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ABSTRACT: Fiber-based organic light-emitting diodes (OLEDs) are gaining attention as
promising candidates to achieve truly wearable textile displays because of their favorable
electrical and mechanical characteristics. However, although fiber OLEDs have been
developed into passive-matrix displays, it has not been possible to achieve active OLED
operation because of the difficulty of realizing fiber-based thin film transistors (TFTs) with
the proper electrical and mechanical performance at the same time. Here, 1D cylindrical
fiber-based IGZO TFTs, which simultaneously exhibit a high electrical performance and
flexibility, are reported. To address this trade-off relationship, four key stages of a novel
fabrication process and unique device structures that suitable for the thermal properties and
cylindrical structure of the fiber were applied: (I) prethermal treatment, (II) partially
patterned layers, (III) coplanar structure, and (IV) continuous postannealing (CPA)
process. As a result, the fabricated fiber-based IGZO TFTs showed high mobility (8.6 cm2/
(V s)) and low off-current (∼10−12 A), comparable to that glass-based TFTs, as well as
flexibility. Furthermore, based on these valid performances, it was demonstrated that fiber phOLEDs could be driven by fiber-based
IGZO TFTs using a wiring connection with Cu wire and Ag paste. The results suggest that this may allow the potential fabrication of
fully textile AMOLED displays, integrated with TFTs.
KEYWORDS: fiber-based thin-film transistors, low temperature process, flexible thin-film transistors, fibertronics, textile display,
wearable display

1. INTRODUCTION
Wearable textile displays (WTDs) have attracted considerable
attention as promising candidates for human-friendly wearable
displays. WTD can efficiently transmit information by direct
contact with the human body while offering the natural
characteristics of textiles, such as free-deformity, portability,
wearability, and light weight.1−5 The technology is expected to
develop multifunctional and multipurpose utility using hyper-
connections, for display and sensing functions and electronic
textiles (e-textile), as well as wearable electronics in the form of
accessories like smart watches.6−13 In particular, because they
consist of distinct cylindrical structured fibers and are flexible
in all directions, textiles woven from the 1D cylindrical fibers
provide outstanding 3D free-deformity characteristics natural
to textiles.4,14 To maximize the advantage of these features,
many research groups have developed electronics based on
fiber (fibertronics), such as transistors,10,12,13,15−17 sensors,18,19

batteries,20,21 energy devices,22,23 circuits,24,25 and light-
emitting devices.2,3,11,26−28

Meanwhile, in the display industry, active-matrix organic
light emitting diode (AMOLED) displays, enabled by thin film
transistors (TFTs) with high mobility and low off-current, have
become a leading technology. Compared with passive-matrix
type displays, they offer low power consumption and internal

compensation technologies that enable high resolution and a
thin panel.26 To date, fiber-based displays have followed the
sequence of development of other display technologies,
moving from light source development to a passive
matrix.2,29,30 In particular, fiber OLED technologies, which
are also considered to be strongly suitable for textile displays
because of their low driving voltage, flexibility, and high
performance, have reached maturity as passive matrix dis-
plays.31 Like display technologies in the display industry, the
direction of technological development of fiber-based displays
is clear. Therefore, to achieve fiber-based displays with active
operation, low power consumption, and high resolution, it will
be necessary to develop flexible fiber-based thin film transistors
(TFTs) with the level of mobility used in the industry (>8−10
cm2/(V s)), as well as low off-current.
With this goal in mind, numerous research groups have

developed fiber-based TFTs using various active materials,
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such as organic materials,12,13,16 single-walled carbon nano-
tubes (SWCNTs),17 and metal oxide semiconducting materi-
als.10,15,32,33 The organic field-effect transistors (OFETs) have
shown excellent flexibility, and a woven TFT array, and a
transistor with a new architecture, have been pro-
posed.12,13,16,17 However, while the structural limitations of
the 1D cylindrical fiber structure have been overcome, OFETs
typically exhibit poor electrical performance, with high leakage
current, low on/off ratio, and low mobility of <1−2 cm2/(V s).
The limited performance is attributed to the low-temperature
solution process used to fabricate the fibers, which results in
residual solvents that adversely affect performance. At the same
time, a CMOS inverter circuit has been proposed based on p-
and n-type TFTs based on SWCNTs and exhibited mobilities
of 4.03 and 2.15 cm2/(V s) on an optical fiber.17 There have
also been cases where In−Ga−Zn−O-based metal oxide FETs
have been manufactured using a solution process with a dip
coating method on glass optical fibers15 or partially patterned
and vacuum deposited all layers on glass fibers in our previous
work,10 all of which have a mobility of >3 cm2/(V s) and an
on−off ratio >106. The SWCNTs and oxide-based FETs
showed improved electrical performance. However, despite the
remarkable breakthrough in terms of the device performance
and functions, flexibility could not be confirmed because they
were fabricated on glass fibers.
In previous studies of fiber-based TFTs, a trade-off

