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Highly conductive and flexible fiber for textile
electronics obtained by extremely low-temperature
atomic layer deposition of Pt

Jaehong Lee1,6, Jaehong Yoon1,6, Hyun Gu Kim2, Subin Kang1, Woo-Suk Oh3, Hassan Algadi1,
Saleh Al-Sayari4, Bonggeun Shong3, Soo-Hyun Kim5, Hyungjun Kim1, Taeyoon Lee1 and Han-Bo-Ram Lee2

Thermal atomic layer deposition (ALD) of metal has generally been achieved at high temperatures of around 300 °C or at

relatively low temperatures with highly reactive counter reactants, including plasma radicals and O3, which can induce severe

damage to substrates. Here, the growth of metallic Pt layers by ALD at a low temperature of 80 °C is achieved by using

[(1,2,5,6-η)-1,5-hexadiene]-dimethyl-platinum(II) (HDMP) and O2 as the Pt precursor and counter reactant, respectively. ALD

results in the successful growth of continuous Pt layers at the low temperature without any reactive reactants owing to the low

activation energy of the HDMP precursor for surface reactions. Because of the high reactivity of the precursor, the growth of a

pure Pt layer is achieved on various thermally weak substrates, leading to the fabrication of high-performance conductive cotton

fibers by ALD. A capacitive-type textile pressure sensor is successfully demonstrated by stacking elastomeric rubber-coated

conductive cotton fibers perpendicularly and integrating them onto a fabric with a 7×8 array configuration to identify the

features of the applied pressure, which can be effectively utilized as a new platform for future wearable and textile electronics.
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INTRODUCTION

Atomic layer deposition (ALD) has widely attracted considerable
interest for various high technologies, such as semiconductor devices
and display devices,1–3 because of its superb ability to deposit ultrathin
films with excellent controllability and conformality even on complex
three-dimensional (3D) structures.1–8 Based on these superior
properties, ALD has been intensively studied for several applications.
In particular, textile electronics using the ALD is one of the promising
fields since several materials can be readily deposited at temperatures
lower than 150 °C by ALD, leading to the effective functionalization of
thermally fragile substrates such as plastics, cellulose papers and
polymeric textiles.9–12 Chen et al.13 demonstrated hydrophobic silk
fabrics with a high laundering durability and robustness due to a TiO2

coating deposited by ALD. However, in the case of metal ALD, since
temperatures as high as 300 °C are generally required to achieve
successful deposition with the thermal energy of the precursor
reactions, it is difficult to deposit conformal metal films onto
thermally weak substrates using ALD, causing difficulties in a wide
range of applications, including textile electronics.14,15 To ensure
successful metal ALD at low temperatures, ALD in which the

precursor is combined with a plasma-generated radical as highly
reactive counter reactants has been investigated; however, the high
energy of the plasma causes degradation of substrates that do not have
a high thermal stability and robustness under plasma conditions.16–19

In addition, Dendooven et al.20 investigated Pt ALD at low
temperatures around 100 °C by using O3 as a reactant with a
(methylcyclopentadienyl)trimethylplatinum (MeCpPtMe3) precursor.
A significant reduction of the growth temperatures in the ALD can be
achieved by using O3 as a counter reactant; nevertheless, the use of O3,

which has a high reactivity, leads to several drawbacks, such as severe
damage that can fully etch stable substrates—including graphite—and
limitations in conformal deposition on complex 3D structures with
high aspect ratios.21–24 These negative effects of the previously
reported metal ALD severely limit the application of metal ALD that
require thermally fragile substrates, despite the low deposition
temperatures, as such substrates, which are generally composed of
polymeric materials, have not only poor durability against mechanical
damage but also highly complex 3D structures.
Herein, we describe an effective ALD process for Pt achieved at

temperatures as low as 80 °C using [(1,2,5,6-η)-1,5-hexadiene]
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dimethylplatinum(II) (HDMP) and O2 as a precursor and counter
reactant. The HDMP precursor exhibited a significantly lower
activation energy of 22.6 kcal mol− 1 for surface reactions than the
MeCpPtMe3 precursor due to its molecular geometries, leading to the
high reactivity even without any reactive counter reactants at the low
temperature. To the best of our knowledge, the report of the successful
metal ALD at the low temperatures below 100 °C with only O2 as a
counter reactant has never been discussed. By using low-temperature
ALD for Pt, highly conformal Pt layers were deposited onto various
thermally weak substrates, such as a strand of hair, papers and cotton
fibers, which enables the substrates to have excellent electrical
properties. As a proof of concept, a high-performance capacitive
textile pressure sensor was successfully fabricated by crossing two
conductive cotton fibers coated with poly(dimethylsiloxane) (PDMS)
perpendicularly. The textile pressure sensor provided high perfor-
mances such as a high sensitivity, a high stability and an extremely low
detection limit. In addition, large-area textile pressure sensor arrays
with a 7× 8 array configuration were realized on a fabric to recognize
the spatial distribution of pressure by a simple sewing method, which
can be useful for various advanced wearable and textile electronics.

