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Blends of Conjugated and Adhesive Polymers for Sticky

Organic Thin-Film Transistors

James G. Sutjianto, Sang H. Yoo, Clayton R. Westerman, Thomas N. Jackson,

Jonathan J. Wilker, and Enrique D. Gomez*

Here, a polymer blend active layer that exhibits both electronic and adhesive
properties is introduced. Various conjugated polymers are blended with a
catechol-based polymer that shows high adhesion, such that blends serve as
the active layer of multifunctional sticky organic thin-film transistors (OTFTs).
Blend films maintain relatively constant field-effect charge carrier mobility in
OTFTs regardless of composition. Lap shear adhesion strength tests show
that all blend films exhibit adhesive properties with adhesion values ranging
from 0.05 to 4.30 MPa. With relatively consistent mobility and the presence of
adhesive properties at different compositions, blends of conjugated and
adhesive polymers can lead to next-generation organic transistors for stable

3D stacking and waterproof adhesive sensors.

1. Introduction

Organic Thin-Film Transistors (OTFTs) have garnered substan-
tial attention because of their large area compatibility,?! poten-
tial solution processability,* and stretchability.!%’] Previous ef-
forts have fabricated OTFTs with field-effect charge carrier mo-
bilities greater than 1 cm? V! s71, which rivals commercially
available hydrogenated amorphous silicon transistors.®'!l Re-
cently, it has been shown that blend systems can be utilized
to achieve high-performance OTFTs."?l Blends can be formu-
lated to serve as the gate insulator layer’!* or the semicon-
ductor active layer.'>1 To serve as the active layer, blends of
conjugated polymers,!'”I conjugated polymers with insulating
polymers,[*$1° and conjugated polymers with conjugated small
molecules!?*?! have been demonstrated.

Conjugated polymers are amenable to
blending, in particular when they are
semicrystalline. Crystallization of the
polymer creates a pure phase where
charge conduction can occur unimpeded
by secondary components.?22)] The
fibril-like crystallization motif of most
conjugated polymers promotes the perco-
lation of charge-conducting pathways.**]
The amorphous phase in conjugated
polymers can uptake various other com-
ponents without substantially disrupting
conduction through crystalline domains.
In addition, many of these polymers
will often crystallize near an interface,
thereby excluding other components and
creating a conducting channel in bottom-gate bottom-contact
transistors.!?’]

One possible class of materials to blend with conjugated
polymers includes adhesives. Strong adhesion is desirable to
prevent delamination, especially under humid conditions, and
to allow for 3D integration.’>?’] Previous work has devel-
oped polymers that mimic the adhesive protein that mussels
use for strong underwater adhesion.[”! The amino acid 3,4-
dihydroxyphenylalanine (DOPA), which is found in adhesive
polypeptides, relies on several types of covalent and non-covalent
bonds for strong adhesion to a variety of surfaces.[?! To mimic
DOPA within adhesive proteins, 3,4-dihydroxystyrene can be
distributed along a polymeric styrenic backbone, resulting in
poly(catechol-styrene) (PCS).2%31 These kinds of biomimetic
polymers have significantly stronger underwater adhesion
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compared to commercial products.[?) Common epoxies have an
underwater adhesion strength of #1 MPa, whereas biomimetic
polymers, under optimized conditions, have a significantly
stronger underwater adhesion strength of ~#3 MPa.l*”! Because
of their substantial underwater adhesion strength, they could en-
able a variety of bioelectronic applications.!*?]

In this work, we blended PCS with three different kinds of
conjugated polymers to fabricate OTFTs capable of strong adhe-
sion. This approach introduces multifunctional thin-films that
perform as semiconductors and exhibit “sticky” properties. De-
vices containing these polymer blends as the active layer have a
modest drop off in mobility with the addition of the adhesive poly-
mer, up to roughly half an order of magnitude. OTFTs fabricated
using the novel polymer blend developed in this work present ad-
hesion strength comparable to that of epoxy. Adhesion strength
varies depending on the composition of the active layer; from 0.05
to 4.30 MPa based on PBTTT/PCS blends, from 0.29 to 4.29 MPa
based on P3HT/PCS blends, and from 0.30 to 3.52 MPa based on
PDPP/PCS blends. Thus, polymer blends involving PCS shown
in this work can be used for stable vertical stacking of OTFTs in
3D architectures or be used in applications that require adhesion
onto wet surfaces, such as in bioelectronics.