relationship between electrical and mechanical properties has
been clearly observed. Hard substrates are advantageous at
high temperatures, being robust to thermal variables and still
delivering high performance, but they are not flexible. The
opposite is true for flexible substrates. To resolve this
relationship, our previous research tried to prepare oxide-
based TFTs on flexible cylindrical PET fibers.32,33 However,
there was a lack of understanding of the thermal aspects of the

fabrication process and its effect on the flexible PET fiber
substrate and the lack of consideration for a suitable device
structure regarding the cylindrical substrate. As a result,
suitable performance and characteristics, such as stable
electrical properties, bending properties, and high reproduci-
bility, were not guaranteed.
The present study developed high mobility, low off-current,

and flexible fiber-based IGZO TFTs (HLF fiber TFTs) capable
of overcoming the trade-off relationship between electrical and
mechanical properties. The HLF fiber TFTs were fabricated on
1D cylinder-shaped PET synthetic fiber that has been actually
actively used under the name “polyester” in the clothing and
textile industries. The HLF fiber TFTs were successfully
implemented by applying four key stages, which simulta-
neously achieved electrical and mechanical properties. These
steps were (I) prethermal treatment, (II) partially patterned
layers, (III) coplanar structure, and (IV) continuous
postannealing (CPA) process. The HLF fiber TFTs fabricated
in this way showed an electrical saturation mobility of 8.6 cm2/
(V s), a subthreshold slope (SS) of 201 mV/dec, and an on/off
ratio of 7.05 × 107, comparable to those of the glass-based
TFTs. Flexibility was confirmed, using 0.6% strain in a 1000
cycle tensile bending test. The a-IGZO’s unique advan-
tages34−37 include high mobility (>8−10 cm2/(V s)) and
low leakage current and were simultaneously implemented in
1D cylindrical flexible fibers with flexibility. In addition to the
achieved low off current (∼10−12 A), the saturation mobility of
8.6 cm2/(V s), a valid level of mobility used in the industry, is
also the highest mobility value among the results reported thus
far, as shown in Tables 1 and 2. To demonstrate the
integration of the HLF fiber TFTs with the OLEDs, a green
fiber phOLED was successfully driven by the HLF fiber TFTs
using a simple connection, consisting of the fiber phOLED, the

Table 1. Electrical Performance of HLF TFTs Based on Glass and PET Fiber

substrate Vth (V) μsat (cm2/(V s)) SS (mV/dec) on/off ratio

flat glass −2.0 ± 0.17 9.4 ± 0.4 131 ± 12 [3.02(±2.5)] × 108

PET fiber −2.3 ± 0.15 8.6 ± 0.6 201 ± 20 [7.05(±3.5)] × 107

Table 2. Comparison of Reported Fiber TFTs

device type active material
gate insulator
material fiber type

mobility
(cm2/(V s))

off state
current
(A) on/off ratio

bending
test func ref

WECTs electrolyte containing 33 wt %
PSS, 12 wt % glycol, etc.

polyamide
monofilament

N/A ∼10−7 ∼103 N/A N/A 62

electrolyte (ionic liquid and
polymer ionic liquid)

silk fiber N/A ∼10−8 ∼102 N/A N/A 63

organic
TFTs

pentacene cross-linked
PVP

Al, stainless steel
wires

10−2 10−2 N/A N/A 64

pentacene PVCN Al wire 0.53 10−9 4 × 103 ∼0.9% 16
diF-TESADT with PMMA PMMA Au microfiber 0.2 10−11 ∼104 ∼1.6% 13
P3HT SiO2 TPU, graphene/

Ag hybrid fiber
1.92 10−8 ∼104 N/A 65

P3HT, P3HT-NR ion-gel Au microfiber 0.2 10−7 104−105 2R 12
SWCNT
TFTs

patterned SWCNT (p-type) Al2O3 optical fiber 4.03 ∼10−10 104−105 N/A CMOS 17

SWCNT doped with N-DMBI
(n-type)

Al2O3 optical fiber 2.15 ∼10−8 ∼103 N/A 17

oxide TFTs solution processed IGZO AlOx glass optical fiber 3.7 10−11 ∼106 N/A 15
sputtered IGZO Al2O3−MgO

nanolaminate
glass fiber 3.46 10−13 5.73 × 108 N/A 10

sputtered IGZO Al2O3 PET fiber 8.6 ∼10−12 7.05 × 107 0.6% with fiber
OLED

this
work
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HLF fiber TFTs, and Cu wire, which were bonded with
commercial silver paste.

