RESEARCH ARTICLE

A DVAN -gmck for updates

ELECTRO IC
MATERIALS

O L Open Access]

www.advelectronicmat.de

Molecular Engineering on Kinetics-Driven Self-Assembled
Monolayers Working as Auxiliary Layers on Dielectrics in

Organic Field-Effect Transistors

Mingliang Li, Yingnan Cao, Kefeng Xie,* and Jinyao Tang*

Self-assembled monolayers (SAMs) are a class of quasi-2D materials adhesive
to the substrate by chemisorption. Due to their transparency, diversity,
stability, sensitivity, selectivity, and great potential in surface passivation,
SAMs have been extensively investigated and applied in various functional
devices, particularly in organic field effect transistors (OFETs). Among all the
processing methods, kinetic-driven spin-coating is frequently used for the
SAM preparation due to its high efficiency and low cost. However, the
importance of SAM quality and its relationship to device performance has not
been studied in detail, hindering the new SAM development and device
optimization. In this study, SAMs prepared by kinetic-driven spin-coating are
carefully investigated in terms of their surface morphology, density, and
regularity, and proposed a correlation model between chemical structure and
SAM quality. Additionally, the prepared SAMs are utilized as auxiliary layers
on dielectrics and analyzed their effects on OFET properties. Through these

selectivity and passivation ability, mak-
ing them a promising tool for sur-
face modification for modulating the
wettability or improving the adhesion
between different layers, even directly
tunning the electronic structure of the
adjacent layers.*”] SAMs have been
widely investigated and applied in var-
ious functional devices, including or-
ganic field effect transistors (OFETS)
3891 organic solar cells,['®M and per-
ovskite solar cells '2713] due to their struc-
tural diversity, low cost, and processing
simplicity.>*l Along with the most com-
mon solution incubation approach, spin-
coating is also frequently used for the
SAM preparation. In solution incuba-

investigations, a sequential relationship is established between chemical
structure, SAM quality, and device performance, which can provide efficient

feedback for system optimization.

1. Introduction

Self-assembled monolayers (SAMs) are a class of amphiphilic
compounds that can be chemisorbed onto the substrate result-
ing in a quasi-2D film.'3] The unique structure of SAMs offers
superior transparency, diversity, and stability, with high surface
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tion, SAMs reach a thermodynamically-
favorable near-equilibrium state with
sufficient immersion time.['>1®] Con-
versely, spin-coating, exhibiting a kinetic-
driven feature during the rapid solvent
volatilization, is more frequently adopted
for its high efficiency.'>17:18] However, reported works based on
spin-coating processes usually ignore the SAM quality differ-
ence originating from their chemical structures and processing
methods, particularly in SAM density and regularity. Limited ev-
idence on SAM quality may not be sufficient to support the de-
vice functions, which impedes the development of effective SAM
devices. For kinetic-driven spin-coating, a correlation between
chemical structure, SAM quality, and device performance is ur-
gently needed to complete the feed loop for the optimization of
the device performance. To solve these problems, molecular engi-
neering was performed by four SAM molecules with variant head
groups in this work. The obtained SAMs by spin-coating were
carefully investigated in terms of morphology, density, and pack-
ing regularity. A relationship model between chemical structure
and SAM quality was established and further verified by theoreti-
cal calculation. Finally, OFETs with these SAMs as auxiliary layers
on dielectrics were fabricated to investigate the influence of SAM
microstructures on device performance, leading to a systematic
relationship between chemical structure, SAM quality, and device
performance.

As illustrated in Figure 1, a standard four-step spin-coating
method was employed in this work. The four SAM molecules
(PaC4, PaPh, PaCz, and PaBTBT) were prepared as a solution
in advance and dropped onto oxygen plasma activated HfO,
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Figure 1. A schematic of the chemical structures of SAMs and the standard four-step spin-coating process.

substrates. Subsequently, the substrate was rotated on a stage to
facilitate SAM formation during solvent volatilization. Hot-stage
annealing can enhance surface passivation by promoting chem-
ical bonding between the phosphonic-acid anchor and metal-
oxide substrate. However, SAMs exhibit an amphiphilic nature,
which often results in the formation of micelles or clusters in so-
lution, thus multilayers during spin-coating.['*-2%! Therefore, an
additional spin-coating with clean solvent is necessary to elimi-
nate excess physisorbed molecules. Then SAMs are subjected to
further annealing to remove the solvent residual and optimize the
molecular packing, after that they are ready for characterization
and device application.