2. Results and Discussion

The conjugated polymers, adhesive polymer, and OTFT device
architecture used in this study are shown in Figure 1. Two
alkyl-thiophene  derivatives,  poly(3-hexylthiophene-2,5-diyl)
(P3HT) and poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
bjthiophene] (PBTTT), along with a high-performance
donor-acceptor polymer, poly[2,5-(2-octyldodecyl)—3,6
diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno[3,2-
bjthiophene)] (PDPP), were used to fabricate active layers of
OTFTs. PCS was blended with conjugated polymers at various
compositions and films were cast on bottom-gate bottom-contact
substrates. The gate is heavily doped p-type silicon and the
dielectric layer is 300 nm thermally grown silicon dioxide. Gold
is used as both source and drain electrodes.

From the transfer curves of devices based on our blends
(Figure 2a; Figures S1-S3, Supporting Information), threshold
voltage for PBTTT/PCS devices shifts from —3.65 to 9.55 V,
for P3HT/PCS devices the shift is from 5.97 to —1.32 V, and
for PDPP/PCS devices threshold voltage increases from 9.52 to
18.9 V when PCS is added. Output curves of PBTTT/PCS blend
(Figure S4, Supporting Information), P3HT/PCS blend (Figure
S5, Supporting Information), and PDPP/PCS blend (Figure S6,
Supporting Information) OTFTs have a linear regime and a satu-
ration regime without a major sign of a contact resistance prob-
lem. In addition, pinch-off points occur at the correct drain volt-
age.

Mobility values were obtained in the region where mobil-
ity is roughly constant with gate voltage. Devices consisting
of pure conjugated polymer have performance values similar
to the ones reported in the literature.[**3¢] Pure PCS films do
not conduct charge, as expected (Figure S7, Supporting Infor-
mation). Once the adhesive polymer is added, charge mobili-
ties decrease by roughly half an order of magnitude when go-
ing from pristine conjugated polymer to either 25 or 20 wt.%
conjugated polymer (Figure 2b; Figure S8, Supporting Informa-
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Figure 1. Chemical structures of polymers and schematic of OTFT device
architecture used in this study.

tion, for PBTTT/PCS blends; Figure S9, Supporting Information,
for P3HT/PCS blends, and Figure S10, Supporting Information,
for PDPP/PCS blends). For PBTTT/PCS blends, mobilities con-
stantly decrease from 0.0742 to 0.0174 cm? V-! s7! when go-
ing from 100 wt.% PBTTT to 20 wt.% PBTTT. For P3HT/PCS
blends, mobilities started at 0.0683 cm?” V! s7! for 100 wt.%
P3HT and remain constant until 25 wt.% P3HT, where they de-
crease to 0.0421 cm? V~! s~1. For PDPP/PCS blends, mobilities
constantly decrease from 0.432 to 0.148 cm? V! s7! when going
from 100 wt.% PDPP to 20 wt.% PDPP. A decrease in mobility
as the amount of insulative material increases is expected.’’38!
Although some decrease in charge mobility is observed, the de-
crease shown in Figure 2b is modest, such that blend films ex-
hibit reasonable charge transport for a wide range of composi-
tions.

Plots of mobility versus gate voltage for the three blend
systems show that there are three different TFT behaviors
occurring (Figure 2b; Figure S8, Supporting Information,
for PBTTT/PCS blends; Figure S9, Supporting Information,
for P3HT/PCS blends, and Figure S10, Supporting Informa-
tion, for PDPP/PCS blends). For PBTTT/PCS blends, an even-
tual plateau of mobility at high gate voltage is indicative of
a power-law mobility.??] For P3HT/PCS blends, an increase
then gradual decay in mobility represents a gradual decaying
mobility.*”] For PDPP/PCS blends, the peak in the mobility
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Figure 2. A) Transfer curves of devices with PBTTT as the active layer and PBTTT/PCS blend as the active layer with 60 wt.% PBTTT. B) Saturation mobility
of devices with PBTTT/PCS blends as the active layer. The width and length of transistor channels are 220 and 320 um, respectively. Error bars denote
the standard deviation from measuring 10 devices per composition. C) Adhesion strength as a function of weight percent of PBTTT in the blended films.
D) Image of bonded 60 wt.% PDPP films in between two silicon/silicon dioxide wafers holding a 156.3 g cellphone.