2. RESULTS AND DISCUSSION
Figure 1a presents the entire fabrication process with the four
key stages (I−IV) for realizing the HLF fiber TFTs and cross-
sectional views. The four key stages are composed of an
essential novel fabrication process and unique device structures
to successfully realize HLF fiber TFTs on a flexible 1D
cylindrical shaped PET fiber, achieving good electrical
performance comparable to that of TFTs fabricated on flat
glass. (I) shows the prethermal treatment, for thermal
stabilization and to improve the roughness of the PET
substrate by increasing the orientation of the polymer chains
and crystallization. (II) is a partially patterned layer technique,
utilizing conventional vacuum deposition, which can provide
reliability, enabling stable and reliable electrical properties in
the cylindrical fibers. (III) shows a top-gate coplanar structure
which is suitable for fiber-based TFTs. It can improve the non-
Ohmic contact issue at the interface of the source/drain and an
active layer, induced by plasma damage during the rf
sputtering. (IV) is a continuous postannealing (CPA) step
consisting of continuous thermal treatment in vacuum
conditions after forming a gate insulator in a thermal ALD

(atomic layer deposition) chamber and thermal consideration.
The effect of each step will be discussed in detail later.
The last representative scheme in Figure 1a illustrates that

the HLF fiber TFT made with the four key stages is connected
with the fiber phOLED using Cu wire and Ag paste, showing
the drive scheme consisting of the fiber phOLED and fiber
TFT. Figure 1b shows an optical microscopy (OM) photo-
graph (left) and a scanning electron microscopy (SEM) image
(right) of the HLF fiber TFT fabricated on a 500 μm thick
PET fiber. The source/drain and active layer regions were
partially patterned on PET fiber, and the channel dimensions
(i.e., channel length (L: ∼140 μm) and width (W: ∼140 μm))
of the HLF fiber TFT with a top-gate coplanar structure and
active layer and source/drain overlapped areas (∼10 μm) are
shown. The HLF fiber TFT consists of a channel region, a
channel-source/drain overlapped region, and a source/drain
region; the three different parts were successfully stacked with
thin films. The channel region is a-IGZO/Al2O3/Al, the
overlapped region is a-IGZO/Al/Al2O3/Al, and the source/
drain region is composed of a single deposited Al thin film.
Figure 1c shows a magnified SEM image of the HLF fiber TFT
and its cross-sectional view, confirming the thickness of the
layers in the zone described above, using a focused ion beam
(FIB) system: a-IGZO (∼50 nm), Al2O3 (∼60 nm), and Al
(∼50 nm).

Figure 1. Schematic illustration of the structures of the thin film transistors. (a) Schematic illustration of the HLF-fiber TFT fabrication process
with four key stages: (I) prethermal treatment, (II) partially patterned layers, (III) coplanar structure, and (IV) continuous postannealing (CPA)
process. (b) Optical microscopy image (left) and top-view SEM image of HLF-fiber TFT. (c) Magnified top view SEM image of the HLF-fiber
TFT (left), cross-sectional SEM image of the HLF-fiber TFT on the PET fiber, in the channel region (middle) and overlapped region (right).
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Figure 2a−f shows the justification for selecting a top-gate
coplanar structure (the key stage (III)) suitable for HLF TFTs
fabricated on a PET fiber. The top-gate structure was chosen as
the suitable TFT structure for the fiber device. It was known
that the advantage of the top-gate structure is that the gate
dielectric layer can act as a passivation layer by covering the
channel layer. In particular, the Al2O3 gate dielectric layer
formed by the ALD showed excellent performance, passivating
H2O and H2. Furthermore, a film with uniform thickness can
be formed with excellent step coverage on a cylindrical shaped
substrate.38 In other words, without additional encapsulation
layers, the IGZO channel layer partially patterned on the
cylindrical shaped fiber can be stably protected from the
external environment. Meanwhile, the contact resistance limits
the injected current and decreases the voltage drop across the
channel.39,40 For this reason, a coplanar structure was selected.
In the case of a top-gate staggered structure, where the IGZO
channel layer is deposited by rf sputtering after the formation
of the Al electrode, a contact issue occurs due to surface
damage caused by plasma during the rf sputtering IGZO
deposition.41,42 To address this, a coplanar structure that forms
a channel first was applied like LTPS TFTs.43,44 The Ohmic
effect can simply confirm whether the drain current exhibits a
linear regime in the low drain voltage section of the output
characteristics, and was clearly extracted using the channel-
length-scaling method for different gate voltage biases.45,46

