both spin-cast and solution assembled
SAMFETs were 1.1-8.0 x 10~ cm? V-1 s~ for a wide range of channel lengths (between 12
and 80 pm). The molecular monolayers were characterized by atomic force microscopy
(AFM), attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR),
and near edge X-ray absorption fine structure (NEXAFS) spectroscopy. It was found that
the BQT-PA monolayer films exhibit dense surface coverage, bidentate binding, and tilt
angles of ~32° and ~44° for the thiophene rings and alkyl chain, respectively. These results
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indicate that rapid throughput of fabricating SAMFETSs is possible even by spin-coating.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, organic field effect transistors (OFETs)
have become the subject of intense research due to the ap-
peal of inexpensive, solution processed, and mechanically
flexible electronic devices [1]. Possible applications include
radio frequency identification tags, smart card, and drivers
for active matrix displays [2]. Solution processing of organ-
ic molecules allows for the construction of various layers of
device architecture by high-throughput and inexpensive
means. Frequently studied is the use of m-conjugated
organic molecules to form semiconducting films/layers [3].

The development of m-conjugated self-assembled
monolayer (SAM) molecules has resulted in a new type
of OFET; the self-assembled monolayer field effect transis-
tor (SAMFET). Functionally, SAMFETs are OFETs in which
the organic semiconductor is a single layer of well-
packed m-conjugated molecules capable of acting as a
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charge-transporting channel. Fabrication of SAMFET
devices has been attempted by several groups, however,
most devices required channel lengths of submicrometer
to ensure a gate voltage dependence of the source to drain
channel current apparently due to limited lateral intercon-
nection of the semiconducting SAM [4-7]. Recently,
SAMFETs with long channel lengths up to 40 pm have been
demonstrated by Smits et al., in which a SAM was formed
on a silica gate dielectric via a greater than 15 h immersion
phase assembly [8]. Performance of these SAMFETs was
comparable to that of OFETs constructed with a three-
dimensional bulk film.

In this paper, we demonstrate rapidly processed SAM-
FETs achieved through spin-coating a phosphonic
acid-based molecule 11-(5""-butyl-[2,2";5',2";5",2";5" 2""]
quinquethiophen-5-yl)undecylphosphonic acid (BQT-PA).
The resulting spin-cast SAMs show uniform density, and
well-ordered monolayer coverage comparable to that
observed by conventional immersion phase solution
assembly. The top-contact SAMFETs processed by spin-
coating and immersion assembly show identical electronic
performance.
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2. Materials and methods
2.1. BQT-PA synthesis

BQT-PA was synthesized by Pd-catalyzed coupling
between diethyl 11-(5’-bromo|[2,2’]bithiophen-5-yl)undec-
ylphosphonate and (5”-butyl[2,2’;5,2"]|terthiophen-5-
yltrimethyltin at 90°C in toluene to afford diethyl
BQT-phosphonate. By reacting with bromotrimethylsilane,
the diethyl BQT-phosphonate was converted into ditrimeth-
ylsilyl BQT-phosphonate and then hydrolyzed to afford the
target molecule BQT-PA.

2.2. SAMFET device fabrication

The architecture of the SAMFET device studied in this
work is presented in Fig. 1. Heavily p-doped silicon sub-
strates with a 300 nm thermal oxide layer were used as a
gate and dielectric material. A thin (~2 nm)aluminum oxide
(Al,03) adhesion layer was formed via a plasma-enhanced
deposition to promote the binding of the phosphonic acid
headgroups. BQT-PA was assembled on the Al,05 adhesion
layer by either spin-coating at 3000 rpm from a 2 mM chlo-
roform solution followed by a 10-min of annealing at 140 °C
or by 16 h immersion assembly in a 0.1 mM chlorobenzene
solution. After either spin-coating or immersion assembly,
SAM covered substrates were immersed in chlorobenzene
held at 100 °C for 10 min, followed by spin rinsing with chlo-
robenzene to get rid of unbound molecules. All SAM pro-
cessing occurred in a dry N, environment, followed by the
thermal deposition of 50 nm thick gold to form source and
drain electrodes to complete the top-contact SAMFETS.
There is no indication that either the evaporation of gold
or our cleaning procedure substantially damaged the SAM,
as device performance of bulk BQT-PA films are comparable
to that of the monolayer. In addition, the BQT-PA molecule
was strategically designed with the butyl-terminal group
to provide protection of the semiconducting core from the
penetration of gold during thermal evaporation.

