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Intrinsically Photopatternable High-k Polymer Dielectric for

Flexible Electronics

Gunoh Lee, Seong Cheol Jang, Ju Hyeok Lee, Ji-Min Park, Byeongil Noh, Hyuk Choi,
Hyukmin Kweon, Do Hwan Kim, Hyun You Kim,* Hyun-Suk Kim,* and Kyung Jin Lee*

The development of flexible and stretchable devices is crucial for realizing
future electronics. In particular, for dielectric layer, conventional inorganic
materials are limited by their brittle nature, while organic materials suffer from
a low dielectric constant. Here, a novel intrinsically photopatternable high-k
Parylene-based thin film (Parylene-OH) is fabricated via a chemical vapor
deposition process based on the Gorham method, which provides pin-hole
free, conformal polymeric film on any type of surface. Parylene-OH can be
photo-patterned by UV crosslinking without further lithography processes and
dielectric constant of Parylene-OH increases from 6.05 to 7.53 after
crosslinking, without degrading other parameters, making it comparable to
conventional high-k dielectric, Al,O;. Flexible In—Ga—Zn—0 (IGZO) thin-film
transistors (TFTs) with patterned dielectric layers can withstand higher strain
owing to the localized pattern of each unit. A CMOS inverter integrated with
n-type IGZO and p-type Te TFTs is successfully fabricated. Parylene-OH can

1. Introduction

Thin-film transistors (TFT5s) are one of the
vital units in electronic devices, and their
importance is increasing owing to grow-
ing demands of the modern digital era.
Each component of TFT devices, such as
semiconductors, gate dielectrics, and their
architecture, has been extensively investi-
gated to realize high-performance TFT de-
vices. In particular, diverse materials be-
yond silicon-based semiconductors (either
n- or p-type), such as oxides, perovskites,
and organic semiconductors, have been ex-
amined to replace conventional Si active
layers.['] Additionally, among the various
gate-insulating layers that have been inves-
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tigated, oxide-insulating layers (silica or alu-
mina, etc.) are commonly adopted in most
TFT devices owing to their excellent insu-
lating properties, stabilities, and interfacial
characteristics.[*°) However, there have been several problems in
terms of their characteristics and processability; for instance, it is
difficult to realize top-gated TFT devices using conventional ox-
ide insulating layers owing to possible damage of the active layer
during harsh processing conditions, whereas a top-gated insu-
lating layer can act as an additional encapsulation or protective
layer. Moreover, the oxide-insulating layers are inherently brittle,
which poses a critical limitation in the development of flexible
and stretchable devices.[1*12]

The growing demand for flexible and stretchable electronic de-
vices has led to increased research on the development of organic
or polymeric-based flexible insulating layers. Although polymeric
layers offer several advantages in terms of processing (solution
processability and low costs) and physical attributes (flexibility,
durability, and stretchability), they require extremely thin dielec-
tric layers owing to the intrinsic low-dielectric constant of or-
ganic materials, which results in a low driving current. On the
other hand, there are several studies on high-k dielectric, in-
cluding inorganic, and organic materials.['*2!] Inorganic mate-
rials have advantages such as excellent dielectric properties, low
leakage current, and large breakdown field, but their brittle na-
ture is not suitable for next-generation flexible and stretchable
electronics.['>22-26] Organic materials have recently been receiv-
ing a lot of research into the dielectric layer of future flexible and
stretchable TFT based on their excellent physical properties. Re-
cently, a number of polymer dielectrics with dielectric constants
exceeding 10 or showing very low leakage current density have
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been reported. However, most of them are manufactured based
on a solution process, which has inevitable side effects, such
as void, pinhole, and coffee ring effects, which are not suitable
for cutting-edge electronics. In addition, it is difficult to obtain
pin-hole-free thin polymeric films via solution processing./?’:*]
As an alternative, the vapor-processable introduction of poly-
meric layers is a promising approach, and outstanding results
have been reported recently.[?-3!] Parylene-based polymers are
well-established vapor-processable polymers [32-3°] and several at-
tempts have been made to apply Parylene films as a gate dielectric
layer.3¢-38] Our recent work has proven the possibility of applying
diverse Parylene polymers in the organic dielectric layers of top-
gated TFT devices based on various oxide semiconductors.>*]
To the best of our knowledge, no specific interface mismatches,
roughness problems, or pinhole problems have been observed,
regardless of the type of active layer, using various types of Pary-
lene derivatives, including synthesized/functionalized dimers.

The development of patternable dielectric layers has recently
attracted significant attention. The patterned and isolated dielec-
tric layer can provide advantages in terms of device performance
by reducing parasite capacitance and RC delays and enables us to
consider stretchable devices by the localized pattern of each unit.
Since patterning of the dielectric layer by a shadow mask has an
intrinsic limitation in resolution, the only possible method is the
introduction of an additional photolithography process during
device fabrication, which can incur excessive cost increments and
complicate the fabrication process. Therefore, there have been
several attempts to use photoreactive polyimides or add photo
additives to polymeric insulators for preparing photopatternable
dielectric layers.[**-*] However, the above-mentioned problems
associated with solution-processable dielectric layers should be
addressed for practical applications.

In this work, we report on the application of Parylene-based
(vapor process enabled) photopatternable polymeric gate di-
electric layers on oxide semiconductor TFT devices. Hydroxy-
functionalized paracyclophane dimers can produce pin-hole-free
conformal polymeric thin films on any substrate. Similar to
our previous works, the functionalized Parylene (hereinafter re-
ferred to as Parylene-OH) film exhibits excellent performance as
a gate dielectric layer. The Parylene-OH demonstrates superior
dielectric constant (6.05 (pristine), 7.53 (crosslinked) at 100 kHz)
to commercialized Parylene films (Parylene-C 2.91, Parylene-D
2.58, Parylene-AF4 2.95 at 100 kHz) I°}; thus, high driving cur-
rent values can be obtained. Further, an additional photoreaction
enables the material to be applied to the photopatternable dielec-
tric layer. The transfer characteristics were maintained after UV
irradiation, even after the development process. Flexible TFT de-
vices were fabricated using the developed photopatternable di-
electric layers. Finally, a complementary metal-oxide semicon-
ductor (CMOS) inverter was fabricated to demonstrate further
applications. These vapor-processable and photopatternable poly-
meric dielectric layers can provide evolutionary breakthroughs in
next-generation electronic devices.

