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Enhanced Performance of Self-Assembled Monolayer
Field-Effect Transistors with Top-Contact Geometry
through Molecular Tailoring, Heated Assembly, and

Thermal Annealing

Nathan Cernetic, Tobias Weidner, Joe E. Baio, Hao Lu, Hong Ma,* and Alex K.-Y. Jen*

Low-voltage self-assembled monolayer field-effect transistors (SAMFETs)
that operate under an applied bias of less than —3 V and a high hole mobility
of 102ecm? V-1 s71 are reported. A self-assembled monolayer (SAM) with a
quaterthiophene semiconducting core and a phosphonic acid binding group

traditional dielectrics and semiconductors
in organic field-effect transistors (OFETS).
For example, the development of hybrid
dielectrics, which are comprised of an
ultrathin high-k metal oxide layer in con-
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is used to fabricate SAMFETs on both high-voltage (AlO,/300 nm SiO,)

and low-voltage (HfO,) dielectric platforms. High performance is achieved
through enhanced SAM packing density via a heated assembly process and
through improved electrical contact between SAM semiconductor and metal
electrodes. Enhanced electrical contact is obtained by utilizing a func-

tional methylthio head group combined with thermal annealing post gold
source/drain electrode deposition to facilitate the interaction between SAM

and electrode.

1. Introduction

Self-assembled monolayers (SAMs) are now an ubiquitous tool
for interface modifications!!l to control and modulate a variety of
devices such as hybrid and organic photovoltaics,>-* light-emit-
ting diodes,’"'% and organic transistors.''"1 Recent progress
has also expanded the role of SAMs from a passive interfacial
modifier to potentially serve as an active device layer to replace
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junction with an SAM, enables low-voltage
high-performance operation of organic
transistors.[16-18]

Self-assembled monolayer field-effect
transistors (SAMFETs) are a promising
concept that uses rationally designed
m-conjugated SAMs as the semiconductor
of a transistor.'>2%l This concept works in
principle because charge transport in an
organic semiconductor-based FET occurs
in the first few monolayers closest to the
dielectric.?4%! SAMFETs are believed to
have a broad appeal for organic semiconductor device applica-
tions due to their low-cost processing, reduced material quan-
tity needed compared to tradition organic thin film transistors,
and ability to be used toward flexible electronics and sensing
applications. Significant progress has been made through
molecular design and novel device architecture to achieve a
state-of-the-art hole mobility of around 1072 cm? V! s71.

In order to achieve further performance enhancement, it is
critical to overcome a fundamental challenge of efficient con-
tact between the metal source/drain electrodes and SAM semi-
conductor in SAMFET devices. Efficient contacts between SAM
semiconductor and electrodes may have been enabled by Smits
et al. through under-etching the electrodes allowing the SAM
to form underneath or, as shown by Schmaltz et al., through
utilizing a secondary SAM to elevate the electrodes to allow
edge-on contact with the SAM semiconductor core.?2! How-
ever, these reports utilize cumbersome and complicated device
architectures that may make SAMFETS less appealing toward
commercialization. Furthermore, little work has been done to
examine the impact of SAM processing on molecular packing
density.

Herein we demonstrate top-contact bottom-gate low-voltage
p-type SAMFETs with a hybrid hafnium oxide (HfO,) dielec-
tric that operates under a bias of —3 V and has a charge car-
rier mobility of 1072 cm? V-1 s7. Charge carrier mobility of the
SAMFET is increased by over two orders of magnitude through
the designed functional SAM terminal group that enables
efficient charge injection between metal electrode and SAM
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semiconductor in conjunction with optimized processing con-
ditions to enhance SAM packing density.