Figure 2a,d presents schematic diagrams of the glass-based
TFTs, which were fabricated with a top-gate staggered
structure and a top-gate coplanar structure, respectively. Figure
2b,c shows the evaluation of the electrical output and transfer
characteristics of the top-gate staggered structure, respectively.
In Figure 2b, non-Ohmic characteristics with nonlinear regime

were observed in the linear region and low drain voltage range.
On the other hand, in Figure 2e, Ohmic characteristics with a
linear regime in the linear region were observed, unlike in
Figure 2b. In addition, a difference in drain current was
observed according to the gate voltage sweep of VDS = 10 V
and VDS = 0.1 V. It occurred less in Figure 2f than in Figure 2c.
The results show the current reliability of the device with
different drain voltage biases due to the influence of the
contact resistance issue.
Figure 3a and Figures S1 and S2 explain the effect of thermal

stabilization and reduced roughness of the PET fiber through
prethermal treatment (the key stage (I)). A PET can be
thermoformed by the heat distortion temperature (HDT).
Through the heat treatment heat resistance can increase as the
orientation of the polymer chains and crystallization are
increased by the proper thermal treatment range and heating
rate. In particular, on heat treatment in the range of >150 °C,
PET undergoes extreme thermal distortion and contrac-
tion.47,48 Thus, the aging, which is the prethermal treatment,
was performed by heating the PET fiber at 150 °C for 10 min
(the key stage (I)). After prethermal treatment, it was
confirmed that the PET fiber was thermally contracted and
thermally stable (Figure S1). As shown in Figure S2, through
preannealing it is possible to prevent misalignment which can
greatly affect device performance during the subsequent active
layer thermal treatment step (at 150 °C). Furthermore, as
shown in Figure 3a, the root-mean-square roughness (Rrms)
can be improved, resulting in a planarization effect. To ensure
the performance of TFTs manufactured by thin film deposition
(<100 nm), it is essential to form uniform thin films as layers
with as low an Rrms as possible. In addition, the top-gate
structure, where the surface of the back channel is formed by

Figure 2. (a) Schematic illustration of the top-gate staggered structure of the HLF TFT based on glass. (b, c) Output (IDS−VDS) (b) and transfer
(IDS−VGS) (c) characteristics of the top-gate staggered structure HLF TFT. (d) Schematic illustration of top-gate coplanar structure of the HLF
TFT based on glass. (e, f) Output (IDS−VDS) (e) and transfer (IDS−VGS) (f) characteristics of the top-gate coplanar structure HLF TFT.
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direct contact with the substrate, can be greatly affected by the
surface roughness. Poor surface roughness creates scattering
centers with charge trap sites that interrupt the transport of
accumulated electrons.49,50 Thus, key stage (I) was established
to prevent the higher off-current and lower mobility that
results from a rough surface as well as misalignment.
Unlike a 2D film, which can be easily formed into a uniform

thin film, on a cylindrical shaped fiber, it can be challenging to
form a thin film with an optimized width, because of the
curvature and diameter of the fiber. Figure 3b−e explains the
partially patterned layer technique (the key stage (II)) that was
used to fabricate the HLF fiber TFTs on cylindrical shaped
fibers. The resulting fibers exhibited stable and reliable
electrical performance. Figure 3b presents a top view (left)
of the 50 nm thick Al source/drain with a width of 140 μm,
which was formed on the 500 μm diameter PET fiber, and a

cross-sectional SEM image (right) showing the thickness of the
Al thin film relative to the position of the fiber: (1) ∼50 nm,
(2) ∼47 nm. To suppress nonuniformity in the thin film,
which can cause deterioration of device performance, all of the
layers except the gate insulator were patterned with a width
equal to approximately 30% of the fiber diameter. In Figure 3c
and Figure S3, the thickness of the film at each position was
ensured by depositing 50 nm thick Al on the surface of the 500
μm diameter PET fiber from the middle region to the side
region in the normal direction. Based on the results, the width
of the patterned layers was determined to be 120 μm and there
was no significant difference in thickness at the center. To
confirm the effect of the uneven film, partially patterned and
nonpatterned HLF fiber TFTs were fabricated on 500 μm
thick PET fibers, respectively (Figure 3d). Figure 3e
demonstrates that unevenness affects the performance,