plot (“kink” in the transfer curve) is reminiscent of a transi-
tion from a contact-limited device at low gate voltages.[**! This
device behavior is present in various previous studies of conju-
gated polymers with DPP moieties that are used as active layers
in OTFTs.[*142]

A lap shear strength test was used to quantitatively character-
ize the adhesive properties of blend films. PBTTT/PCS films can
have adhesion from 0.05 to 4.30 MPa (Figure 2c), P3HT/PCS
films can have adhesion from 0.29 to 4.23 MPa (Figure S1la,
Supporting Information), and PDPP/PCS films can have adhe-
sion from 0.30 to 3.52 MPa (Figure S12a, Supporting Informa-
tion). The maximum adhesion for each conjugated polymer/PCS
blend is about one-half of what is measured for cyanoacrylate su-
perglue when bonding aluminum.% As an example of the adhe-
sion strength of these blends, bonded 60 wt.% PDPP films (0.5
inch x 0.5 inch in bonding area and < 200 nm in thickness) can
hold the weight of a 156.3 g cell phone, highlighting the strong
adhesive bond (Figure 2d). In contrast, none of the neat conju-
gated polymers exhibit any adhesion. Overall, OTFTs with blends
as the active layer possess good adhesive properties.
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We used GIWAXS to reveal how blending PCS with conju-
gated polymers affects the crystallization of the conducting com-
ponent. 2D data for PBTTT/PCS blends, P3HT/PCS blends, and
PDPP/PCS blends are shown in Figures S13-S15 (Supporting
Information), respectively. 1D scattering profiles are shown in
Figure 3 for PBTTT/PCS blends, Figure S16 (Supporting Infor-
mation) for P3HT/PCS blends, and Figure S17 (Supporting In-
formation) for PDPP/PCS blends. Intensities are normalized by
exposure time, film thickness, and concentration of conjugated
polymer. Azimuthally integrated (200) peak intensities in Figure
S18 (Supporting Information) were used to determine the rela-
tive crystallinity of the active layers and are used to explain the
trends observed in the device data. PBTTT/PCS blends (Figure
S18a, Supporting Information) spectra show that the intensity of
the (200) peak does not significantly change as PCS is added. For
the P3HT/PCS blends (Figure S18b, Supporting Information),
the spectra show that once PCS is added, the intensity of the (200)
peak initially decreases and then retains similar intensities for
larger amounts of PCS. GIWAXS data from PDPP/PCS blends
(Figure S18c, Supporting Information) show a similar trend as
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Figure 3. 1D GIWAXS A) out-of-plane proﬁles and B) in-plane profiles
from PBTTT/PCS films. Data were normalized by exposure time, film thick-
ness, and concentration of conjugated polymer.

data from PBTTT/PCS blends in that the intensity of the (200)
peak does not significantly change as PCS is added.

Given the trends in GIWAXS data, we hypothesize that
the up to 76.5% decrease in average mobility from 0.0742 to
0.0174 cm? V' s7! as PCS is added to PBTTT is due to dilu-
tion of the conjugated polymer. In the case of P3HT/PCS de-
vices, the trend in the relative degree of crystallinity of the active
layer does not follow device average mobility results, e.g., 50 and
75 wt.% P3HT devices statistically have the same average mobil-
ity as pure P3HT devices. Retainment of the mobility with the
addition of PCS is similar to previous results. Wang et al. have
shown that the addition of regiorandom P3HT into a regioregu-
lar P3HT active layer does not lead to a decrease in charge mo-
bility until regioregular P3HT content of the active layer is below
5.6 wt.%.1*}] This is despite a drop in crystallinity and is a result of
vertical phase separation, where regioregular P3HT crystallizes
at the dielectric interface to form a conducting channel.[* Like-
wise, P3HT/PCS blend devices have constant average mobility as