2. Results and Discussion

The quality of the SAMs is investigated in terms of surface rough-
ness, molecular density, and packing regularity. The surface mi-
crostructures are investigated by atomic force microscope (AFM)
and scanning electron microscope (SEM). From the AFM im-
ages (Figure 2a; Figure S1, Supporting Information), the surface
textures keep almost identical with slightly increased roughness
after SAM modification (Figure 2b).[??) SEM results also reveal
similar morphology, and the characteristic elements in SAMs, in-
cluding P, S, or N, were uniformly distributed on the substrate
by energy dispersive spectroscopy (EDS) modules (Figure 2c;
Figures S2 and S3, Supporting Information), indicating the ab-
sent of severe aggregations formed with the standard processing
procedure.

X-ray photoelectron spectroscopy (XPS) was applied, benefit-
ing from its high sensitivity. For example, with the signals of P
and S in PaBTBT (Figure 2d; Figure S4, Supporting Informa-
tion), the adhesion of SAMs on the HfO, substrates could be
proven.?3] Moreover, the element signal presents a shift when
it is in different chemical environments.?*] The O signals
could be deconvoluted into three subpeaks by fitting, assigned to
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Hf—O0—Hf, Hf—OH, and Hf—O—P/P=0 (Figure 2¢).1% The sub-
peaks demonstrate the formation of SAM-surface bonding and
provide detailed information on the chemical natures and con-
tents of these bonds. As demonstrated in Figure 2f, the subpeak
Hf—0—P/P=O0 originating from the SAM anchor group signified
a decline in SAM density with the increase in head groups’ size
(Table S1, Supporting Information). Furthermore, the exact SAM
coverages were revealed by UV-vis-spectroscopy-based method
(UV-vis, Figure 2f; Table S3, Supporting Information).?”IThe
densities of PaC4, PaPh, PaCz, and PaBTBT are calculated as 8.7,
6.6, 4.3, and 3.0 x 1071° mol cm~2 and deliver areas per molecule
(S) of 19.09, 25.17, 35.34, and 42.59 A2, respectively, which are
consistent with the values estimated by density functional theory
(DFT) and reported values for alkanethiolate SAMs (=20 A?).[28:29]

The XPS measurements can also provide the content informa-
tion for both the SAMs and the substrate within the detection
depth of ~5 nm.['!] Therefore, a semi-quantitative analysis on
the elemental contents by XPS was conducted to identify the reg-
ularity of SAMs (Figure 2g; Table S2, Supporting Information).
As order packed molecule layer can shield the photoelectron
from the bottom layer and attenuate the XPS signal, the differ-
ence coefficient between the atomic-sensitivity-factors-weighted
C/P element ratio and the stoichiometric one (Rygr/ R umber)> d€-
fined in Equation S1 (Supporting Information), is selected as an
indicator of the molecular regularity in SAMs. Therefore, the
Rysp/ Roumper decreases with the molecular density, with the ex-
ception of PaBTBT, which exhibits the highest regularity with
the lowest molecular density. The time-dependent contact an-
gle measurements (Figure 2h; Table S4, Supporting Informa-
tion) also support the observed SAM regularity order, as higher
regularity of SAMs could slow down the permeation of water
to the hydrophilic anchor and substrate, leading to better stabil-
ity and longer decay time.['73%] Moreover, in the attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR)
as shown in Figure S6 (Supporting Information), the shifts of two

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

85U80|7 SUOWILIOD SAIERID 3|qedl|dde ay) Aq pausenob a1 sajoie YO 8sn JO SN 10} A%ig 17 8U1|UO AB]IM UO (SO IPUOD-pUR-SLULIB}L0D" A3 | 1M Afe1q 1 BU1IUO//SANY) SUOIIPUOD Pue SWS | 8U3 89S *[£202/2T/TT] Uo AriqiTauliuo A8|IM ‘2TL00E202 WBe/Z00T OT/I0p/W0d" 8| IMAeIq 1 BuIUO//SARY WOl4 papeojumod ‘0 *X09T66TE