Figure 3. (a) AFM images of morphology before and after prethermal treatment of the PET fiber. (b) Magnified top-view (left) and cross-sectional
(right) SEM images of the source/drain region on the PET fiber (left) and cross-sectional SEM images of the source/drain region. (c) Normalized
thickness of the single side deposited Al thin film versus position of PET fiber. (d, e) Optical microscopy images (d) and transfer characteristics (e)
to compare the electrical performance of a partially patterned HLF-fiber TFT on 500 μm and fully patterned HLF-fiber TFT on 500 μm diameter
PET fiber (blue curves, nonpatterned; black curves, partially patterned). (f) Annealing temperature versus annealing time to compare the CPA
process and conventional TFT process. (g) The surface state of the source/drain and active region of HLF-fiber TFT according to each point (3,4)
in (f) and transfer curves to compare their electrical performance (blue curves, conventional process; black curves, CPA process).
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showing strongly degraded transfer characteristics compared
with the proposed HLF fiber TFTs. When manufacturing a
nonpatterned HLF fiber TFT on a 500 μm thick PET fiber, the
TFT is produced as a layer close to the entire surface
deposition. Due to the uneven formation of the thin films on
the PET fiber, an error for the invalid channel region occurs,
meaning that the mobility, off-current (leakage current), on-
current, and SS are all noticeably deteriorated.
Figures 3f,g are presented to help explain the CPA process

(the key stage (IV)) which is a novel postannealing method
considering the thermal effect. Conventional metal oxide TFTs
require an additional postannealing to improve the film quality
of the channel layer and the interface issue of the channel
layer/gate dielectric layer and to remove surface and internal
trap sites from the channel layer.38 As mentioned above, due to
the thermal deformation properties of PET, the postannealing
process was performed at 150 °C. As shown in the

conventional process graph in Figure 3f, an additional
annealing step was performed separately from the thin film
deposition step, which induces additional environmental
variables such as thermal changes and atmosphere. It is
known that various mechanical properties, including tensile
modulus, yield stress, and the fracture toughness of semi-
crystalline polymeric materials such as PET, can be changed
depending on the cooling rate. In particular, fast-cooled
polymeric materials show considerably more internal cracking
and delamination than slow-cooled polymers, and these
damages are likely due to the large thermal strains induced
by the fast cooling process.51,52 Figure S4 shows the results of
thermomechanical analysis (TMA), which was performed
using 500 μm thick PET fiber through no postannealing and
furnace and CPA processes at 150 °C for 2 h, glass transition
(Tg) of the PET fiber thermally annealed through the furnace
and CPA process showing a difference of 12 °C, which is the

Figure 4. (a) Top view schematic illustration (top), photograph of the textile-embedded HLF-fiber TFTs (left), and a magnified optical
microscopy image (right) of the HLF-fiber TFTs. (b, c) Output (IDS−VDS) (b) and transfer (IDS−VGS) (c) characteristics of the HLF-fiber TFT.
(d) ANSYS simulation result for the distribution of the equivalent elastic strain in the cross-section of the IGZO/Al2O3 thin film deposited on a
PET fiber in a 0.6% tensile bending test. (e) Transfer characteristics of the HLF-fiber TFTs with increasing bending cycles under a 0.6% tensile
strain condition at VDS = 10 V (inset: photograph of the bent HLF-fiber TFTs).
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same as the trend of previous research results related to the fast
cooling process. Thus, although very little thermal deformation
occurs when an additional annealing step is performed below
the specific temperature at which PET was formed, this
phenomenon remains an important issue to be considered,
since it can affect the layers of the TFT formed on the surface
of the 500 μm thick PET fiber.53 In the CPA process, thermal
treatment is continuously performed in the ALD chamber after
the gate insulator deposition from the ALD, unlike the
conventional process. This provides a strong advantage, in that
the cooling process is performed only one time, compared to
two times in the conventional process. This reduces the effect
of environmental variables such as thermal changes and the
atmosphere. Furthermore, after thermal treatment in the ALD
chamber, damage to the thin films can be minimized by
extending the cooling time to 1 h without the temperature
fluctuation, by setting a set point. Figure 3g confirms that the
CPA process, which controls the cooling process and the
environments, is essential for the PET fiber-based TFTs. The
surface states of the source/drain and active regions of the
HLF fiber TFTs before and after thermal treatment are shown
in Figure 3g. With rapid cooling after thermal treatment, cracks
occurred on the surface of the PET fiber, which directly
damaged the structure of the HLF fiber TFTs, and in
particular, seemed to be the main cause of the broken active
layer and gate insulator. On the other hand, with an optimized
cooling rate after the CPA process, cracks were not generated
on the surface of the PET fiber, which formed stably and
appeared to be the same as the structure before the thermal
treatment, resulting in high mobility and low off-state current