Adv. Electron. Mater. 2023, 9, 2300422 2300422 (4 of 8)

www.advelectronicmat.de

low as 50 wt.% P3HT before a 38.4% decrease in average mobility
from 0.0683 to 0.0421 cm? V~' s7! occurs at 25 wt.% P3HT even
though crystallinity decreases once PCS is added. We hypothe-
size that similarly to the regioregular/regiorandom P3HT blend
results, P3HT is present and prefers to crystallize at the semicon-
ductor/dielectric layer interface even though PCS is present. For
the PDPP/PCS system, an up to 65.7% decrease in average mobil-
ity from 0.432 to 0.148 cm? V= s7" as PCS is added is likely due
to dilution effects with the exception of the 60 wt.% PDPP and
80 wt.% PDPP blends. We suggest that lower average mobilities
for those two systems are a consequence of the disruption of the
conducting channel by the presence of PCS. The decrease in mo-
bility in the PDPP/PCS devices could also be due to charge trap-
ping by hydroxyl groups in PCS. Indeed, a less steep subthresh-
old slope from the transfer curves of PDPP/PCS blend devices is
observed when compared to pristine PDPP devices, which could
be a signature of induced traps. Nevertheless, we see no evidence
of induced traps in the P3HT/PCS and PBTTT/PCS blends (no
changes in subthreshold slope).

There are subtle changes in the alkyl spacing and -7 stack-
ing distances once PCS is added. For PBTTT/PCS blends, the
alkyl spacing distance increases from 21.5 up to 21.9 A, and the
7—7 stacking distance increases from 3.69 up to 3.75 A.1*] For
P3HT/PCS blends, the alkyl spacing distance increases from 16.4
up to 16.6 A, and the z—z stacking distance increases from 3.72
up to 3.75 A.[*647] For PDPP/PCS blends, the alkyl spacing dis-
tance increases from 19.6 A up to 20.0 A and the z—r stacking dis-
tance increases from 3.72 up to 3.77 A.[*4] n the PBTTT/PCS
and P3HT/PCS systems, the addition of PCS causes some of the
conjugated polymer chains to align in the face on orientation. For
PBTTT/PCS blends, the in-plane alkyl spacing distance ranges
from 22.0 to 22.8 A, which is close to the out-of-plane alkyl spac-
ing distance. For P3HT/PCS blends, the in-plane alkyl spacing
distance ranges from 16.7 to 17.1 A. An increase in alkyl spacing
distance, z-7 stacking distance, and the presence of in-plane alkyl
spacing all are additional contributors to the decrease in field-
effect charge carrier mobility as PCS is added.

Results from AFM, ToF-SIMS, and AR-XPS thin-film mor-
phology characterization show how thin blend films can achieve
good adhesion regardless of the composition of the active layer.
AFM images of pristine PCS films show PCS on the surface as
spheres or nodules (Figure 4a). Negative ion spectra of pristine
PBTTT and PCS films from ToF-SIMS (Figure S19, Supporting
Information) show that m/e of 135 is a good marker for PCS. The
obtained images at m/e of 135 (Figure S20, Supporting Informa-
tion) show that PCS appears as granular dots, thus confirming
the dots that appear on the AFM images are PCS. We speculate
that these spherical PCS particles act as adhesion sites for bond-
ing to the film surface.

For PBTTT/PCS blend films, AFM images (Figure 4) show that
RMS roughness decreases from 37.3 to 5.67 nm once PBTTT
is added. The order of magnitude decrease in RMS roughness
could cause stronger adhesion between the two films. The in-
tensity of the S 2p signal of PBTTT at 30° (surface) is stronger
than at 80° (bulk) in AR-XPS spectra. As such, AR-XPS spectra
of PBTTT/PCS films (Figure 5; Figure S21, Supporting Informa-
tion) suggest that PBTTT is rich at the surface of the film while
PCS is rich in the bulk. In addition, the intensity of the O 1s sig-
nal of PCS either remains the same or gets stronger when the
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Figure 4. Atomic force microscopy height images of A) 0 wt.% PBTTT
(RMS Roughness = 37.3 nm) and B) 80 wt.% PBTTT (RMS Roughness
=5.67 nm) films.

takeoff angle changes from 30° (surface) to 80° (bulk). Although
the S 2p signal is stronger on the surface, there is still sufficient
PCS present on the surface to bond two films together.