2. Results and Discussion

Figure 1la presents an overall schematic diagram showing the
preparation of TFTs devices using In—Ga—Zn—0 (IGZO) and
photopatternable organic dielectric layers. First, the IGZO ac-
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tive layer was sputtered on a glass substrate, followed by rapid
thermal annealing (RTA) at 300 °C. Upon depositing the Al
source/drain (S/D) via a thermal evaporation system, an organic
dielectric layer was deposited using the Gorham method, as
shown in Figure 1b.*®) This process can be easily accessible
because the CVD of Parylene-OH is also available using com-
mercial coater by just changing dimer. The activated monomer
from a dimer called 4-hydroxy[2.2]paracyclophane was involved
in polymerization over the entire area of the TFT array, provid-
ing the polymeric thin film, as shown in Figure 1c. The sublimed
monomer is fed into pyrolysis zone (typically 550 — 560 °C) using
argon carrier gas (the flow rate and sublime temperature is con-
trolled to maintain vacuum pressure of chamber ~0.1-0.15 torr
during entire process, and the growth yield was in this process
was 0.32 nm mg~'. As shown in Figure 1b, photopatterned or-
ganic dielectrics were realized by UV crosslinking at 254 nm for
10 min using a photomask followed by developing with THF
solvent, which is a relatively simple process compared to pho-
tolithography using a photoresist. Finally, the Al gate electrode
was fabricated via thermal evaporation. Detailed experimental pa-
rameters of the fabrication and photopatterning process are de-
scribed in the Experimental Section.

2.1. Characterization of Parylene-OH and Oxide TFT

To deposit the Parylene-OH film via chemical vapor deposition
(CVD) polymerization, poly[(hydroxy-p-xylylene)-co-(p-xylylene)],
the dimer was synthesized in two steps from the commercialized
dimer [2.2]paracyclophane.[*’] The synthetic process is not quite
complicate, and thus the cost of synthetic monomer will be much
cheaper than the most expensive Parylene dimer (i.e., Parylene-
AF4, high-performance parylene dimer available in market). The
vapor phase coating of Parylene-OH was conducted in a pressure
of ~0.10 to 0.15 Torr on a deposition holder which was cooled
down to 5 in an 80 °C chamber passing through the pyrolysis re-
gion ~550-560 °C (see details in Experimental Section). Figure 2a
illustrates the chemical structure and Fourier-transform infrared
(FTIR) spectra of the dimer and polymer of Parylene-OH, re-
spectively, revealing O—H stretching at 3500-3200 cm™~!, C—H
stretching at #2900 cm™!, and C—C/C=C stretching band com-
posing the aromatic ring at #1500 cm™!. The detailed synthetic
scheme of the dimer is described in Figure Sla (Supporting In-
formation). Moreover, the successful synthesis of the dimer was
confirmed by 'H- and *C-NMR spectroscopic analyses (Figure
S1b-e, Supporting Information). Detailed NMR analysis data is
provided in the experimental Section. Unlike common liquid-
based processes, Parylene-OH can be polymerized via CVD, re-
sulting in conformal films with a good surface roughness of RMS
value below 1 nm on any substrate, including the IGZO and Si
substrates, as presented in Figure 2b. CVD processes for Parylene
can provide a good interface match as well as high-quality poly-
meric thin films regardless of the substrate.’] Cross-sectional
images of IGZO TFTs from FIB-SEM confirmed that Parylene-
OH has no pinholes, voids, or any mismatches between organic
and inorganic materials for each layer in the TFT architecture, as
shown in Figure 2c.

The dielectric and electrical properties of Parylene-OH were
measured using metal-insulator-metal (MIM) devices. Figure 2d
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Figure 1. Overall process of fabricating the top-gated IGZO TFT device and photopatterning process of Parylene-OH. a) Schematics of fabricating the
top-gated thin film transistor. b) Detailed process of fabricating patterned-Parylene dielectrics depicting the photopatterning steps. The Parylene-OH was
deposited on the entire area of the TFT array via CVD based on the Gorham method. Thereafter, the localized Parylene-OH could be implemented with
subsequent developing steps via the photo-crosslinking process using photomask and UV 254 nm. c) Chemical structure representation of polymerizing

Parylene-OH in each step.