(Figure 3g and Figure S5). In several previous studies
including our previous works, the primary reason TFTs were
not implemented on flexible polymeric fibers seems to be that
there was no consideration of thermal conditions or the use of
thermal treatment equipment, such as furnaces, where the
cooling rate cannot be controlled, resulting in fluctuating
temperatures. Accordingly, a postannealing method that can
control the cooling process, such as the CPA process, should
be included in the fabrication process of the flexible fiber TFT.
Figure 4a shows a top view illustration and OM image of the

HLF fiber TFTs that were successfully fabricated on 500 μm
diameter PET. As shown in the top view illustration in Figure
4a, multiple TFTs were fabricated on one strand of PET fiber
to achieve the aforementioned design. Figure 4b shows the
Ohmic characteristics with a linear regime in the linear region
of the contact issue at the IGZO/Al interface by applying the
top-gate coplanar structure on the PET fiber. The transfer
characteristics in Figure 4c were measured under the
conditions of VDS = 0.1−10 V and the hysteresis performance
at each VDS is presented to show the electrical reliability of the
device. It can be seen that the HLF fiber TFTs exhibited
excellent electrical performance, comparable to those of the
TFTs fabricated on flat glass, and demonstrated the level of
performance required for active-type displays. (Table 1) In
particular, the saturation mobility of 8.6 cm2/(V s) is the
highest reported mobility value among results thus far (Table
2). This mobility can produce a high-resolution FHD display
with a frame rate of 240 Hz or higher.54 The high
reproducibility of the electrical performance of the HLF fiber
TFTs was demonstrated by showing the transfer characteristics

Figure 5. (a) Schematic illustration of the metal wiring contact method used to drive the fiber phOLED with the HLF-fiber TFT. (b) Photograph
(left) and magnified optical microcopy images of the components (right) of the proposed metal wire contacted HLF-fiber TFT and fiber phOLED.
(c) Luminance versus drain current curves in the output characteristics of the fiber phOLED controlled by the HLF-fiber TFT. (d) Transfer
characteristics of the HLF-fiber TFT with IDS and VGS range of on-state of the fiber phOLED. (e) Photograph of changing emission intensity of the
fiber phOLED according to gate modulation of the HLF-fiber TFT (IDS = 3.123 × 10−7 A at VGS = 0 V, IDS = 1.394 × 10−6 A at VGS = 1 V, IDS =
2.537 × 10−5 A at VGS = 6 V).
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of the HLF fiber TFTs fabricated on different days in Figure
S6. However, when compared to HLF TFTs fabricated on flat
glass, the saturation mobility showed very little deterioration,
of less than 9%, from 9.4 to 8.6 cm2/(V s). Considering the
difference in performance, this slight electrical deterioration
can be attributed to the aforementioned Rmrs of 1.63 nm of the
PET fiber substrate and the IGZO-channel layer thickness
uniformity issue, which affects the carrier concentration inside
the channel, shown in Figure 4b,c. To further investigate the
causes, a qualitative analysis was performed (Figures S7 and
S8). In Figure S8, the XPS profile analysis confirmed that C−C
bonding was found in the IGZO back channel (etching time =
360 s). This proved that carbon had diffused into the IGZO
back channel from the PET.55 Several previous studies have
reported that a carbon impurity or defect can act as a trap in
the channel. It has also been reported that such carbon
diffusion can cause Vth shift as well as deterioration of electrical
performance, thereby affecting the reliability of the device.56−59

Figure S9 shows the results of the positive bias stress (PBS)
and negative bias stress (NBS) tests for the HLF fiber-based
TFT, highlighting the need to enhance the reliability of the Vth
shift characteristics of the device. The application of a bottom
encapsulation layer serves as a viable alternative to protect the
back channel from defect outgassing from PET fibers as well as
carbon diffusion.
Figure 4d shows the results of a mechanical simulation

performed to predict and explain the flexibility characteristics
of the HLF fiber TFTs. Since Al2O3 is commonly known to fail
at ∼0.6% tensile strain,60,61 the tensile strain distribution of
0.6% was applied to the 140 μm × 140 μm partially patterned
40 nm thick IGZO, and the 60 nm thick Al2O3 structure
deposited on 500 μm diameter PET fiber was examined. The
results confirmed that the largest strain occurred in the gap
between the thin films and the largest strain was expected to
first occur at the gap. Figure 4e shows the result of the transfer
characteristics according to the number of cycles to show the
results of the 0.6% tensile strain bending test based on the
simulation result. A photograph of the tensile bending test
system and illustration to explain the elements of the HLF-
fiber TFTs for calculating the tensile strain are presented in
Figure S10. Like the simulation, the results confirmed that an
increase in gate leakage occurred when the gate insulator on
the edge was broken after 1500 cycles. Meanwhile, the off-
current also gradually increased. The mechanical cracks were
induced by bending tensile stress which caused an increase in
off-current.61 It was confirmed that this also affects the physical
properties of the thin film, as observed in the O 1s XPS spectra
before and after the application of 0.6% tensile strain to the
HLF TFT on the PET substrate (Figure S11). In the control
group, the characteristics of the components without under-
going the CPA process were examined before and after
bending, and an increase in the off-current was observed
(Figure S12). Furthermore, as is commonly known, the
cylindrical structure of fibers enables fiber-based devices to
exhibit flexibility in multiple directions, unlike planar-based
components. To demonstrate the structural advantage,
bending tests were conducted in multiple directions,
confirming their flexibility not only in the normal direction
but also in various other directions (Figure S13).
Figure 5a illustrates the HLF fiber TFTs, connected to drive