3. Results and discussion

As it has been demonstrated that charge transport in
OFETs primarily occurs in the first few nanometers of the

Al,0,SAM Adhesion Layer
300nm SiO,
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Oy
HO OH

Fig. 1. (a) SAMFET device architecture (cartoon). From bottom: p-doped
Si with 300 nm oxide, 2 nm adhesion layer, BQT-PA, gold electrodes. (b)
Chemical structure of BQT-PA.

channel closest to the dielectric material, devices utilizing
a single molecular layer for charge transport are attainable
[9]. This ultra-thin semiconductor architecture has been
shown to be highly desirable from the standpoint of chem-
ical sensing, as slight electrochemical changes in the active
layer result in measurable shifts in device performance
[10]. One such method of obtaining a single molecular
semiconducting layer is through formation of a m-conju-
gated self-assembled monolayer. Understanding the
electronic/morphological properties of these SAMs as a
function of molecular design is critical to achieving repro-
ducible SAMFET-based sensing devices. Also important in
this pursuit, is the development of processing methods
that allow for increased speed of densely packed mono-
layer formation.

3.1. Spectral characterization of SAM (ATR-FTIR)

The morphology of SAMs formed from both spin-coated
and solution assembled samples was characterized by
atomic force microscopy (AFM). The images obtained show
that the active SAM layers are comprised of a single mono-
layer with minimal surface aggregate (Fig. 2¢). Character-
ization of the SAM by attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR) was used to
examine the binding mode of the molecule. Data in the
vpo region show the presence of vp—g stretching at
1230 cm™! as well as skeletal vibrations of phosphonate
at 1110 cm™! (Fig. 2a). Due to the lack of well resolved
Vp_o_y vibrations at 900-1000 cm~!, we infer that the
phosphonate binding is predominantly bidentate [11,12].

3.2. Spectral characterization of SAM (NEXAFS)

Near edge X-ray absorption fine structure (NEXAFS)
spectroscopy can provide chemical identification of specific
bonds within SAMs and detailed information about molec-
ular alignment. Fig. 2b shows C K-edge spectra of BQT-PA
SAMs collected at an X-ray incidence angle of 55°. At an
incident angle of 55°, the spectra are independent of orien-
tation effects (the so-called magic angle of NEXAFS). Within
both spectra are characteristic absorption resonances at
~287.7 eV (R*/C—H o), and ~293.3 eV (C—C o) related
to the aliphatic carbon chains and a feature at ~285.6 eV
(C—C =*) related to the thiophene rings [13,14,16,17]. In
addition, no features related to contamination were present
(i.e. a C=0 related resonance near 288.5 eV) [13,14]. NEXA-
FS angle dependencies for both spin-coated and immer-
sion-assembled, can be found in Fig. 2b. Both SAMs
exhibit positive and negative dichroism for the R* and c*
resonances, respectively, indicating that the SAMs are ori-
ented upright [15]. Molecular orbitals related to the R* tran-
sition are oriented perpendicular to the alkyl chain axis
while those related to transitions into the C—C and C—C'
o™ orbitals are orthogonally oriented parallel to the chain
axis. The m* resonances exhibit pronounced positive dichr-
oisms indicating the rings are orientated upright.