MATERIALS AND METHODS

Low-temperature ALD
A commercial ALD chamber with a 4-inch capable stage was used for the study
(Supplementary Figure S1). The HDMP precursor, which was synthesized and
provided by TANAKA KIKINZOKU KOGYO.K.K (Supplementary Figure S2),
was stored in a stainless steel canister, whose temperature was maintained at
50 °C to obtain an appropriate molecular supply during the ALD process. The
HDMP canister was connected to the process chamber by one port, and
vaporized HDMP molecules were transported by N2 carrier gas. The counter
reactant was O2, and its flow was controlled by a mass-flow controller, which
was supplied from a 99.99% O2 cylinder. N2 was used for both the carrier gas
and purging gas, which also was controlled by mass-flow controller.
The standard ALD process comprised four steps: precursor exposure (ts),
N2 purging (tp), reactant exposure (tr) and purging. For better conformality and
uniformity, an infiltration step was performed after the precursor and reactant
exposure step.

Fabrication of textile-based pressure sensors
The conductive fibers produced by Pt ALD were located perpendicular to the
ground on a stand with 100 g weights. Then, 1.5 ml of a PDMS solution, which
was composed of a Sylgard 184 base and a curing agent with a weight ratio of
5:1 (base:curing agent), flowed along the conductive fibers at a constant flow
rate of 0.5 ml s− 1. After a sufficient time had passed for the formation of a
uniform layer of PDMS solution on the surface of the conductive fibers, the
fibers were annealed at 80 °C for 2 h. Then, the two PDMS-coated conductive
fibers were crossed perpendicularly.

Quantum chemical calculations
Density functional theory calculations were performed employing ORCA
program suite.25 The geometries were optimized using the hybrid-generalized
gradient approximation (GGA) B3LYP-D3 functional with the def2-SVP basis
set and the corresponding effective core potential for the Pt atom.26 The
single-point energies of the optimized geometries were obtained with double-
hybrid-meta-GGA PWPB95-D3 functional with the zeroth-order regular
approximation (ZORA) for relativistic effects and the zeroth-order regular
approximation-TZVP (Ahlrichs' triple zeta valence basis set with an additional
set of polarization functions, as defined in ref. 27) basis set for all atoms.28–30

The RIJCOSX approximation was applied to all calculations to improve the
computational speed.31 The hydroxylated silica surface was modeled with a Si
(OH)4 cluster. The transition-state geometries were initially guessed and then
confirmed after optimization to have a single imaginary vibrational frequency
along the reaction coordinate.

Characterization
The surface morphologies were examined using a JEOL JSM-7001F field
emission scanning electron microscope (SEM). The microstructure of the ALD
Pt films was analyzed by using X-ray diffraction (Ultima IV, Rigaku, Tokyo,
Japan). The apparent coverage was computationally calculated using ImageJ
software from SEM plan-view images. Chemical composition analysis was
performed using X-ray photoelectron spectroscopy (K-ALPHA, Thermo Fisher
Scientific, Waltham, MA, USA), and the resistivity of the Pt layer was measured
using a four-point probe system. The durability of the conductive cotton fiber
under a bending test was measured using a customized bending machine. The
weight fraction of Pt in the conductive fiber was evaluated using a thermo-
gravimetry analysis (Q50, TA Instruments, New Castle, DE, USA). The
capacitance of the pressure sensor was measured at a frequency of 300 kHz
with a 1 V AC signal by using an Agilent (Santa Clara, CA, USA) E4980A,
Precision LCR Meter. The mechanical force and its frequency for the
measurement of the sensing performance were controlled by a universal
manipulator (Teraleader, Daejeon, Republic of Korea).