a fiber OLED that was reported in our previous work,2 using a
simple metal wiring connection. Although it was reported that
the fiber phOLED using the dip-coating method showed high

performance including low operating current (∼ a few 10−6 A)
and voltage (<10 V), high luminance (over 10000 nit), and
high flexibility (maximum tensile strain value of 1.75%), there
have been no TFTs, which can drive the fiber phOLED,
because of the aforementioned trade-off relationship between
the electrical and mechanical properties. To demonstrate the
fiber phOLED driven by the gate modulation, the metal wire
between the fiber TFT and the fiber phOLED was connected
by using commercial silver paste, as shown in Figure 5b (right).
To drive a green fiber phOLED connected to the HLF fiber
TFTs, a 4-probe Keithley system, a conventional electrical
evaluation method for TFTs, was utilized (Figure 5b). It was
driven by tipping directly to the electrode: GND to the source,
Vg to the gate of the HLF fiber TFT, and Vdd to the anode of
the green fiber phOLED, respectively. Figure 5c,d shows the
luminance performance of the green fiber phOLED together
with the output and transfer characteristics, representing the
electrical performance of the HLF fiber TFTs. This allowed the
performance of the OLED in the actual switching device to be
evaluated. The green fiber phOLED was driven by the drain
current resulting from the gate voltage sweep when a VDS = 10
V bias of the saturation region was applied. The turn-on started
from ∼10−6 A at VGS = 1 V, and the maximum on-current was
∼10−4 A. Figure 5e shows that the fiber phOLED driving using
the TFT was successfully operated, by confirming that the
amount of light from the green fiber phOLED changes and
switched with each voltage while performing a VGS sweep
(Movie S1). Additionally, to showcase the versatility and
potential integration of multiple TFTs implemented in a single
fiber, two OLED fibers were successfully combined with two
TFTs, enabling them to be driven and operated (Figure S14).
The results demonstrated that the proposed HLF fiber TFT

drove the fiber OLED, as a starting point for realizing fiber-
based active-matrix organic light-emitting diodes (AMO-
LEDs). However, it seems that a more advanced technology
is needed to implement a human-friendly wearable textile
display (WTD), such as an addressable scheme and device
structures for the drive. In particular, overall integration
schemes, such as a fiber-based OLED-TFT with drive schemes,
that can be more effectively incorporated into fabric are
necessary beyond the fundamental technologies including fiber
OLEDs and fiber TFTs. Also, there is still room for
improvement, such as flexible encapsulation, which would
ensure the passivation and washing characteristics of the WTD.

3. CONCLUSIONS
In summary, 1D cylindrical shaped fiber based IGZO TFTs
were implemented which simultaneously exhibited high
electrical performance and flexibility at a low process
temperature of 150 °C. To address the trade-off relationship
between the electrical and mechanical properties of the flexible
fiber-based TFTs, four key process stages were designed: (I) a
prethermal treatment that addressed alignment and the
planarization effect, (II) partially patterned layers that were
suitable structures for the cylindrical fiber, providing high
performance, (III) a coplanar structure that served as the
ohmic contact between the IGZO/Al interface, and (IV) an
essentially novel CPA process that controlled the cooling
process, enabling the films to maintain reliability. As a result,
the HLF fiber TFTs exhibited a saturation mobility of 8.6 cm2/
(V s) capable of driving an FHD display with a frame rate of
240 Hz or higher, and an excellent on/off ratio of 7.05 × 107,
SS of 201 mV/dec, and low off current (∼10−12 A). At the
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same time, it was confirmed that the HLF fiber TFTs exhibit
flexibility through a 0.6% strain, 1000 cycles tensile bending
test. Furthermore, it was demonstrated that the HLF fiber TFT
can drive a green fiber phOLED using a simple connection
with Cu wiring and a Ag paste contact. The fiber phOLED was
successfully modulated by the VGS sweep of the HLF fiber
TFT. Since active matrix organic light emitting diode
(AMOLED) displays should be implemented with TFTs
with high mobility and low off-current, it is believed that the
proposed flexible fiber-based TFTs with high performance will
be the starting point for realizing fiber-based AMOLED
displays.