2. Results and Discussion

The SAM molecules, (11-(5”-(4-(methylthio)butyl)-[2,2":5",2":5”,2""-
quaterthiophene]-5-yl)undecyl)phosphonic acid (MTB4TC11) and
(12-(5”"-(4-(methylthio)butyl)-[2,2":5",2":5”,2"’"-quaterthiophene]-
5-yl)dodecyl)phosphonic acid (MTB4TC12), used in this study
are designed in such a manner to promote efficient charge
injection between the semiconducting core and chosen elec-
trode. As shown in Figure 1a, the molecule is comprised of a
phosphonic acid binding group which allows for the covalent
attachment to a variety of metal oxides.?%! A flexible undecyl
or dodecyl spacer unit is chosen to promote self-assembly and
optimal 77 overlap due to its conformational freedom.?”) A
quaterthiophene unit is chosen as the semiconducting core
due to its proven ability to work as a semiconductor in both
thin film?”! and monolayer!?® transistors. Finally, to achieve
efficient charge injection into the SAM a functional terminal
group composed of methylthiobutyl is chosen. In order to
enhance charge injection and minimize contact resistance, the
terminal group is designed to take advantage of the well-known
gold-sulfide coordinate bond that occurs between the two spe-
cies.?! In particular, methylsulfide has been used in the past
as an anchoring group for molecular junctions due to its ability
to electronically couple with gold.B% To take advantage of this
intimate contact, a simple top-contact bottom-gate transistor
architecture is used (Figure 1b). This will simplify the device
architecture compared to those reported for previous high-per-
formance SAMFETs.[20.21]

In order to better understand the dynamics of the coordinate
bond between the SAM molecules and gold electrodes high-
voltage SAMFETS are first fabricated and the impact of thermal
annealing on device performance is also examined. SAMs are
assembled via immersion at room temperature on a tradi-
tional dielectric platform (Figure 1b) previously used by our
group for both thin film transistors®! and SAMFETs.3? After
SAM assembly and cleaning to remove aggregates, substrates
are annealed either before or after gold electrode deposition at
120 °C for 10 h. Remarkably, Figure 2 a shows a considerable
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Figure 1. a) Molecular structures of SAM semiconductors used in this
study, T MTB4TC11 and 2 MTB4TC12; b) schematic of high-voltage
SAMFETs fabricated.

shift in performance comparing devices that are not annealed,
annealed before electrode deposition, and annealed after elec-
trode deposition. Devices not annealed show no performance
with the inability to act as a switch. Figure 2b shows that
devices annealed before electrode deposition have some lim-
ited charge mobility of around 10~ cm? V™! s7! while devices
annealed after electrode deposition show two orders of magni-
tude increase in charge mobility to 107 cm? V1 571,

In terms of yield, roughly half of all devices annealed
before electrode deposition function properly, while the yield
for devices annealed after electrode deposition is near unity.
Interestingly, this enhancement is accompanied by a shift in
apparent threshold voltage (V}) as can be seen in Figure 2 c.
Devices annealed before or after electrode deposition exhib-
ited an apparent threshold voltage of around —80 V and —-65 V,
respectively. While V, remains constant across tested channel
lengths regardless of odd or even alkyl chain of SAMFET mol-
ecules, the impact of annealing before or after electrode deposi-
tion plays a clear role and elucidates a potential mechanism for
the shown performance enhancement.

V, is generally thought to be related to the surface density of
deeply trapped charges in the channel and contact region of a
transistor.33] Deep traps, which are considered to be a few kT
above the highest occupied molecular orbital, may occur due
to structural defects and impurities.*¥ Tt is likely that the dep-
osition of gold on top of the SAM semiconductor resulted in
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Figure 2. Anneal before indicates SAM annealing at 120 °C for 10 h before electrode deposition and anneal after indicates SAM annealing at 120 °C for
10 h after electrode deposition. a) Characteristic transfer curve for high-voltage SAMFETs with MTB4TC12 semiconductor SAM with different annealing
routes. Transistor performance parameters for b) hole mobility and c) threshold voltage based on SAM semiconductor and annealing route. Data are
averaged of approximately seven devices per channel length and are for transistors with a channel width of 1000 pm.
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Figure 3. Representative morphology of Au on top of MTB4TC11 SAM assembled on AlO, measured by tapping mode atomic force microscopy for a)

no anneal, b) anneal after, and c) over annealed substrates.

the formation of such trap states through the creation of local
structural disorder. Using tapping mode atomic force micros-
copy (AFM), the morphology of unannealed gold on top of the
SAM (Figure 3a) shows morphology consistent with having a
high density of trap sites due to the numerous small grains
and subsequent grain boundaries. However, upon annealing at
120 °C (Figure 3b), these grains coarsen to form large intercon-
nected grains. Evidence of this morphology change indicates
that the gold atoms are able to reorganize to a more energeti-
cally favorable morphology to allow for better contact between
electrode and SAM semiconductor resulting in reduced trap
sites. This reduction in trap site density due to grain coarsening
may also be a contributing factor for the mobility enhancement
that occurs upon annealing post electrode deposition.