illustrates the capacitance—voltage curves of Parylene-OH from
—5t0 5V at 100 kHz (as a comparison, MIM analysis of Parylene-
Cis presented as a dashed line). Although most commercial poly-
mers, including commercialized Parylene, have dielectric con-
stants below 5, such as poly(methyl methacrylate) (k = 3.5),
poly(vinyl phenol) (k = 4.2), polystyrene (k = 2.6), Parylene-
C (k = 2.9), Parylene-D (k = 2.6), Parylene-N (k = 2.6), and
Parylene-AF4 (k = 2.9), Parylene-OH fabricated via CVD poly-
merization exhibits capacitance values (53 nF cm™2, ¢, = 6.05 at
100 kHz) that are significantly higher than those of commercial
polymers and more than double those of the conventional Pary-
lene family.[“-% Figure S2 (Supporting Information) shows the
frequency-dependent dielectric properties of Parylene-OH under
frequency of 1 kHz to 1 MHz, which consists of voltage sweep ca-
pacitance of Parylene-OH. Because the CVD process is relatively
robust over large areas, the uniformity of 20 MIM devices is good,
as shown in Figure S2b (Supporting Information). Additionally,
there is no specific deterioration in dielectric and electrical prop-
erties when film thickness is reduced to 50 nm as shown in
Figure S2c—e (Supporting Information). The high dielectric prop-
erties of Parylene-OH may be related to the functional group of
Parylene-OH and the hydroxy group (—OH). The dielectric prop-
erties represent the ability of a material to store electrical energy
in response to an external electric field and are influenced by the
polarity of the material. The hydroxy group is known to have a
high dipole moment compared to fluorine (Parylene-AF4) and
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chlorine functional groups (Parylene-C, Parylene-D). The leak-
age current density of Parylene-OH was below 10~ A cm™ at
1 MV cm™! and showed no dielectric breakdown until the break-
down field of 3 MV ecm™, as depicted in Figure 2e, revealing the
excellent electrical and dielectric properties of Parylene-OH.
Figure 2fillustrates the transfer curves of IGZO TFTs prepared
with Parylene-OH and Parylene-C for comparison (thickness of
the dielectric layer: 100 nm). IGZO TFTs with Parylene-OH ex-
hibit mobility, subthreshold swing, turn-on voltage, on/off ra-
tio, and interface trap density of 7.61 cm? V-!s71, 0.26 V dec?,
—0.91V, > 10,7 and 1.13 x 102 V~'cm™2 respectively. Owing
to the higher capacitance of Parylene-OH compared to Parylene-
C (e, = 2.83 at 100 kHz), IGZO TFTs with a Parylene-OH gate
dielectric exhibit more than two times higher drain current.
Also, IGZO TFT with Parylene-OH shows almost no hystere-
sis as shown in Figure 2g, indicating that the interface between
the semiconductor and dielectric is excellent. Positive bias stress
(PBS) and negative bias stress (NBS) tests of the fabricated IGZO
TFTs with Parylene-OH also confirmed the electrical stability of
the IGZO TFTs. The applied gate voltage (V) and drain volt-
age (Vp) were +10 and 0.1 V, respectively. Each stability test
was conducted at room temperature (RT, 25 °C) in air and dark
for 1 h. Here, PBS and NBS of IGZO TFTs with Parylene-OH
show AV, values of 0.56 and —1.11 V, respectively, as shown in
Figure 2h (see Figure S3, Supporting Information for detailed
transfer curves). In addition, IGZO TFTs with Parylene-OH show
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Figure 2. Parylene-OH dielectric polymer and its TFTs device. a) Chemical structure of dimer and polymer state of Parylene-OH for each, as well as the
FTIR spectra sustaining the functional group on the polymer even after the CVD polymerization. b) Surface roughness of Parylene-OH thin film on the
various substrates including oxide and Si wafer. c¢) Schematic image of top-gate TFTs using Parylene-OH as gate dielectric and its cross-sectional FIB-SEM
image, showing interfaces of each layer. d) Dielectric properties of parylene-OH at 100 kHz (parylene-C for comparison) €) ,..i-E-field characteristics of
MIM devices with different parylene dielectric f) Transfer curves of IGZO TFTs with different gate dielectrics, obtained from Vg of 10 V g) Hysteresis,
h) NBS and PBS stability, and i) Output curves of IGZO TFTs with Parylene-OH.

good output curves with no current crowding and ohmic-like con-
tact, as shown in Figure 2i. The results indicate that Parylene-OH
can be applied to IGZO TFTs as an organic dielectric layer with-
out any specific problems. These results indicate that Parylene
films polymerized from the Parylene derivatives can be success-
fully adopted as a gate dielectric layer, as described in our previ-
ous results.l”)
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2.2. UV Crosslinkable Parylene Dielectric Layer and TFTs
Applications

The Parylene family is well known for its excellent chemical
resistance and non-solubility in any organic solvent owing to
their extremely high molecular weight.’!l However, in the case
of Parylene-OH, the film can be dissolved in tetrahydrofuran
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Figure 3. UV Crosslinkable Parylene Dielectric Layer. a) OM image of 5 um scale island-patterned Parylene-OH. b) AFM 3D topology showing the bound-
aries of the crosslinked Parylene-OH (red) on the Si wafer substrate (blue). c) Line profile information of height to position from island-patterned of
Figure 2b. d) XPS spectra according to UV irradiation time for the carbon species. e) FTIR spectra for the overall molecular structure at each photopat-

terning step and its detailed analysis below 2000 cm~".

(THF). Considering this soluble property against a specific sol-
vent, unlike the conventional Parylene, the Parylene-OH polymer
may have a relatively lower molecular weight (however, it has
a sufficiently high molecular weight that can serve as a dielec-
tric layer, as indicated above). Note that Parylene-OH exhibits the
unique characteristic of being capable of crosslinking via expo-
sure to UV irradiation at a wavelength of 254 nm, changing its
properties from THF soluble to insoluble (Figure S4, Support-
ing Information). Therefore, UV photopatterning of Parylene-
OH was achieved by developing unexposed Parylene-OH using
THF, as shown in Figure 3a. In this study, photopatterning was
demonstrated at a resolution of 5 um scales with island shape pat-
terned array on Si wafer substrate (Figure 3a). Figure 3b shows
the 3D AFM topology of UV crosslinked Parylene-OH (hereafter
referred to as “CL Parylene-OH”), and the cross-sectional height
profile shows CL Parylene-OH can be patterned in the resolu-
tion of &5 pm at intervals of 1.5 pm, as shown in Figure 3c.
Furthermore, it is possible to make patterns in various forms, in-
cluding simple repeating patterns (islands) and custom-designed
letter-shaped patterns (such as “S”), as illustrated in Figure S5
(Supporting Information). CL Parylene-OH can provide high-
resolution and sharp boundaries of patterns via a simple fabri-
cation process involving UV treatment and development. There-
fore, it is a promising alternative to photoresist-based patterning
of dielectrics, which typically involves highly complex fabrication
processes. Furthermore, as demonstrated in Figure S6 (Support-
ing Information), the surface roughness of CL Parylene-OH re-
mains largely unaltered after the development process, suggest-
ing that it is a highly reliable material for various applications. In
addition, looking at Figure S7 (Supporting Information), it can
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be confirmed through FIB-SEM analysis to see the cross-section
of the MIM structure that the Parylene-OH has little change in
thickness and maintains a good initial interface state for each
step of patterning. Prolonged exposure of most polymer films
to UV radiation at a wavelength of 254 nm can lead to oxida-
tion and chain scissoring.®?! For the hydroxy functional group
in phenol, UV radiation at a wavelength of 254 nm can cause
the formation of phenol radicals, which can create additional
active sites for crosslinking.®}! Figure 3d illustrates the XPS
spectra of the Parylene-OH films according to the UV exposure
time.