The ability to bond all compositions of P3HT/PCS films can be
explained using AFM and AR-XPS. 75 wt.% P3HT has the lowest
RMS roughness compared to the other two blend compositions,
2.90 nm compared to as high as 44.3 nm (Figure S11b—e and
Table S1, Supporting Information). AR-XPS shows the strongest
O 1s signal at 25 wt.% P3HT when takeoff angle is 30° (Figure
S22, Supporting Information). This suggests that PCS is rich in
the surface at this composition compared to the other two blend
compositions at 30° takeoff angle. The ability to bond all compo-
sitions of PDPP/PCS films can be explained in a similar manner
as P3HT/PCS films. PCS is present on the surface of the films
even though the surface is rich in PDPP (S 2p peak decreases as
takeoff angles change from 30° to 80°) (Figure S23, Supporting
Information). XPS data from blends of various compositions also
confirms the enrichment of conjugated polymer at the surface of
PBTTT/PCS films (Figure S24, Supporting Information). RMS
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Figure 5. Angle-Resolved XPS measurements of A) 0 wt.% PBTTT and
B) 80 wt.% PBTTT films at 30° and 80° takeoff angles. The signal on the
left side of the plot (ca. 534 eV) represents the O 1s signal coming from
PCS. The signal on the right side of the plot (ca. 164 eV) represents the S
2p signal coming from PBTTT.

roughness slightly increases as the amount of PDPP increases,
from 43.8 nm at 20 wt.% PDPP to 47.4 nm at 60 wt.% PDPP.
At 80 wt.% PDPP, due to the surface being significantly rich in
PDPP, the RMS roughness decreases to 29.3 nm (Figure S12b—e
and Table S2, Supporting Information). These characterization
results indicate that a balance between surface roughness and
the amount of PCS at the bonding interface plays an important
role in the adhesion process, and that blending can be used to
optimize thin-film adhesion by smoothening out the surface of
the films and getting an adequate amount of PCS on the surface.

3. Conclusion

By creating blends of three different kinds of conjugated poly-
mers along with PCS, multifunctional OTFTs that show both
semiconductive and adhesive properties were fabricated. Differ-
ent compositions of conjugated polymer and adhesive polymer
in thin-films lead to a modest decrease in field-effect charge
carrier mobilities, with the largest decrease being only roughly
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half an order of magnitude for film compositions studied here
(20-100 wt.% conjugated polymer). Adhesive properties of thin-
films varied at each composition and different conjugated and
adhesive polymer blends. The maximum adhesion strength for
the blends was determined to be 4.30 MPa for PBTTT/PCS films.
Various characterization techniques were used to explain the
decrease in mobility and understand the thin-film morphology
of the multifunctional active layer. A decrease in mobility can
be attributed to dilution effects for PBTTT/PCS and PDPP/PCS
blends, and a decrease in crystallinity for the P3HT/PCS blends
as confirmed using GIWAXS. AFM images confirm a decrease
in RMS roughness as the conjugated polymer is added to the ac-
tive layer. The presence of PCS on the surface of the film as the
conjugated polymer is added to the active layer is confirmed by
AR-XPS. The successful blending of two unique polymers to fab-
ricate multifunctional thin-films that exhibit both semiconduct-
ing and adhesive properties could enable OTFTs for bioelectron-
ics and 3D integration applications.