Another mechanism for enhanced mobility is most likely
related to a reduced charge injection barrier at the Au-SAM
interface. A threshold voltage shift accompanied by improved
mobility due to changes between metal electrodes and semi-
conductor has been found earlier for both thin film organic
transistors with SAM modified gold electrodes and monolayer
MoS, transistors with different metal electrodes.?>3¢ The
reduced charge injection barrier for devices fabricated in this
manuscript is thought to be enabled by the intimate contact
formed between the sulfur of the SAM semiconductor and the
gold atoms. Thermal annealing after gold electrode deposition
is needed to further strengthen the coordinate bond between
SAM and electrode which requires a separation distance of less
than 0.5 nm.*” Tt is hypothesized that annealing post electrode
deposition provides enough thermal energy for reorganizing
SAM molecules, gold atoms, or both to improve contact.

However, it is known that if temperatures are elevated to
around 300 °C, the mobile gold atoms will cause the sulfide to
desorb from the surface.3® It was found that over annealing to
above 150 °C will result in gold dewetting from the SAM sur-
face and forming isolated islands of gold (Figure 3c). Such a
phenomenon is accompanied by a significant reduction in
device performance.

In order to further enhance SAMFET performance, SAM
immersion assembly temperature is optimized. Traditionally,
for the assembly of SAMs, solvents with a dielectric constant
(&) between 3 and 5 are found to be optimal. It is believed
that if the solvent &, is below 3, SAMs tend to form micelles. If
greater than 5, solvent will interact too strongly with the SAM
and disrupt assembly at the substrate-solution interface.l3>#0
In our study, dimethyl sulfoxide (DMSO) was found to provide
the greatest solubility allowing for higher SAM solution con-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

centration without forming aggregate. However, DMSO has a
relatively high dielectric constant (=46), which may limit the
dense assembly of SAM.

High-voltage SAMFET devices using the same device archi-
tecture shown in Figure 1b with varying SAM immersion
assembly temperatures were fabricated and characterized. Mor-
phology of SAMs assembled at room temperature and 120 °C
was found to be similar for both MTB4TC11 and MTB4TC12.
SAMs assembled at room temperature had root mean squared
(RMS) roughness values of 0.26 and 0.46 nm for MTB4TC11
and MTB4TC12, respectively, while SAMs assembled at 120 °C
had RMS roughness values of 0.33 and 0.43 nm, respectively.
Representative morphologies characterized by tapping mode
AFM are shown in Figure 4a.

The static water contact angle for MTB4TC12 SAMFETs
was found to increase slightly from 71.4° + 0.8° to 76.2° £ 0.9°,
respectively, when comparing assembled at room temperature
versus 120 °C. This slightly increased contact angle may be
indicative of increased SAM density. The relationship between
SAM assembly temperature and density is further corroborated
from X-ray photoelectron spectroscopy data which suggests an
~30% increase in SAM density between room temperature and
120 °C assembly conditions (Table S1, Supporting Informa-
tion). This improved SAM density results in an order of mag-
nitude higher hole mobility as shown in Figure 4b. This fol-
lows an expected trend of increasing mobility with respect to
assembly temperature from room temperature to 120 °C while
other parameters such as on/off current ratio, threshold voltage,
and subthreshold swing remain relatively constant regardless
of assembly temperature (Figure S2, Supporting Information).
Representative transfer and output curves of high-voltage SAM-
FETs with MTB4TC11 are shown in Figure 4c,d.

To obtain a better insight of the overall quality of SAMs
assembled at 120 °C, the SAM/electrode interface, and the
impact of annealing, SAMs of MTB4TC11 were characterized
with near edge X-ray absorption fine structure (NEXAFS) spec-
troscopy. NEXAFS can provide chemical identification of spe-
cific bonds within SAMs and detailed information about molec-
ular alignment.[!! Substrates with MTB4TC11 SAM were half
covered with a 3 nm thick gold layer to allow for the characteri-
zation via NEXAFS of MTB4TC11 SAM with or without gold.
After gold deposition, a subset of substrates was then annealed
at 120 °C for 2 h to determine the influence of both gold and
annealing post gold deposition.