As described in the detailed analysis of the C1s peak with de-
convolution (Figure S8, Supporting Information), there are ob-
vious differences in the oxidation behavior between Parylene-C
and Parylene-OH. In the case of non-phenol species (Parylene-
C), surface oxidation occurs immediately after UV irradiation
(Figure S8d-f, Supporting Information).l>*51 However, the poly-
mers with phenol species (Parylene-OH, Figure S8a—c, Support-
ing Information) withhold oxidation until 10 min of UV irradia-
tion, which could be attributed to active radical formation. How-
ever, note that if the UV irradiation time exceeds 10 min, an in-
crease in the C=0 peak intensity and the appearance of O—C=0
peaks are observed owing to the oxidation of the polymer film like
Parylene-C. Hence, we selected 10 min of UV irradiation as the
optimum condition for crosslinking the Parylene-OH while pre-
venting over-oxidation. The surface modulus of both Parylene-
OH and the crosslinked films was even higher than that of the
conventional Parylene-C, indicating that our designed Parylene-
OH provides enhanced mechanical strength (Figure S9, Support-
ing Information).>®! Note that, the obtained film modulus of the
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Parylene-OH family surpassed that of previously reported poly-
mer films which are conventionally used in the field of polymer
electronics.[57%8]

The FTIR spectra in Figure 3e demonstrate that the overall
molecular structures are maintained after UV irradiation and de-
velopment. However, compared to the internal standard (C=C
of benzene at 1583 cm™1), the C=0 stretching of conjugated ke-
tone and the C=C stretching of unsaturated ketone at 1698 and
1619 cm™! are slightly increased. Furthermore, there is a slight
increase in two types of ether peaks, C—O—C aromatic ether at
1238 cm™! and alkyl aryl ether at 1204 cm™!, suggesting that the
single-linear chain structure of Parylene-OH is converted to a
multi-crosslinked chain structure following the UV crosslinking
process. The phenol radical is formed by 254 nm UV irradiation,
which has a resonance structure for the localization of the radi-
cal. Also, there are carbons that are susceptible to being attacked
by other radical species including partially negative sites. This
mechanism is presented in detail in Figure S10a,b (Supporting
Information).

Although further structural analysis of CL Parylene-OH is
needed, it was challenging to characterize the polymer state
(thin film) due to its high resistance to organic solvents typ-
ically used for analyses. As an alternative approach, indirect
evidence was obtained by UV curing the dimer state rather
than the polymer state, as the dimer state is soluble in or-
ganic solvents even after photoreaction. Figure S11 (Support-
ing Information) suggests characterization of Parylene-OH in
the form of multiple units of dimer. TLC plate analysis re-
veals a new small peak after UV irradiation on dimer, which
can be confirmed again by *C-NMR spectroscopy. Moreover,
the FTIR spectra of photo-irradiated dimers showed a sim-
ilar trend as shown in Figure 3e. Through this evidence,
the final chemical structure of CL Parylene-OH could be ex-
pected to be depicted as shown in Figure S10c (Supporting
Information).

The morphologies of the DFT-optimized multi-stacked
Parylene-OH and CL Parylene-OH show that the spatial density
(packing density) increases during the crosslinking because
of the formation of the short —C—0O—C— bonds (Figure 4a,b).
The calculated static dielectric constant (e, sum of electronic
and ionic dielectric constants) using the density functional
perturbation theory (DFPT) confirms that the ionic dielectric
constant significantly increased after cross-linking. The cal-
culated e, of CL Parylene-OH was 7.86, almost consistent
with the experimental value of 7.53. The DFT-calculated total
dipole moments along the lattice directions confirm that the
crosslinking increases the dipole moment of Parylene-OH
along the plane in which the —C—O—C— bonds are aligned
(Figure 4a,b). Figure 4c summarizes the experimental data
and DFTP calculation data of the dielectric constants of the
two materials. The sliced electron density maps also present
the enriched electron density along the —C—O—C— bonds,
which generate local dipole moments (Figure S12, Supporting
Information).

The dielectric and electric properties of the CL Parylene-OH
and AL O, films are shown in Figure 4d,e. The Al,O, films were
fabricated via plasma-enhanced atomic layer deposition (PEALD)
for comparison. The MIM structure capacitor devices were con-
firmed to be fully working after solvent development, showing an
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increased dielectric constant of 7.53 at 100 kHz, similar to that
of the well-known high-k Al,O, dielectric fabricated via PEALD.
Steady dielectric properties over wide ranges of frequency and
voltage indicate that the patterning process has no fatal effect on
insulating performances, as shown in Figure S13a (Supporting
Information). Also as shown in Figure S2b (Supporting Infor-
mation), 20 MIM devices with CL Parylene-OH show good area
uniformity. No degradation in dielectric and electrical properties
of CL Parylene-OH was observed when the film thickness was
reduced to 50 nm, the same as Parylene-OH, as shown in Figure
S13b-d (Supporting Information). Note that the dielectric con-
stant of CL Parylene-OH increases from 6.05 to 7.53, which is
a significant improvement. Because the reduction amount of —
OH groups after crosslinking is marginal (see FTIR, Figure 3e),
the increment of the dielectric constant after crosslinking is pri-
marily due to the formation of a short C—O—C bond. In addi-
tion, the bandgap of Parylene-OH before and after UV crosslink-
ing was measured as 4.17 and 3.91 eV, respectively through
the Tauc plot from UV-vis analysis (Figure S14, Supporting
Information).