4. Experimental Section

Materials: ~ Poly(3-hexylthiophene-2,5-diyl) (P3HT) (EES7802, M,, =
36.6 kg mol™!, B = 2.0) was purchased from Merck. Poly[2,5-
bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]  (PBTTT) (Prod-
uct 753971, M,, = 65.0 kg mol~!, B = 2.5) was purchased from
Millipore-Sigma. Poly[2,5-(2-octyldodecyl)—3,6-diketopyrrolopyrrole-
alt-5,5-(2,5-di(thien-2-yl)thieno[3 2-b]thiophene)] ~ (PDPP)  (M0311A2,
M,, = 204 kg mol~!, D = 3.1) was purchased from Ossila. Poly[(3,4-
dihydroxystyrene)-co-styrene] (M,, = 64.3 kg mol™', D = 2.3, Percent
Catechol = 29.8%) was synthesized as previously described.[?830:31]
Anhydrous trichloroethylene, trichloro(octadecyl)silane (ODTS), an-
hydrous 1,2-Dichlorobenzene, and anhydrous 1,2,4-Trichlorobenzene
were purchased from Millipore Sigma. Hexadecane was purchased
from Alfa Aesar. Trimethoxy(octadecyl)silane (TMOS) was purchased
from Acros Organics. Heavily doped p-type Si (100) wafers from Pro-
cess Specialties were used for GIWAXS, AFM, and AR-XPS. Heavily
doped p-type Si (100) wafers with a 300 nm thick thermally grown SiO,
layer from Process Specialties were used for OTFTs, bonding samples,
and ToF-SIMS.

OTFTs Fabrication and Testing: Solutions for OTFTs were pre-
pared by dissolving the conjugated polymer and adhesive polymer in
the corresponding solvent (1,2,4-Trichlorobenzene for P3HT/PCS, 1,2
Dichlorobenzene for PBTTT/PCS and PDPP/PCS) individually at a con-
centration of 10 mg mL™" overnight on a 45 °C hotplate. Individual so-
lutions were then distributed to get the correct weight percent blends.
These blend solutions were then stirred on a 45 °C hotplate for ~2 h.
OTFT substrates consist of heavily doped p-type Si (100) wafers with a
300 nm thick thermally grown SiO, layer. 100 nm thick gold source and
drain electrodes were evaporated onto the substrate and patterned us-
ing conventional double-layer lithography techniques at the Penn State
Materials Research Institute Nanofabrication Laboratory. Substrates were
cleaned with isopropanol and dried with dry air. They were then subjected
to UV-Ozone for 20 min. After UV-Ozone, OTFT substrates were surface-
treated with either 0.006 m TMOS in hexadecane (P3HT/PCS system)
overnight at room temperature in air or 0.01 m ODTS in trichloroethy-
lene (PBTTT/PCS & PDPP/PCS systems) for 20 min at room tempera-
ture in a nitrogen-filled glovebox. Substrates were then cleaned using iso-
propanol (P3HT/PCS system) or toluene and isopropanol (PBTTT/PCS
and PDPP/PCS systems). TMOS-treated substrates were then dried with
air. ODTS-treated substrates were dried with air and annealed at 120 °C
for 20 min. Solutions were stirred at 90 °C prior to deposition. P3HT/PCS
was spin-coated at 1000 RPM for 4 min after letting the deposited solution
wet on the surface for 40 s. PBTTT/PCS was spin-coated at 2000 RPM for
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2 min. PDPP/PCS was spin-coated at 1500 RPM for 2 min. Devices were
then annealed at the following conditions. P3HT/PCS were annealed
at 150°C for 3 h. PBTTT/PCS were annealed at 140 °C for 12.5 min.
PDPP/PCS were annealed at 160 °C for 10 min. Devices were fabricated
in bottom-gate and bottom-contact configurations. Devices were then
tested using a Keithley 4200-SCS to obtain transfer curves in the satura-
tion regime and output curves. Mobility equation (Equation (1)) in the
saturation regime was used to extract hole mobility:

f)\/E)z 2L

% W s C

Hdiff, sat (VG) = ( (])

where I is the current between the source and drain electrodes, L and W
are the length and width of the channel, ug o is the differential charge
mobility in the saturation regime, Cis the capacitance of the dielectric, and
V, is the gate voltage. For all devices tested, L = 320 pm and W = 220 um.