Carbon K-edge spectra, collected at an X-ray incident angle
of 55°, from annealed/unannealed versions of MTB4TC11

Adv. Funct. Mater. 2015, 25, 5376-5383
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Figure 4. a) Representative morphology measured via AFM of MTB4TC11 SAM on AlO, assembled at 25 °C (left) and 120 °C (right) with a 5 nm height
scale. b) Hole mobility of high-voltage SAMFETs with either MTB4TC11 or MTB4TC12 SAM semiconductor assembled at 25 or 120 °C. The first two left
most data points indicate performance for devices annealed before electrode deposition while last four data points indicate performance for devices
annealed after electrode deposition. Data are for transistors with channel width and length of 1000 and 100 pm, respectively, and are an average of at
least five devices. c) Representative transfer and d) output characteristic transistor curves for an MTB4TC11 SAM assembled at 120 °C SAMFET and
annealed after electrode deposition at 120 °C for 10 h with channel width and length of 1000 and 100 pm, respectively.

and Au-coated MTB4TC11 are presented in Figure 5a,b. The reorientation. However, upon depositing gold on top of the
absorption near 285 eV, related to 7 C=C orbitals within the = MTB4TC11 SAM the thiophene units became more upright.
quaterthiophene groups, is present in all spectra taken from  For the unannealed sample set, the thiophene tilt angle is
all variants of the MTB4TC11 SAM.!*?l Moving to higher X-ray ~ determined to be 26.3°. For the sample set where gold was
energies we observe a peak at 287 eV related

to R*/C—H o* molecular orbitals.[*3] The ori-

entation and ordering of molecular bonds a) i MTB'4TC11'/AIO b) ’ Au /MTé4TC11: /AIO
can be assessed by changes in the X-ray CH x CH X
absorption as the sample is rotated relative c=C : 55° c= C: 55°
to the incident X-ray beam by 6. Difference : Unannealed By Unannealed
spectra  (90°-20°), from annealed/unan- —’/\/\/\
nealed versions of MTB4TC11 and Au-coated “p Annealed

MTBA4TC11, are also shown in Figures 5a,b.
In all cases, the NEXAFS spectra show a
high degree of ordering (positive dichroism)

iDifference 90°-20°
of m* C=C molecular orbitals. We have ___/fq\/_grﬁm___ealed WI
modeled the angle dependence of the n* i :

resonance to calculate the orientation of the % Annealed w
thiophene units before and after gold depo- —_—N\/——"—— -

280 290 300 310 280 290 300 310
Photon energy (eV) Photon energy (eV)

. . Difference 90°-20°

PEY (arb. units)
PEY (arb. units)

sition using standard procedures.*!! Rela-
tive to the surface normal, the thiophene
tilt angles for unannealed and annealed

o o
MTB4TC1,1 are 29.5 anfl 305, respec Figure 5. NEXAFS C K-edge spectra from unannealed and annealed samples of a) MTB4TC11
tively. This apparent lack in change of tilt on AlO, and b) Au-coated MTB4TC11 on AlO,. Each figure contains spectra collected at X-ray
angle seems to indicate that annealing by incidence angles of 55° (top traces) along with differences of spectra recorded at 90° and 20°
itself may not result in significant molecular  (bottom traces).
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annealed after deposition on MTB4TC11 SAM, the thiophene
tilt angle is determined to be 24.4°. The SAMs may become
more upright when covered with gold due to the proposed
coordinate bond between sulfur and gold. Additionally, the
greater change in the thiophene tilt angle between pristine
SAM and SAM covered with gold (6° and 3° for annealed and
unannealed, respectively) indicates annealing with gold facili-
tates an interaction between SAM and gold. A similar trend
with the comparison molecule B4TC11 is also found (Table S2,
Supporting Information) which may indicate that the gold is
not limited to interact with just the methyl sulfide functional
group but may also interact with the sulfur present in the qua-
terthiophene semiconducting core. The molecular architec-
ture can introduce some uncertainty in the angle determina-
tion (twist, torsion angles, etc.). These errors do not apply for
systems that use the same molecules: MTB4TC11 or B4TC11
(before and after anneal, or before and after gold deposition).
The error margin comparing within a given molecule set is less
than 1°. Comparing between datasets we can assume a margin
of 2.5°. We have some statistics because we use three different
ratios within the dataset to calculate and we get standard devia-
tions of about 0.2°. The rest of the error includes experimental
inaccuracies. Errors introduced by data analysis are largely
eliminated because we use intensity ratios and not absolute
values. So small inaccuracies induced by normalization cancel
out. Overall, this NEXAFS dataset provides enough information
to show that depositing gold on top of these SAMs results in
the thiophenes orienting more upright which is then slightly
increased with the addition of an annealing step.