ADV,
ELECTRONIC
SONCE s MATERIALS

www.advancedsciencenews.com www.advelectronlcmat.de

b 23]
€ 24|
(= . @.
e /
S 2.0} ./0 . \.
@ 1.6}
g 1.2}
=
2 0.8}
2 0.4}
ool .
Blank PaC4 PaPh PaCz PaBTBT
3 [P2p
8 2p 5
2 S
2 8
e >
E =
n
c
.
£
136 134 132 130
Binding Energy (eV)
e f 12 10
O1s " .. S
- Hf-O-Hf A0 — 8 =
5 E c
i 3 9 .\ \ £
£ b NN
Z = \. {a §
[} 2 4} T -
E x 12 g
) x L 2 ‘é:"'
i ; 0 ; ; ; i 0 o
534 531 528 PaC4 PaPh PaCz PaBTBT
Binding Energy (eV) h
3.0
g s0[ T
5 & ——pace
é2-5 i ;40 - Blank
g 230
X 0| el
oo °
2} 820
c
& 15} 8 10l
10 5aCs PaPh  PaCz PaBTBT 0 5 10

Time (min)

Figure 2. SAM quality characterizations. a) AFM image of PaBTBT SAM on HfO,-coated substrate. b) Roughnesses of the SAMs from AFM images in
Figure 2a and Figure S1 (Supporting Information). c) SEM image and P element EDS mapping (inset) of PaBTBT SAM. d,e) are high-resolution XPS
element mappings of P 2p and O 1s, respectively. The P 2p peak at 133.3 eV consists of the two components: 132.8 eV (P 2P 3,,) and 133.6 eV (P 2P
1/2).[2” f) Densities calculated from UV-vis spectra (red) and O (HfF—~O—P/P=0) content in all O species (blue). g) Trends of Rasr/Rnumber With the
growing aromatic groups of SAMs. h) Trends of the parameters in time-dependent contact-angle tests of SAMs.

vibrations of C—H stretch (a symmetric stretch at ~#2851 cm™ This difference in density and regularity should originate

and an asymmetric stretch at #2920 cm™) to the higher field evi-  from molecular structure and interaction of the SAM head
dence a disordered monolayer with cis C—C bonds,*"**) which  groups. With the expansion of the conjugation head group, the
indicate PaC4 and PaBTBT with the top regularity in alkyl molecule’s rigidity and size increase, which leads to a decrease
linkers. in the density of the SAM during spin-coating due to the steric
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Figure 3. XRR measurements and the corresponding modeling on SAMs. a,d,g,j) are the XRR measurements of SAMs (dots) and the corresponding
fitting curve (solid curves). b,e,h k) are the scattering length density (SLD) profiles. Samples prepared by solution incubation and spin-coating are
indicated as red and gray, respectively. ¢,i,f,|) are modeling of spin-coated SAMs.

effect. The small PaC4 and PaPh with good flexibility exhibit high
density, allowing sufficient intermolecular interactions for high
regularity. On the other hand, PaBTBT, with a big conjugated
head group, could show strong z-x interaction even at a relatively
low density to achieve exceptional regularity.

On this basis, X-ray reflectivity (XRR) measurements were per-
formed to reveal the SAM thickness (Figure 3; Tables S5 and
S6, Supporting Information).**! For comparison, the SAMs pre-
pared by solution incubation were tested as ideally-packed film
with near-equilibrium assembly. Evidenced by the fitting results,
the SAM thickness of PaC4 and PaPh prepared using both meth-
ods show limited differences, while the spin-coated PaCz and
PaBTBT are only 56.2% and 76.7% the thickness of the solution-
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incubated SAMs, respectively, implying insufficient SAM pack-
ing.

By integrating the findings on SAM density and regularity,
a structural model was developed to explain the formation of
SAMs through kinetic-driven spin-coating. As the conjugated
head group expands, the SAM density gradually decreases, result-
ing in a reduced SAM thickness and molecular regularity. How-
ever, when the 7—r interaction outweighs the impact of SAM den-
sity (as is the case for BTBT in our study), film regularity may be
restored with tilted molecular conformation.