4. EXPERIMENTAL SECTION
4.1. Device Fabrication. 4.1.1. Fiber-Based TFTs. The fiber-

based IGZO TFTs were fabricated on a 500 μm diameter PET
monofilament fiber with a top-gate/bottom-contact structure. The
substrate was ultrasonically cleaned using methyl alcohol and
deionized water for 5 min in each solution. To thermally contract
the PET fiber, preannealing was performed at 150 °C for 5 min on a
hot plate. To create a pattern on a cylindrical substrate with a fine
feature size (<200 μm), we applied a shadow mask patterning method
to all layers except the gate insulator layer. The gate insulator layer
was formed using thermal atomic layer deposition (ALD) along the
curved surface of the fiber without patterning. To minimize the
shadow effect generated at the edge of the pattern, a flexible shadow
mask made of a thin Cr material with a thickness of 0.05 mm was
adhered to the fiber substrate. The thin film patterns using shadow
masks was implemented with a microscope-equipped aligner equip-
ment, thermal evaporator, and sputtering equipment. A thin film of 40
nm thick a-IGZO (In:Ga:Zn = 1:1:1 atom %) was deposited by radio
frequency (RF) sputtering onto the PET fiber to form the active layer
at room temperature. The RF power, pressure, and partial oxygen
pressure (POd2

) were 100 W, 5 mTorr, and 3%, respectively. The Al 50
nm source/drain and gate electrodes were deposited under the same
conditions by thermal evaporation. The Al2O3 60 nm as the gate
dielectric layer was deposited by thermal ALD using trimethyalumi-
num (TMA) as a precursor and H2O as a reactant (LUCID D100,
NCD Inc.). The Al2O3 thin film was grown in a 150 °C vacuum
chamber. After deposition of the dielectric layer, postannealing was
continuously conducted for 2 h in an ALD vacuum chamber.
4.1.2. Green Fiber phOLED. The fiber OLED was fabricated

following the process reported in previous works.2 A 300 μm diameter
PET fiber was cleaned with isopropyl alcohol and deionized water in
an ultrasonically cooled bath for 5 min. All solution processes were
performed in a N2 atmosphere at ∼100 °C. PEDOT:PSS (a cathode
layer) was dip-coated six times at a withdrawal speed of 0.7 mm s−1.
ZnO NPs (as an electron injection layer) were dip-coated on the PET
fiber at a rate of 10 mm s−1. Next, polyethylenimine (PEI), which was
diluted in 99.6 wt % 2-methoxyethanol, was dip-coated on the ZnO
NP-coated fiber. Finally, the green EML solution was dip-coated at 50
mm s−1. After the solution processes, a 4,4′,4″-tris(N-carbazolyl)-
triphenylamine (TCTA) 40 nm, a molybdenum oxide (MoO3) 10
nm, and a Al 100 nm layer were deposited by thermal evaporation
vacuum (5 × 10−6 Torr) deposition.
4.2. Device Characterization. The transfer characteristics and

output characteristics of the TFTs were measured by using a Keithley
4200-SCS in air. The surface roughness of the PET fiber was
investigated by an AFM (XE-100) at room temperature. A cross
section of the thin film on the fiber was SEM-photographed by using a
focused ion beam (FIB) measurement (Helios Nanolab 450 F1) to
confirm the difference in thickness according to the curvature of the
fiber. XPS was conducted to analyze the surface and inside chemical
composition of the IGZO thin film. To test the flexibility of the fiber
based IGZO TFTs, the devices were bent in the direction of tensile
stress with a bending strain of 0.6% (cyclic bending machine
(Sciencetown Inc.)). For current density−voltage-luminance (J−V−
L) measurement, the measurement system, including a source meter

(2400 series, Keithley Inc.) equipped with a close-up lens (CS-A35)
and a spectroradiometer (CS2000, Konica Minolta Inc.), were used.
To analyze the mechanical properties of the proposed fiber TFT, FEA
simulations based on the ANSYS mechanical simulator were
conducted. The source of the fiber-based TFTs and the anode of
the fiber OLED were connected with Cu wire from the outside using
silver paste. They were measured by using a Keithley 4200-SCS
apparatus and driven by tipping 3 parts: the drain, the gate of the
fiber-based TFTs, and the cathode of the fiber OLED.
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