Despite undergoing the patterning process, CL Parylene-OH
exhibits a similar breakdown field over 3 MV cm™' compared
to Parylene-OH and a low leakage current density of 2.6 x 107°
A cm™? at an electrical field of 1 MV cm™!, indicating no addi-
tional damage to the dielectric layer during the patterning pro-
cess. The leakage current density of CL Parylene-OH increases by
1 order of magnitude compared to that of Parylene-OH, mainly
due to lowering bandgap (Figure S14, Supporting Information)
and corresponding to the large increment in dielectric constant.
Moreover, the low leakage current density can be attributed to
several factors, including the inhibition of ion migration, re-
duced free volume, and non-pinhole surface morphology of the
crosslinked copolymers. IGZO TFTs fabricated with CL Parylene-
OH show mobility, subthreshold swing, turn-on voltage, on/off
ratio, and interface trap density of 9.22 cm? V-'s7!, 0.41 V dec™,
0.70 V, > 10,7 and 2.41 x 10" V-lecm~2 respectively (Figure 4f).
The top-gate IGZO TFTs using PEALD Al, O, show mobility, sub-
threshold swing, turn-on voltage, on/off ratio, and interface trap
density of 8.51 cm? V-1s71,0.56 Vdec™!, —0.73 V, > 10, and 3.11
x 1012 V-lem™2 respectively. IGZO TFTs with CL Parylene-OH
show a high driving current equal to the existing high-k inorganic
Al, O, gate dielectrics, indicating that CL Parylene-OH can act as
a high-k gate dielectric in IGZO TFTs. There is no specific hys-
teresis between forward and reverse scans as indicated in Figure
S15 (Supporting Information). The output curves exhibit ohmic-
like contacts and no current crowding, indicating a good inter-
face between IGZO and CL Parylene-OH (Figure 4g). To evalu-
ate the electrical stability of the IGZO TFT, the PBS/NBS test on
the IGZO TFT with CL Parylene-OH was conducted under the
same conditions as the IGZO TFT with parylene-OH mentioned
above. Figure 4h shows the evolution of the turn-on voltage as a
function of time of IGZO TFTs with CL Parylene-OH and PEALD
Al,O;. PBS and NBS of CL Parylene-OH show AV, values of
0.52 and —1.12 V, respectively, which are comparable to those
of above mentioned IGZO TFTs with Parylene-OH and the pre-
viously reported IGZO TFTs with Parylene-C gate dielectrics.!
However, IGZO TFTs with PEALD Al, O, in this study exhibit a
significantly large V, shift of more than +2 V in both PBS and
NBS tests, which might be because of damages caused by the
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Figure 4. CL Parylene-OH, thin films, and transistor. DFT-optimized morphology of a) Parylene-OH and b) CL Parylene-OH. The DFTP-estimated
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c) Comparison of a dielectric constant between experimental value and calculated static dielectric constant. d) Dielectric properties of crosslinked
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transfer curves of IGZO TFTs with crosslinked Parylene-OH and PEALD Al,O; g) Output curves of IGZO TFTs with crosslinked Parylene-OH h) Electrical

stability of IGZO TFTs with different gate dielectrics.

plasma applied to the IGZO active layer during the dielectric de-
position process. All the above results indicate again the stability
of Parylene-OH against environments such as exposure to UV
and external chemicals during development and drying process.
Additionally, we have checked thermal stability of Parylene-OH
and CL Parylene-OH by MIM test (Figure S16, Supporting In-
formation). Although there are little changes in dielectric prop-
erties of Parylene-OH with increasing temperature, those of CL
Parylene-OH show negligible differences, meaning higher ther-
mal stability after UV crosslinking. Conduction mechanism of
parylene families has been known as the bulk-limited mecha-
nism, mainly based on hopping conduction related to the bulk
trap sites.*2) CL parylene OH showed improved stability of
leakage current with temperature variations, which may be due to
the mitigated presence of bulk trap states compared to parylene
OH.
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2.3. Flexible Device and CMOS Inverter Using Patternable
Parylene

Flexible TFTs were fabricated on a PI substrate to demonstrate
the advantages of dielectric patterning. Because the temperature
of the target surface should be maintained at 5 °C, there is no
thermal damage on a PI substrate during CVD. To avoid the pen-
etration of gas from the PI substrate, 50 nm thick Al,O, was de-
posited as a buffer layer via PEALD.[1%63-5] The schematic struc-
tures of flexible IGZO TFTs with patterned and non-patterned
gate dielectrics are shown in Figure 5a. Meanwhile, Figure 5b
illustrates the transfer curves of the flexible IGZO TFTs with pat-
terned and non-patterned CL Parylene-OH. IGZO TFTs with pat-
terned and non-patterned CL Parylene-OH were successfully fab-
ricated and confirmed to exhibit typical transistor characteristics.
The mechanical stability of the flexible IGZO TFTs was evaluated
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Figure 5. Flexible device and CMOS inverter using patternable-Parylene. a) Schematic structure of the fabricated TFT array using patterned and non-
patterned CL Parylene-OH. b) Transfer curves of the flexible IGZO TFTs comparing two types of TFT arrays. ¢,d) Evolution of the normalized drain current
as a function of bending radius c) and number of bending d). e) Schematic layout of fabricated CMOS inverter using an n-type IGZO and p-type Te.

f,g) Voltage transfer f) and gain characteristics of the CMOS inverter g).