In order to understand the influence of the methylthio
functional group a comparison molecule ((11-(5”-butyl-
[2,27:57,2”:5”,2"”"-quaterthiophene]-5-yl)undecyl) phosphonic
acid, B4TC11) was used. Comparing performance data of
B4TC11 to MTB4TC11 allows us to further clarify the advan-
tages and disadvantages of the two functional groups. SAMs
of B4TC11, MTB4TC11, and MTB4TC12 were assembled on
HfO, via the heated assembly procedure at 120 °C as described
earlier for AlO,. In order to verify the quality of SAM, static
water contact angle for MTB4TC12 was
determined at 77.1° £ 0.3° which is com- a)

www.MaterlalsVIews.com

nearly an order of magnitude. A similar trend was also seen
for an even lower temperature anneal of 80 °C (Figure S7, Sup-
porting Information). This reduction in hole mobility seems to
indicate that devices with only a butyl functional head group
have limited thermal stability and that annealing results in
damage at the SAM/electrode interface. This damage may be
caused by diffusion of gold atoms into the SAM semiconductor
core resulting in disruption of local SAM molecular order that
is integral for charge carrier transport. Comparatively, our
MTB4TC11 and MTB4TC12 devices initially exhibit little to
no performance without annealing. However, upon annealing
after electrode deposition the hole mobility for MTB4TC11 and
MTBA4TC12 increases to 0.00356 cm? V™' s and 0.00737 cm?
V1 571, respectively. Additionally, since MTB4TC11 has better
mobility compared to unannealed B4TC11 and about an order
of magnitude higher hole mobility compared to annealed
B4TC11 devices, the influence of the methylthio functional
group seems to help enhance device mobility as well as increase
thermal stability by protecting the semiconducting core from
being disrupted by the gold electrodes.

In order to further understand the influence of the SAM
functional head group, contact resistance was determined
using a modified transmission line method.[*”] Contact resist-
ance with respect to gate-source voltage is shown in Figure 6b.
It was found that even though MTB4TC12 exhibited the best
device performance, the unannealed B4TC11 devices had the
lowest contact resistance. This is reasonable given that it has
the shortest functional head group of the systems tested. How-
ever, as expected, upon annealing after electrode deposition
the contact resistance of B4TC11 becomes the highest among
tested architectures. This further verifies that the effect of the
methylthio functional group seems to help increase thermal
stability by protecting the semiconducting core from being
disrupted by the gold electrodes upon heating. While high-
voltage devices in this paper serve to elucidate the importance
of device processing and design for SAMFETSs, real-world appli-
cations rely on having low-operating voltage devices. Optimized
processing conditions have been used to fabricate low-voltage

parable to the data previously reported on T T T T ~10° i z
.. 2| Athe A nn
AlO,. Additionally, the contact angle of ‘_\10 Channel Width: 200 um I E_ o B4TCLL (1;’0 °czneal) 30
B4TC11 was found to be at 87.3° £ 0.4° T T ¥ G 10* | A MTBATCL1 (120 °C Anneal) 4
which is comparable to literature data.l*J 5 7 ¥ 3 i = ¥ MTB4TC12 (120 ocAnneao!)xg
Furthermore, the RMS roughness deter- ‘g % % S 1onf 024 71
mined by AFM of MTB4TC12 was 310,, I ; | 8 QQAA @
found to be 0.32 nm further indicating E { f @ 102 | QQQAA QQ n
the presence of a quality monolayer '-§ &’ Qeee - 4 vﬂ..'
on the HfO, dielectric platform (Figure S6, E’ f B Dl B 10m 2 A48 ﬁ.- ]
. . . L] 0 Anneal
Supporting Information) that is comparable g { o B411 (120 °C Anneal) 8 e it
to that of our AlO,, platform. T ok A MTB4TC11 (120 °C Anneal) ] g n® i
xP o S 10l mm®™® ™ Channel Width: 200 ym
Performance data for the series of fab- Al Ul T U o i . kel