RESULTS AND DISCUSSION

To investigate the deposition of Pt film by ALD with an HDMP
precursor, the saturation behavior and self-limiting surface reactions
of the ALD were verified by measuring the growth per cycles (GPCs)
of the deposited Pt according to the precursor and counter-reactant
exposure time as shown in Figure 1a. The deposition process for Pt
was carried out using HDMP and O2 gas as a precursor and counter
reactant, respectively, at 300 °C. The GPCs of the deposited Pt were
saturated at a precursor exposure time of 2 s and reactant exposure
time of 4 s, indicating that the deposition of Pt was achieved in a
self-limiting surface reaction mode of ALD. To compare the
deposition characteristics of the HDMP precursor with a MeCpPtMe3
precursor, which is widely used for the ALD of Pt, the apparent
coverage of Pt deposited on a SiO2/Si substrate by ALD was examined
for incremental ALD cycles as shown in Figure 1b. Although the
apparent coverage of the Pt film by ALD with the MeCpPtMe3
precursor reached 100 % at around 400 cycles, the surface coverage
of the Pt film deposited using the HDMP precursor exhibited a
significantly rapid increase of surface coverage in a low cycle region
and reached a plateau at around 100 cycles, indicating that the HDMP
precursor adsorbed far more actively on the surface, leading to faster
nucleation than MeCpPtMe3.
For a more quantitative analysis, an isothermal nucleation and

growth model that was used in our studies regarding Pt nanoparticles
was adopted for both precursors.32 According to the isothermal model
based on nucleation incubation, the surface coverage of deposited Pt
can be calculated as follows:

A

A0
¼ 1� exp ð�A0

Z t

0
Ioe

�tI
t p ðn t � tð ÞÞ2dtÞ; ð1Þ

where A and A0 are the total area covered by the deposited Pt and the
area of the substrate, respectively; t is the number of ALD cycles with
the steady-state nucleation rate Io; and the GPCs of the Pt film ν is
defined by thickness per an ALD cycle and the nucleation incubation
time τI. The apparent coverage data calculated by the isothermal
model are represented by solid lines in Figure 1b, exhibiting excellent
agreement with the experimental results, with correlation coefficients
(R2) of 0.991 and 0.997 for the MeCpPtMe3 and HDMP precursors,
respectively. Important variables, including the steady-state nucleation
rate (Io) and the nucleation incubation time (τI), were determined
from the calculation based on the theoretical model, as shown in
Table 1. The steady-state nucleation rate (Io) of Pt ALD for the HDMP
precursor was far faster (eight times) than that for the MeCpPtMe3
precursor, inducing a rapid increase of nucleation sites. In addition,
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Figure 1 (a) GPCs of Pt films according to the exposure time of the precursor and counter reactants during the ALD process. HDMP and O2 gas were used as
the precursor and counter reactant, respectively, for the ALD of Pt. (b) Apparent coverage of the Pt films deposited by ALD using the MeCpPtMe3 (blue) and
HDMP (red) precursors. The solid lines indicate the corresponding fitting results for the nucleation model. (c–f) Typical SEM images showing the Pt
deposited via ALD using the MeCpPtMe3 precursor (c, d) and the HDMP precursor (e, f) at 100 and 200 cycles. (g) Density functional theory-calculated
energies of the critical points along the reaction coordinate for the adsorption of the two precursors. (h) Electrical resistivity of the Pt films deposited by ALD
according to the number of ALD cycles.
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there was hardly any nucleation incubation time (τI), which is defined
as the time needed to form surface species for Pt nucleation, for the
HDMP precursor despite the long nucleation incubation time of 21
cycles for the MeCpPtMe3 precursor. These results show that the ALD
for Pt based on the HDMP precursor has an excellent efficiency with
regard to the nucleation of Pt compared with the MeCpPtMe3
precursor. Figure 1c–f show typical SEM images of Pt deposited on
SiO2/Si substrates using the MeCpPtMe3 and HDMP precursors at
300 °C with 100 and 200 cycles. As shown in the SEM images, the Pt
ALD using the HDMP precursor achieved a high surface coverage
close to a continuous film, whereas the Pt deposition using the
MeCpPtMe3 precursor yielded a morphology of island growth in the
same cycles of the ALD process. In addition, to compare ALD Pt
deposited by using other precursors, the X-ray diffraction spectra were
measured from ALD Pt films on SiO2 substrates using the HDMP
precursors and O2 counter reactants at various deposition tempera-
tures of 200, 250 and 300 °C, as shown in Supplementary Figure S3.
For all the Pt films deposited with various growth temperatures, the
X-ray diffraction results show a metallic Pt(111) diffraction peak at
40.013°, which corresponds to the formation of the metallic Pt(111)
crystal plane,23 indicating that the ALD Pt films with the HDMP
precursor have a polycrystalline microstructure, similar to Pt films
deposited with other Pt precursors.
The adsorption mechanism of the Pt precursor in the ALD was