with different bending radii and bending numbers. The evolution
of the normalized drain current as a function of the bending ra-
dius and number of bends is shown in Figure 5c,d, respectively.
The strains of the bending test were calculated by following the
formula; € = h/2R, here ¢, h, and R were strain, thickness, and
bending radius respectively. In a varying bending radius test, the
non-patterned IGZO TFTs were found to exhibit a stable normal-
ized drain current up to a bending radius of 3 mm (=1.75%).
However, it appears that at a bend radius of 1 mm (=5.25%), the
non-patterned IGZO TFTs exhibit abnormal behavior, with the
drain current decreasing significantly by approximately five or-
ders of magnitude. This suggests that the devices cannot with-
stand such a harsh bending radius without significant degrada-
tion of their electrical properties. In contrast, the patterned IGZO
TFTs appear to be more resilient to bending, with a slight de-
crease in the normalized drain current compared with TFTs with
non-patterned gate dielectrics. This suggests that the patterned
dielectrics of IGZO TFTs can enhance their flexibility and resis-
tance to bending, potentially making them more suitable for use
in flexible or wearable electronic devices. Additionally, bending
tests were conducted with varying numbers of bends to evaluate
the performance of both patterned and non-patterned TFTs at a
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bending radius of 3 mm, where both types of TFTs exhibit nor-
mal transfer characteristics. The results of the bending test for
the TFT with the non-patterned dielectric layer indicate that the
normalized drain current decreases significantly over time as the
number of bending cycles increases. Specifically, after 100 bend-
ing cycles, the normalized drain current decreases by an order of
magnitude, and after 1000 bending cycles, the decrease is even
more significant, with the normalized drain current decreasing
by approximately four orders of magnitude. After 10 000 bend-
ing cycles with a 3 mm bending radius, the non-patterned TFTs
stop exhibiting any on-current, which suggests that the devices
have been physically damaged, and are not functional, which
can be attributed to accumulated fatigue in the entire dielectric
layer. However, in contrast to the non-patterned TFT, the pat-
terned TFTs did not show any significant degradation even after
10 000 bending cycles, indicating that they are more robust and
can maintain their electrical properties under repeated bending
conditions. The results of the bending test clearly demonstrate
the critical role of patterning in improving the mechanical reli-
ability and durability of TFTs, particularly under repeated bend-
ing or flexing conditions, thereby highlighting the importance of
patterning in TFTs. Organic semiconductors are renowned for
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their flexibility but suffer from low mobility, low on/off ratios,
and limitations arising from solution processing, such as large
area uniformity, pin-hole, and voids. In contrast, inorganic semi-
conductors offer high mobility and on/off ratios but lack the flexi-
bility required for future flexible applications (Table S2, Support-
ing Information).[1¢2666-72] In this work, flexible TFT with high
performance and excellent stability was achieved by combining
inorganic semiconductors and organic gate dielectrics. Addition-
ally, the stability of the flexible TFT could be further improved
through a simple pattern process involving UV crosslinking of
Parylene-OH.

A CMOS inverter is a fundamental logic circuit that serves as a
building block for a wide range of applications. As basic elements
of digital electronics, they play a crucial role in signal process-
ing, logic operations, and the design of more complex circuits.
CMOS inverters were fabricated on a glass substrate by combin-
ing an n-type IGZO with CL Parylene-OH and p-type tellurium
(Te) with PEALD Al O;; the schematic layout of the inverter is
shown in Figure 5e. The electrical properties of Te TFT and their
representative parameters are shown in Figure S17 and Table S1
(Supporting Information), respectively. The applied voltage (Vpp)
was set from 2 to 10 V, while the input voltage (V,,) was set in
the range of —10 to 10 V. Voltage transfer and gain curves of
the proposed CMOS inverter with IGZO and Te are illustrated in
Figure 5f,g, respectively. The output characteristics of the CMOS
inverter were confirmed to be in full-swing mode with an inverter
gain of 26.60 at a V, of 10 V. The CMOS inverter demonstrates
the potential of realizing complex circuits for future electronics.

3. Conclusion

We reported the properties of Parylene-OH, including simple vac-
uum processability, high-k properties, and photoreactive nature.
Parylene-OH exhibits a high dielectric constant of 6.05, which
is twice that of the conventional Parylene family. Parylene-OH
can be crosslinked by subjecting it to UV exposure, resulting in
a higher dielectric constant of 7.53, without degradation of elec-
trical properties, which is comparable to that of inorganic high-
k dielectric Al,O,. Additionally, the crosslinking process enables
the photopatterning of Parylene-OH, further enhancing its appli-
cability in various electronic devices. CL Parylene-OH was em-
ployed in the fabrication of TFTs, flexible TFTs, and CMOS in-
verters, demonstrating its potential for use in electronic appli-
cations. With a unique combination of vacuum processability,
robustness, high dielectric constant, photoreactive nature, and
compatibility with flexible substrates, Parylene-OH can be con-
sidered a promising material for use in a wide range of applica-
tions, making it an attractive choice for future advancements in
electronic technologies.