In order to verify the molecular regularity in SAMs, theoretical
calculations on molecular dynamics (MD) were carried out and
presented in Figure S8 (Supporting Information). Vector v was
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Figure 4. Theoretical calculations. a) Statistical standard deviation of SAM vector v in MD calculations. The radius is the root mean square of standard
deviations of the v coordinates. The inset shows the definition of the SAM vector v, which is from the P atom to the geometric center of the head group. b)
Schematic phase diagram, as dictated by the direction of thermodynamic stability. Interaction strength and specificity were demonstrated by the binding
energies of two identical and different SAM molecules from Table S7 (Supporting Information), respectively.

defined as the arrow from the phosphorus atom to the geometric
center of the head molecule, and the 3D coordinates of the vector
were statistically analyzed (Figure 4a). The degree of dispersion
of the vector orientation was described by the root mean square
of the coordinate standard deviation (demonstrated as the radius
of the sphere in Figure 4a), and the results were found to be con-
sistent with the regularity trend proposed in the model.
Molecular interactions are evaluated by the strength and speci-
ficity, which can be quantified by the binding energies between
identical and different molecules from DFT calculation, respec-

that PaBTBT can maintain both interaction strength and speci-
ficity superior to the other molecules, which makes it easy to
reach the thermodynamically steady state during spin-coating.!**]

To further investigate the correlation between SAM quality and
device performance, an OFET device study was conducted with
thermally-evaporated pentacene as a conductive-semiconductor
layer and designed SAMs as the passivation surface layer on
HfO, dielectrics (Figure 5a). As shown in Table S8 (Supporting
Information), the capacitance value of SAMs decreases as the reg-
ularity grows. The devices were evaluated based on three key pa-

a

Semiconductor:
pentacene

tively (Figure 4b; Table S7, Supporting Information). It was found

Electrode: Au

rameters: on/off ratio, mobility (u), and threshold voltage (V,,),

SAMs
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Figure 5. OFET device characterizations. a) Schematic cross-section of an OFET with SAMs working as general dielectric surface. b,c) are the transfer and
output curves with PaBTBT SAM. The average on/off ratio is ~#10°. L = 100 um and W = 1000 um. d) Mobilities and threshold voltages for SAM-decorated

OFET devices.
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using 30 devices for each type of SAM. The transfer and output
curves of the devices are presented in Figure 5b,c, and Figure S10
(Supporting Information).

Evidenced by Figure 5d and Figure S11 (Supporting Informa-
tion), the quality of SAMs has a significant impact on all three pa-
rameters. The developments of the yand on/off ratio are basically
consistent with the regularity of SAMs, which is attributed to the
fact regularly-formed SAMs on the oxide dielectric can decrease
the gate leakage current®*! and improve the molecular packing at
the adjacent semiconductor interface.[>3¢] Therefore, the device
based on PaBTBT SAM with high regularity exhibits champion
performance with an average u of 0.71 cm™2 V= S71 and on/off
ratio of 4.5 X 10°. However, despite its high regularity, PaC4 lack-
ing an aromatic head shows alow g 0f 0.35 cm= V-1 S~! due to in-
sufficient inductive effect between SAMs and pentacene.[>3¢1 V.
can be modulated by SAM density and regularity simultaneously.
A dense SAM can reduce V,; by promoting surface bonding and
passivating the surface defects, such as dangling bonds.3) On
the other hand, high SAM regularity can further improve the ef-
fective molecular dipole perpendicular to the substrate (out of
plane for p-type semiconductors) to optimize V,, on the basis of
the inherent dipole of the SAM molecule (Figure S9, Supporting
Information).3*%7]

3. Conclusion

In this work, four SAM molecules with different conjugated
groups were designed and utilized to prepare SAMs by kinetic-
driven spin-coating. SAMs were carefully evaluated in terms of
morphology, density, and regularity. On this basis, a chemical
structure-SAM quality model was developed for the SAMs pre-
pared by kinetic-driven spin-coating. As the size of the conju-
gated group increases, both SAM density and regularity decrease.
However, the SAM regularity can be improved when z—r inter-
action between expanded conjugated groups is strengthened suf-
ficiently. Furthermore, SAMs were applied as the surface modifi-
cation layer on OFET dielectrics to investigate the influence of
SAM quality on OFET properties by key parameters of on/off
ratio, u, and V,;. Regular SAMs with conjugated head groups
could improve the on/off ratio and u effectively. On the other
hand, V;, could be modulated through both SAM density and ef-
fective molecular dipoles normal to the substrate. Thus, a three-
component relationship was established for chemical structure,
SAM quality, and device performance. This work provides an ex-
perimental guideline for developing new SAMs, controlling SAM
processing, and optimizing SAM-based functional devices.

Supporting Information

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