investigated by density functional theory calculations (Figure 1g). The
reactions of the precursor with the silanol moiety of the hydroxylated
silica surface, resulting in the elimination of CH4 and the adsorption
of the rest were considered.33 The activation energy for such surface
reaction of HDMP (22.6 kcal mol− 1) was significantly lower than that
of MeCpPtMe3 (40.8 kcal mol− 1), which is consistent with experi-
mental observations. The difference between the energetics of the two
precursors can be attributed to their molecular geometries. The
transition states of both precursors assume a square pyramidal
geometry that imposes steric repulsion between the ligands, as
described in Supplementary Figure S4. Although the binding config-
uration of η4-1,5-hexadinene for HDMP is similar for both the
molecular precursor and the transition state, η5-MeCp of MeCpPtMe3
suffers a large hindrance upon the fifth coordination to Pt and
becomes η1 in the transition state, losing its aromaticity and thus
exhibiting a larger endothermicity. On the other hand, the adsorption
energy of the CH4-eliminated Pt fragments was only marginally more
exothermic for HDMP (−11.1 kcal mol− 1) than for MeCpPtMe3
(−6.3 kcal mol− 1), which is expected because the same bonds were
cleaved (Pt-C and O-H) and formed (Pt-O and C-H) in either
reaction. Therefore, the far higher nucleation rate and shorter
nucleation incubation period of HDMP compared with MeCpPtMe3
are explained by the intrinsically higher reactivity of the HDMP
molecule upon dissociative adsorption.
Figure 1h shows the electrical properties of the Pt films deposited

using both precursors according to the number of cycles in the ALD

process. Although a low electrical resistivity of 16.3 μΩ·cm was
achieved at 400 cycles in the case of the Pt film grown with the
MeCpPtMe3 precursor, the deposited Pt film was not electrically
conductive under 300 cycles, indicating the poor continuity of the film
at the deposition conditions as shown in Figure 1c and d. The
electrical resistivity of the Pt film deposited using the HDMP precursor
was significantly reduced to 11.2 μΩ·cm, which is comparable to the
bulk resistivity of Pt (10.5 μΩ·cm),17 at 400 cycles and even exhibited
excellent electrical properties under the poor condition of 100 cycles.
For metal ALD, undesired effects such as nucleation delay or island
growth, which hinder a high conformality and the thickness control of
the deposited metal film, can occur frequently. These are mainly due
to the high surface energy of the metal, which can lead to the low
wettability of the metal and agglomeration into metal islands during
the ALD process. Therefore, in metal ALD, it is generally difficult to
control the thickness of the film and achieve a continuous film when a
thin film with a thickness of a few nanometers is desired. Nevertheless,
the Pt film grown by Pt ALD using the HDMP precursor exhibited a
resistivity of 170 μΩ·cm in 50 cycles, as shown in Figure 1f, indicating
that a continuous Pt film was successfully achieved through ALD using
the HDMP precursor, although the film are very thin, having a
thickness of 4 nm.
To verify the high reactivity of the HDMP precursor for Pt ALD

with regard to the growth temperature, the deposition of the Pt film
was investigated for various growth temperatures. Figure 2a shows the
GPCs of the Pt films on SiO2/Si substrates obtained by ALD with the
two precursors as a function of the deposition temperature. The GPCs
of the Pt films deposited using the HDMP and MeCpPtMe3 precursors
were measured as 0.88 and 0.54 Å per cycle, respectively, in their ALD
windows (HDMP precursor: 250–300 °C, MeCpPtMe3 precursor:
275–300 °C), confirming the high reactivity of the HDMP precursor.
The HDMP precursor, in particular, yielded the successful deposition
of Pt even at a temperature as low as 80 °C, at which ALD for Pt using
the MeCpPtMe3 precursor and O2 as a counter reactant was not
achieved. As described in Figure 2b, based on the superb efficiency of
the HDMP precursor for depositing Pt at a low temperature, the Pt
film deposited at the low temperature (80 °C) had a high electrical
performance of 172 μΩ·cm, which is related to the excellent continuity
of the film, despite the use of O2 gas as a counter reactant instead of
O3 gas or plasma treatment. To evaluate the quality of the deposited Pt
film, films deposited using the HDMP precursor at 100 and 300 °C
were characterized by X-ray photoelectron spectroscopy, as shown in
Figure 2c. The two peaks in the Pt core-level energy region of the
X-ray photoelectron spectroscopy spectra described in Figure 2c are
characterized by metallic Pt 4f7/2 (71 eV) and 4f5/2 (74.2 eV). There is
no considerable deconvolution of the peaks, owing to the formation of
PtOx (72.3, 73.8 eV), indicating that the deposited Pt film has a high
purity despite the low deposition temperature. Since it is difficult to
successfully deposit Pt films at low temperatures by ALD with the
MeCpPtMe3 precursor and O2 counter reactants, low-temperature
ALD for high-purity Pt films using the HDMP precursor and a stable
counter reactant (O2 gas) can be effectively applied to coat conformal
Pt layers on thermally fragile substrates. Using the strong advantage of
low-temperature ALD for Pt, Pt layers were successfully deposited
onto the surfaces of various thermally weak substrates, including a
strand of hair and a sheet of paper. As shown in the SEM images of
Figure 2d–i, the Pt layers were conformally deposited onto the surfaces
of the substrates without any remarkable destruction of the structure,
despite their poor thermal stability.
To demonstrate the ability of the low-temperature ALD, highly