For a more quantitative analysis of these angle depen-
dencies, the tilt angles with respect to the surface normal
of the n-alkyl chains and the ring structures were deter-
mined from the dichroisms at the R* and m* resonances,
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Fig. 2. (a) ATR-FTIR spectra showing bidentate binding modes for BQT-
PA. (b) NEXAFS data of both 55° and 70-20° spectra for spin-cast (SC) and
immersion assembly (Imm) SAMs. (c) AFM image of spin-cast (left) and
immersion assembled (right) SAM surface.

respectively. The intensities of these resonances as a func-
tion of the X-ray incidence angle are evaluated for the
spectra taken at 70°, 55° and 20° using published proce-
dures for vector orbitals [13,16]. From this data the average
tilt angles for both spin-coated and immersion assembled
SAMs were found to be 43.3 +5.0° and 44.0 £ 5.0° for the
alkyl chain (R*/C—H o* orbital) and 30.4 +5.0° and
34.2+5.0° for the thiophene rings (C—C =* orbital),
respectively.

3.3. SAMFET device performance

Transistor characterization was performed in a N, envi-
ronment using an Agilent 4155B semiconductor parameter
analyzer. Top-contact SAMFET devices fabricated from the
BQT-PA molecule demonstrated typical OFET output and
transfer characteristics despite the active layer being com-
prised of only a single monolayer (Fig. 3). The output and
transfer curves were found to be consistent for both
immersion-assembled and spin-coated devices, as both
exhibited similar electronic properties (Fig. 3a and b).
The field effect mobility (u) was calculated in the satura-
tion regime using a linear fit of (—Igs)!/? vs. Vgs. The thresh-
old voltage (V,) was estimated as the x-intercept of the

linear section of the plot of (—Igs)'’? vs. Vgs. Reported elec-
trical characteristics are from more than 10 devices from a
batch and averaged over two different batches (Table 1).
These devices were found to have an average u of
1.1-8.0x 10°6cm?V-'s™! for a wide range of channel
lengths (device channel lengths measured were 12, 20,
30, 50 and 80 pm). On/off current ratio (Ion/lofr) for most
devices was on the order of 102,

Since spin coating is inherently a batch process, an
attempt at using a concentrated (2 mM BQT-PA in chloro-
benzene) solution to achieve comparable SAMFET perfor-
mance via rapid immersion assembly was carried out in
order to examine the feasibility of reel to reel processing.
Devices were fabricated after immersion in solution for
1 min, 5 min, 10 min, 30 min, 1 h and 5 h, followed by
cleaning via the method outlined in Section 2.2. Ten tran-
sistors (all 12 um channel length) were tested for each
immersion period; their performance can be found in Table
2. It was shown that for less than 10 min immersion time,
there was no gate voltage dependent current flow. With
10 min of immersion assembly, device performance was
rarely existent except for a few functional SAMETs; of
those that worked, mobility was on the order of
~1078 cm? V-' s~1. With 30 min immersion, several SAM-
FET devices started to exhibit comparable performance to
spun cast devices; however, most of these SAMFETs failed
to exhibit the characteristic u of ~107 cm? V=1 571, With
1 h assembly, SAMFET performance was comparable to
that of spun cast or 16 h dilute solution assembly devices.
Although this 1 h immersion assembly time frame could
potentially facilitate a continuous fabrication process that
may offer greater throughput than the spin coating-
annealing processing detailed, it is difficult to quantify at
what scale of production this becomes advantageous.
However, for laboratory and small batch settings, spin
coating is still a less time intensive process.