4. Experimental Section

Synthesis of 4-Hydroxy[2.2]Paracyclophane: The dimer used for synthe-
sis was purchased from NURI TECH. Co. (Republic of Korea); [2.2]paracy-
clophane (>99.0%). The materials utilized were as follows: Titanium(IV)
chloride (ReagentPlus, 99.9%, Sigma Aldrich, USA), 1,1-dichlorodimethyl
ether (97%, ACROS, USA), and hydrogen peroxide (35% in water, TCI,
Japan) were used without any further processing. Sodium sulfate (98.5%),
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dichloromethane (99.8%), methyl alcohol (99.8%), sulfuric acid (95.0%),
n-hexane (99.5%), and ethyl acetate (99.5%) were purchased from SAM-
CHUN CHEMICALS (Republic of Korea). [2.2]Paracyclophane (3.00 g,
14.3 mmol) was dissolved in dichloromethane (200 mL) in a round bot-
tom flask (RB) under nitrogen atmosphere. It was stirred for 1 h after
titanium(1V) chloride (3.15 mL, 21.7 mmol) was added dropwise. 1, 1-
Dichlorodimethyl ether (1.33 mL, 15 mmol) was added dropwise with
methylene chloride and stirred for 1.5 h. Following quenching with wa-
ter, the aqueous phase was extracted with dichloromethane, and the
organic phase was dried over sodium sulfate. The crude product, 4-
formyl[2.2]paracyclophane (3.04 g, 90%), was obtained as a colorless solid
via rotary evaporation; "H NMR (CDCl, 600 MHz): § 9.97 (1H, s), 7.04
(1H,d,J = 1.9 Hz), 6.75 (1H, dd, ) = 7.7, 2.0 Hz), 6.62 (1H, d, ) = 7.7 Hz),
6.59 (1H, dd, J = 7.7, 1.9 Hz), 6.52 (1H, dd, J = 7.8, 2.0 Hz), 6.45 (1H,
dd, J = 7.9, 1.9 Hz), 6.40 (1H, dd, J = 7.9, 2.0 Hz), 4.13 (1H, ddd, J =
13.2, 10.2, 1.8 Hz), 3.29 (1H, ddd, J = 12.4, 10.2, 1.8 Hz), 3.25 - 3.18
(3H, m), 3.16 — 3.03 (4H, m), 2.98 (1H, ddd, J = 13.3, 10.4, 6.7 Hz); *C
NMR (CDCl3, 151 MHz): 6 191.96, 143.25, 140.68, 139.52, 138.10, 136.61,
136.37, 136.14, 133.28, 132.94, 132.39, 132.18, 35.29, 35.17, 35.01, 33.64.
4-Formyl[2.2]paracyclophane (3.00 g, 12.7 mmol) was dissolved in
dichloromethane (200 mL) and methanol (200 mL). Concentrated sulfu-
ric acid (0.096 mL) and hydrogen peroxide (1.44 mL, 35% in water) were
added and stirred at RT (25 °C) for 16 h. The solvent was removed us-
ing a rotary evaporator, and the residue was absorbed in dichloromethane
(150 mL) and water (150 mL). The organic phase was dried over sodium
sulfate and concentrated under reduced pressure. The crude product was
purified via column chromatography (n-hexane and ethyl acetate). Finally,
4-hydroxy[2.2]paracyclophane was obtained as a yellowish solid (2.69 g,
95.17%); 'H NMR (CDCl;, 600 MHz): 6 7.03 (1H, dd, J = 7.8, 2.0 Hz),
6.58 (1H, dd, | = 7.8, 2.0 Hz), 6.47 (1H, dd, ) = 7.9, 2.0 Hz), 6.45 — 6.39
(2H, m), 6.29 (1H, dd, J = 7.7, 1.7 Hz), 5.56 (1H, d, J = 1.7 Hz), 4.90
(1H, s, J = 513.0 Hz), 3.36 (1H, ddd, J = 13.7, 7.8, 4.4 Hz), 3.18 — 2.97
(6H, m), 2.93 (1H, ddd, J = 13.0, 10.1, 4.8 Hz), 2.74 — 2.65 (1H, m); *C
NMR (CDCl3, 151 MHz) § 153.66, 142.02, 139.64, 138.85, 135.47, 133.61,
132.78, 131.86, 127.96, 125.45, 125.04, 122.57, 35.32, 34.82, 33.84, 31.10.
Fabrication of Photopatterned Dielectric Layer: The CL Parylene-OH
could be fabricated by (i) depositing the Parylene-OH via the CVD method
and (ii) developing the dielectric layer via the photo-crosslinking process.
(i) To fabricate the Parylene dielectric layer on the Al electrodes (S/D) and
IGZO semiconductor, the Parylene thin film can be polymerized based
on the Gorham method using custom-made Parylene CVD equipment
(Teraleader, Republic of Korea). The Parylene-OH (250 mg) dimers sub-
limate to the vapor phase and were carried to the pyrolysis zone by inert
argon gas, which ensures that they are radical-activated monomers. The
temperature for dimers to sublimate was controlled depending on prox-
imity to the pyrolysis zone, and the inner pressure was in the range of
0.10-0.15 Torr. Thereafter, monomers formed in this way moved onto the
surface of the sample, which was placed on the rotating deposition holder
in a chamber (80 °C). The deposition holder where the sample was placed
was cooled to x5 °C. Once the CVD process was completed, the Parylene-
OH could be deposited all over the device. (ii) Before irradiating with UV,
the photomask was placed at the proper location. Thereafter, the Parylene-
OH coating layer was irradiated with 254 nm wavelength for 10 min. The
photomask was removed by rinsing it with toluene and ethanol for 5 s.
Material Characterization: The NMR and FTIR spectra were obtained
using a 600 MHz FT-NMR (AVANCE Il 600, Burker), and Spectrum Two
FTIR (Perkinelmer) for analyzing the synthesized dimer in the form of a
KBr pellet, respectively. The custom-made CVD Polymerization equipment
(ITS, Republic of Korea) was utilized to deposit the Parylene thin film. To
confirm the chemical structure of Parylene thin film, DRIFT (Diffuse Reflec-
tion for Infrared Fourier Transform) spectroscopy was used and K-alpha+
XPS (Thermo scientific) gave the clues about the difference between in-
ternal crosslinking and oxidation. For the characterization of crosslinked
dimers, the TGA (N-1000, Sinco) was used to measure the chemical com-
position. The digital image showing the photopatterning process was cap-
tured by iPhone 11 pro (Apple). The OM image of the island and SEM
tilted image letter-shaped CL Parylene-OH was obtained by OM (DM 2500,
LEICA) and CLARA FE-SEM (TESCAN) respectively, indicating the high
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pattern resolution and the boundaries of CL Parylene-OH. The sharp-
ness of their boundaries and the surface roughness were characterized
by AFM (NX7, XE-100, Park Systems). It was enough to understand
that the quality of interface properties was great in TFTs architecture
and MIM, so that any pin-hole, void, and mismatch was not observed
by using FIB-SEM (Helios NanolLab, FEI) to show the cross-sectional
image.