Lap Shear Strength Test: Lap shear strength test samples were pre-
pared similarly to how OTFTs were fabricated. The only difference is that
bare Si/SiO, was used. Two spin-coated samples were prepared for each
bonding sample. Blend films were bonded with FM1202 Vacuum Mold
Pressing Machine (Beijing Future Material Sci-Tech Co., Ltd.). One of the
prepared samples was stacked on top of the other sample with both poly-
mer film surfaces facing each other. One of the samples was made sure to
be smaller than the other to ensure that the adjoining polymer surfaces
overlap completely. Adjoined samples were then pressed at a constant
pressure of 1 MPa and heated at 180 °C for 24 h for the curing process.
After 24 h, the sample was allowed to cool for 6 h while still being pressed
at a constant pressure of 1 MPa. The sample was then removed from the
bonder. Bonded samples were then adhered to two ASTM acid-etched alu-
minum substrates using commercial epoxy. The substrates were drilled on
one end for use in lap shear adhesion testing. Bonded silicon/silicon diox-
ide wafers were allowed to cure the aluminum for 24 h for maximum hold.
Lap shear samples were tested using an Instron 5544 with a 2 kN load cell.
The pull rate was set to 2 mm min~' and allowed for complete failure of
the bonded area.

Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS): GIWAXS
samples were cast on heavily doped p-type Si (100) wafers. Substrates
were sonicated with acetone and isopropanol for 20 min each, dried with
air, then subjected to UV-Ozone for 20 min. After UV-Ozone, surface
treatment, spin coating thin-films, and annealing followed the same pro-
cedure as fabricating OTFTs. GIWAXS data were obtained on Beamline
7.3.3 atthe Advanced Light Source, Lawrence Berkeley National Laboratory
(4= 1.24 A) using 10 keV X-rays and a Pilatus detector. GIWAXS measure-
ments were taken at an angle of incidence of 0.14°, which is above the
critical angle of all materials. The obtained 2D data were reduced to 1D
profiles using Xi-Cam.[>0]

Atomic Force Microscopy (AFM): AFM samples were prepared simi-
larly to how the GIWAXS samples were prepared. The samples were im-
aged with Bruker Dimension Icon Atomic Force Microscope using peak
force tapping mode. The peak force set point was set at 1.5 nN.

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS):  ToF-SIMS
samples were prepared similarly to how the OTFTs were fabricated. The
only difference is that bare Si/SiO, was used. ToF-SIMS depth profiling
was performed on a Physical Electronics NanoTOF Il instrument. Sam-
ples were mounted behind a 5 mm aperture mask. The spectroscopy beam
is 30 keV Biz* and the gas cluster ion beam (GCIB) is 5 keV Artgog.
Spectroscopy beam raster size is 100 microns x 100 microns with a beam
strength of 1.8 nA, 100 microns column aperture. GCIB raster size is
600 microns x 600 microns with a beam strength of 4.2 nA. The GCIB did
5 s etch per cycle for 30 cycles. Mass resolution is ~3000 with contrast
diaphragm out. The ratemeter is ~25 kCPS during acquisition. For spec-
troscopy acquisition, 2 frames per cycle, 2 x 10'° dose, and 256 x 256
image resolution were used with an end mass of 1850. An Electron neu-
tralizer was used for negative ion spectral acquisition. Electron and ion
neutralization were used during GCIB sputtering.

Angle-Resolved X-Ray Photoelectron Spectroscopy (AR-XPS): AR-XPS
samples were prepared similarly to how GIWAXS and AFM samples were
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prepared. AR-XPS experiments were performed using a Physical Electron-
ics VersaProbe Il instrument equipped with a monochromatic Al ka X-ray
source (h, = 1486.7 eV) and a concentric hemispherical analyzer. Charge
neutralization was performed using both low-energy electrons (<5 eV) and
argon ions. The binding energy axis was calibrated using sputter-cleaned
Cu (Cu 2p;;, = 932.62 eV, Cu 3p3 ), = 75.1 eV) and Au foils (Au 4f;, =
83.96 eV).[>"] Peaks were charge referenced to the CH, band in the carbon
1s spectra at 284.8 eV. Measurements were made at takeoFF angles of 30°
and 80° with respect to the sample surface plane. This resulted in a typical
sampling depth of 3—4 nm and 6-8 nm, respectively (95% of the signal
originated from this depth or shallower). Quantification was done using
instrumental relative sensitivity factors (RSFs) that account for the X-ray
cross-section and inelastic mean free path of the electrons.
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