Charge carrier mobility of our BQT-PA SAMFETSs is com-
parable to those of SAMFETs based on quarter thiophene
phosphonic acid molecules, yet inferior to the device per-
formance from monofunctional chlorosilane SAMFETs with
the same m-conjugated segment [7,8]. We believe this
could be attributed to inherently different material/chem-
ical properties of the phosphonic acid molecule and the
aforementioned silane. First, it has been demonstrated that
frequently used alkyl-phosphonic acid SAM molecules
which are commonly regarded as highly ordered and den-
sely packed, exhibit an inherent tilt angle of >30° much
like BQT-PA [18]. The intrinsic tilt angle of the phosphonic
acid could result in decreased wave function overlap and
inferior charge transport properties relative to the mono-
functional chlorosilane molecule which is tilted at 10°. Sec-
ond, the silane based chemistry used by Smits et al., as
stated in their supporting information, forms not a true
monolayer that may have resulted in increased device per-
formance [7]. Unbound molecules and m-conjugated
synthetic byproducts could have adsorbed to the bound
monolayer increasing packing density/forming a multi-
layer, thereby improving the electronic properties of the
SAM. It was also stated by the authors that if this phenom-
enon occurred, it could not be determined with the spec-
troscopic methods employed in the characterization of
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Fig. 3. Representative output (left) and transfer (right) curves for (a) immersion assembled and (b) spin coated BQT-PA SAMFET devices (L =12 um,
W=1000 pm). (c-f) Spin coated SAMFET transfer curves (L =20, 30, 50, 80 um, respectively, W = 1000 pm).

their monolayer. Regardless, due to the advantages optimization of molecular design, processing, and device
conferred by phosphonic acid self assembly, SAMFET structure. In future studies, we plan to tailor molecular
devices of this nature still need to be improved by further moieties of the m-conjugated segment, alkyl chain and
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Table 1

Measured electrical characteristics of charge carrier mobility (u), threshold voltage (V;), and on/off current ratio (Ion/lofr) values with respect to SAMFET channel
length. Immersion assembled (Imm), spun cast (SC), and bulk spun cast BQT-PA film (Bulk).

Channel length (um) 1 (x10ecm?v-'s1) —Ve (V) Ton/lost

12 (Bulk) 1.1-4.0 25-51 (1.0-3.3) x 10?
12 (Imm) 1.2-4.1 35-50 (2.0-5.4) x 10?
12 (SC) 1.3-8.0 32-53 (1.0-5.6) x 10?
20 (SC) 1.2-3.0 36-49 (1.0-2.1) x 10?
30 (SC) 1.7-2.1 30-48 (1.1-3.0) x 10?
50 (SC) 1.1-5.6 29-45 (1.5-2.2) x 102
80 (SC) 1.1-4.0 31-42 (0.9-1.0) x 10?

Table 2 World Class University (WCU) program through the Na-

Comparison of high concentration (2 mM BQT-PA in chlorobenzene)
immersion assembled devices and identical spun cast devices. Charge
carrier mobility (1) and number of functional 12 um channel length devices
in the set.

Immersion time 1 (x10°%ecm?Vv-1s) Functional devices

Spun cast 1.2-4.2 8/10
1 min None 0/10
5 min None 0/10
10 min 0.02-0.1 4/10
30 min 0.5-1.1 7/10
1h 1.4-3.8 8/10
5h 1.1-4.0 9/10

binding group to optimize molecular orientation and pack-
ing for efficient intermolecular electronic wave function
overlap and source/drain electrode-SAM contact. Despite
low mobility, we do not observe significant variation be-
tween spin-coated and immersion assembly processed de-
vices for channel lengths from 12 to 80 pm. Therefore,
spin-coating of semiconducting phosphonic acid molecules
may provide a viable processing route for rapid throughput
of SAMFETs.

4. Conclusion

In conclusion, we have demonstrated a simple and gen-
erally applicable approach to fabricate SAMFETs through a
rapid spin-coating process. Charge mobilities of
1.1-8.0 x 10% cm? vV~ s~ were achieved for a wide range
of channel lengths (from 12 to 80 wm). Characterization of
the BQT-PA SAM was performed by AFM, ATR-FTIR, and
NEXAFS, showing a densely packed monolayer with tilt an-
gles of ~32° and ~44° for the thiophene rings and alkyl
chains, respectively. This work is representative of major
advancement in the processing of SAMFET devices, demon-
strating that lengthy assembly procedures are not neces-
sary to achieve high density SAMs capable of charge
transport over long channel lengths.
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