. . . . 2
ricated devices can be seen in Figure 6a. 0

Surprisingly, it was found that our control
molecule B4TC11 yielded a hole mobility
of 0.00213 cm? V! 7! for pristine unan-
nealed devices. However, upon annealing
the devices at 120 °C for 10 h after electrode
deposition the hole mobility was reduced by

40
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Figure 6. a) Hole mobility with respect to channel length for high-voltage SAMFETs with a
HfO,/300 nm SiO,/Si dielectric/gate stack and SAM semiconductors B4TC11, MTB4TC11, and
MTB4TC12. Performance is indicated if devices are not annealed or are annealed at 120 °C for
10 h after 50 nm Au electrode deposition. b)
voltage of high-voltage SAMFETs with HfO, dielectric stack.

Contact resistance with respect to gate-source

Adv. Funct. Mater. 2015, 25, 5376-5383



'a\
i \lii"§

www.MaterialsViews.com

MTB4TC12

107

Hole Mobility (cm®>V*s™) 3’,
—0—
—a—
—0—
—0—
L |

) { W (um): 200, 1000
10°F L (um): 12, 20, 30, 50, 80, 100 1
100 10 1

Channel Width / Length

C)

0.10

—
V,=-15V
! L” = 100 um
10° F W = 200 um %%
g - 0.06
|-|a .04
— 10-11
"
= 0.02
10-!2
0.00
10-13 =
3 2 -1 0
v, (V)

b) 10° = T

www.afm-journal.de

®  On/Off Ratio

- o Il atV, =-3V

Hm
{1

~
ot 1
o
E 102 f T ﬁ f§ f i
: f
(=]
? 10' =
o

100 lasa s o o o " Jasa s o o o k&

100 10 1

Channel Width / Length

>
I
po” 1-20
DO
3.00$bbBBBRRR R b opob®™
1 1 2.5
-1.5 -1.0 0.5 0.0
vV, (V)

Figure 7. a) Hole mobility with respect to the ratio of channel width/length for low-voltage SAMFET with MTB4TC12 SAM semiconductor with an inset
showing device architecture. Device assembled under best conditions with SAM assembly at 120 °C and device annealed at 120 °C for 10 h after gold
electrode deposition. b) Transistor performance parameters indicating on/off current ratio, and difference between drain—source current and gate—
source leakage current at —3 V. Representative transfer c) and output d) characteristic transistor curves for a device with channel width and length of

200 and 100 pm, respectively, operated at Vys of —=1.5 V.

MTB4TC12 SAMFETS on a thin HfO, dielectric as seen in the
inset of Figure 7a. HfO, is a proven high-k dielectric that has
previously been used for low-voltage thin film organic transis-
tors.*l Fabricated metal-insulator-metal junctions of HfO,
show a low current density of 2.1 x 10® A cm™ at -3 V and
capacitance of 565 nF cm™ at a frequency of 1 kHz. However, it
is important to take into account the additional capacitance pro-
vided by the dodecyl alkyl chain of the MTB4TC12 SAM used
which is estimated to lower the total capacitance to 408 nF cm2
(Figure S8, Supporting Information). Low-voltage SAMFETs
exhibited excellent charge carrier mobility with the best hole
mobility reaching 0.015 cm? V-1 s7! for devices with channel
width and length of 200 and 100 pm, respectively.

Figure 7a shows that mobility increases with decreasing
channel width/length ratio indicating that total contact area
is critical to device performance. A similar trend is also seen
for high-voltage devices and is indicative of performance being
limited by resistance within the transistor circuit.*”! As shown
in Figure 7b and comparable to high-voltage SAMFETs, on/off
current ratios of 10* are found which stems from the reduced
off current present in low-voltage devices. Additionally, devices
are found to have an excellent differential between drain—source

Adv. Funct. Mater. 2015, 25, 5376-5383
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current and gate-source leakage current at around 102, This
exemplifies the high-quality nature of our sol-gel HfO, hybrid
dielectric as it is currently the highest reported value for low-
voltage SAMFET devices. Representative transfer and output
characteristics for a device with channel width and length of
200 and 100 pum, respectively, are shown in Figure 7c,d.