Fabrication Process for MIM, TFT Devices and Circuit:  To fabricate IGZO
with photopartternable Parylene-OH TFTs, glass was used as a substrate
for both MIM and TFT, followed by ultrasonic cleaning with acetone and
methanol for 10 min, respectively. For the MIM structure, 100-nm thick
Al layers were deposited as the top and bottom electrodes via thermal
evaporation To fabricate IGZO TFTs, 30 nm thick a-IGZO active layers
were deposited via radio frequency (RF) magnetron sputtering using a 3-
inch IGZO target with an atomic composition of In:Ga:Zn = 1:1:1 at%
(Toshima, Japan) at room temperature on substrate. The working pres-
sure was fixed at 3 mTorr and the Ar gas flow rate was 10 sccm. Thermal
annealing was conducted at 300 °C for one hour in air ambient after de-
positing IGZO thin film. Subsequently, 100-nm thick Al layers were fab-
ricated as source and drain electrodes using a thermal evaporation sys-
tem. Post-deposition annealing was performed only after the deposition
of the active layers. CL Parylene-OH was deposited as a gate insulator via
CVD. Finally, 100 nm thick Al layers were thermally evaporated as the gate
electrode. Except for the dielectric layers, all layers (active layer, source
and drain electrodes, and gate electrode) were defined by a shadow mask.
The patterning process for the dielectric layers was described above. The
channel width and length of the IGZO TFTs were 800 and 200 um, respec-
tively. For the flexible TFTs, colorless polyimide (Pl) was used as the sub-
strate and 50 nm-thick Al,O; was fabricated as the buffer layer via PEALD.
The fabrication process for the IGZO TFTs containing the active mate-
rial, gate dielectric (CL Parylene-OH), and source/drain/gate electrodes
was the same as that for a rigid substrate. For CMOS circuits, IGZO TFTs
were fabricated on a glass substrate, as described above. Once the IGZO
TFTs were fabricated, Te was fabricated via sputtering, followed by anneal-
ing at 150 °C. Ni was deposited as the source/drain electrode for Te and
connected to the NMOS and IGZO TFT via thermal evaporation. For Te,
PEALD Al,O; was deposited on top of Te as gate dielectric at 150 °C. Fi-
nally, the Al gate electrode was deposited and connected to the n-type
TFT.

Density Functional Theory Calculation: All spin-polarized DFTs were
performed using the VASP code.[”>74] The exchange-correlation poten-
tial was estimated by the Perdew-Burke-Ernzerhof functional.l’4l The DFT-
D3 van der Waals correction method with the Becke-Johnson damping
model was consistently applied to all calculations to improve the relia-
bility of the results.[’] Valance electron wave functions were expanded
on a plane-wave basis functions up to 400 eV cut-off kinetic energy.[7]
The convergence criteria for the electronic structure and atomic geome-
tries were 1078 eV and 0.05 eV-A~1, respectively. To improve the conver-
gence of the states near the Fermi level, a Gaussian smearing function
was used with a finite temperature window of 0.05 eV. The optimized
single chain of Parylene-OH was stacked to construct a 3D Parylene-
OH cell. The inter-chain distance was optimized. Two adjacent chains
crosslinked with oxygen were pre-optimized and a 3D CL Parylene-OH
cell was correspondingly constructed by stacking the optimized dual
chains.

Density functional perturbation theory (DFPT) was employed to calcu-

late static dielectric constant (egyic).[”77"°! To estimate the ey of pary-
lene, the following Equation 1 was used

7 — P af
Estatic=¢ (w) =€ e (00) +£,'O,, (w) M

To calculate both components of the static dielectric constant, two in-
dependent calculations were performed to extract the electronic and ionic

parts. The electronic part (e"”j

oo (00)) was evaluated as a response to the ex-

ternal field perturbations, while the ionic part (e;:l; (w)) was computed via

the phonon frequencies at the I'-point of the Brillouin zone. The electronic

Adv. Funct. Mater. 2024, 34, 2405530

2405530 (10 of 12)

www.afm-journal.de

af

contribution to the dielectric tensor € e

Equation 2 was obtained

(c0) determined by the following

dP,
E:(:C (00) = 144z dE: (2)

where P, is the component along the « direction of the induced polariza-
tion, @ is the angular frequency, and E; represents the component along
the p direction of the external field. The ionic part of the dielectric tensor
was derived by following the Equation 3

ap _ 4r samﬁ 3
Eion (w)__Zmz—Z @)

Q -
Wqm0 =@

where Q is the volume of the primitive cell, S;',,ﬂ is the mode-dependent
oscillator strength, and the m is phonon normal modes. The details of the
method for extracting dielectric tensor are elsewhere.[3033]

The modern theory of polarization based on the Berry’s phase approxi-
mation is applied to estimate the dipole moment. The total dipole moment
is the sum of the dipole moments of the ionic and electronic dipoles. The
ionic and the electronic dipole moment was estimated by the following
Equations 4 and 5
Diop = Z,

ion val * (ratom - rDIPOL) (4)

Detectron = Pe -V ()
where Z,, is the valence electron value denoting in the POTCAR of each
atom, r,,,, is the position of each atom, and rppo, is the dipole center.
P, is the electronic part of polarization and V is the volume of the cell. The

electronic contribution to polarization is expressed by

p= LS winw,) ©

where W, the Wannier function corresponds to the valence band n, and
M is the occupied band. The equation is a general form of Berry’s phase
approximation.[84]

Characterization of MIM, TFT Devices, and Circuit: ~ All MIM, TFTs, and
circuits were characterized at RT (%25 °C) in the dark and ambient. Dielec-
tric properties of MIM devices were measured using the Wayne Kerr 4100
LCR meter, while the electrical properties were measured using the Keith-
ley 4200-SCS. The transfer curves and output curves of TFTs and transfer
curves of CMOS circuits were measured using the Keithley 4200-SCS.
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