3. Conclusion

In summary, high-performance low-operating voltage SAMFETs
have been fabricated through the rational design of a functional
SAM head group and processing optimization. The methyl-
thiobutyl terminal group of the quaterthiophene-based SAM
semiconductors has enabled efficient electrical contact to
Au electrodes while maintaining SAMFET thermal stability.
Annealing has been shown to further enhance the coordinate
bond between SAM and electrode to enable over two orders of
magnitude increase in charge carrier mobility. Additionally,
through the use of heated immersion assembly, SAM den-
sity has been increased by =30% resulting in another order of
magnitude higher charge carrier mobility. Low-voltage SAMFETs
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utilizing hybrid HfO, sol-gel dielectric were then assembled
under optimized processing conditions to achieve a peak hole
mobility of 0.015 cm? V-1 s71. These results show the importance
of terminal group and processing for SAMFETs and should be
generally applicable to other SAM semiconductor systems.

4. Experimental Section

SAM Synthesis: Complete synthesis information can be found in the
Supporting Information.

Assembly, Device Fabrication, and Characterization of SAMFETs: High-
voltage devices were fabricated on cleaned heavily p-doped silicon
substrates with a 300 nm thick thermally grown SiO,. Substrates were
then plasma cleaned for 30 min resulting in a 2-3 nm layer of AlO,
as described previously.'"¥l Low-voltage devices were fabricated on
cleaned heavily p-doped silicon substrates with a thin HfO, dielectric as
described previously.l*l SAMs were assembled by immersing substrates
into a filtered 0.1 x 1073 M SAM solution for 72 h while temperature
is held at specific values. Exact details of SAM and HfO, processing
conditions are available in the Supporting Information. All transistor
electrical characterization was completed in an inert environment with
an Agilent 4155B semiconductor parameter analyzer.

AFM, Contact Angle Goniometry: Digital Instruments Multimode
Nanoscope llla scanning probe microscope (Veeco Instruments,
Plainview, NY) was used in AFM tapping mode. Aqueous static contact
angle values were taken with a VCA Optima Surface Analysis System
(Adv. Surface Technology Products, Billerica, MA) and are an average of
five measurements with a standard deviation of less than +3°.

X-Ray Photoelectron Spectroscopy: MTB4TC12 SAM semiconductor
was assembled on AlO,/300 nm SiO,/Si substrates at 25 and 120 °C,
cleaned via sonication in DMSO, tetrahydrofuran (THF), and hexanes
then subsequently characterized via X-ray photoelectron spectroscopy.
Measurements were performed on a Kratos AXIS Ultra DLD instrument
using a monochromatic Al Ko X-ray source and a 0° takeoff angle in
hybrid mode. The compositional scans were acquired using an analyzer
pass energy of 80 eV. Error bars in the reported data represent the
standard deviation of the average of the three spots on two samples.
Data analysis was performed with the CASA XPS software package. The
results are summarized in Table S1 (Supporting Information).

Near-Edge X-Ray Absorption Fine Structure Spectroscopy: NEXAFS
spectra were collected at the National Synchrotron Light Source (NSLS)
U7A beamline at Brookhaven National Laboratory, using an elliptically
polarized beam with 85% p-polarization. This beamline is equipped with
a monochromator (600 lines per millimeter grating) which provides a full
width at half maximum resolution of 0.15 eV at the carbon K-edge. At the
carbon K-edge, the monochromator energy scale was calibrated using the
intense C 1s—* transition at 285.35 eV of a graphite transmission grid
placed in the path of the X-rays and partial electron yield was monitored
by a detector with the bias voltage maintained at —150 V. Samples were
mounted to allow rotation and changing the angle between the sample
surface and the synchrotron X-rays. The NEXAFS angle is defined as the
angle between the incident light and the sample surface. A molecular
rotation (twist angle) of 0° was assumed for the tilt angle calculations.[*8]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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