conductive fibers were successfully fabricated by depositing Pt layers

Table 1 Fitting parameters based on the isothermal nucleation model

Precursors R2a Iob τI [s]c

MeCpPtMe3 0.99112 0.56×10−4 21

HDMP 0.99685 4.07×10−4 8.97×10−7

Abbreviations: HDMP, [(1,2,5,6-η)-1,5-hexadiene]dimethylplatinum(II); MeCpPtMe3,
(methylcyclopentadienyl)trimethylplatinum.
aCorrelation coefficient related to the agreement between experimental results and
theoretical model.
bSteady-state nucleation rate for Pt in ALD.
cNucleation incubation time for Pt in ALD.
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onto the surfaces of cotton fibers, which are the most frequently used
textile in the related industry, through ALD with the HDMP
precursor. Various conductive fibers using carbon-based material
and metal material have been intensively studied for its promising
applications such as sensors, organic displays and energy storage
devices.34–36 As shown in Figure 3a, the original cotton fiber had a
complex 3D structure owing to its twisted structure of yarns and
comprised mostly cellulose, which is a thermally weak polymeric
material. Nevertheless, conformal Pt layers were successfully deposited
onto the entire surface of the cotton fiber by ALD without any
considerable damage to the fiber, as shown in the SEM images of
Figure 3b and c. The energy dispersive spectroscopy mapping image of
the conductive cotton fiber shows that the Pt layer was uniformly
deposited onto the surface of the 3D structure of the conductive fiber
through ALD using the HDMP precursor (Supplementary Figure S5).
Figure 3d provides a photograph of the conductive cotton fiber coated
with the Pt layer and the untreated cotton fiber, showing that the
surface color of the conductive cotton fiber was changed to gray owing

to the conformally deposited Pt layer. Because of the highly effective
Pt coating through the ALD, the Pt layer deposited on the cotton fiber
maintained its continuity and conformality regardless of the number
of ALD cycles (Supplementary Figure S6), and the conductive cotton
fiber exhibited excellent electrical properties. Figure 3e displays the
electrical resistance per unit length (Ω cm− 1) of the conductive cotton
fiber, indicating that the electrical resistance was reduced to
2.72Ω cm− 1 by increasing the number of cycles. Although the
thickness of the Pt layers deposited on the cotton fiber may increase
linearly as a function of the number of cycles, the electrical resistance
of the conductive cotton fiber was inversely proportional to the square
of the number of cycles. This is because the cross-sectional area of the
Pt layers deposited on the cotton fiber, which is inversely proportional
to the electrical resistance of the conductive fiber, is proportional to
the square of the thickness of the Pt layers. According to the results,
conductive cotton fibers with the desired electrical resistance can be
fabricated by modulating the number of ALD cycles and can be
applied to easily turn on a light-emitting diode easily (Supplementary

Figure 2 (a–b) GPCs (a) and electrical resistivity (b) of the Pt films according to the growth temperatures during the ALD process with respect to the two
precursors. (c) X-ray photoelectron spectroscopy spectra of Pt films grown by ALD with the HDMP precursor at the temperatures of 100 and 300 °C.
(d) SEM image of the surface of a pristine hair strand. (e–f) SEM images of a Pt-coated hair strand (e) after ALD at low temperatures and a corresponding
higher-magnification image (f) (inset shows a far higher-magnification SEM image of f). (g) SEM image showing the complex 3D surface of pristine paper.
(h–i) SEM images of the surface of Pt-coated paper (h) and corresponding higher-magnification images (i).
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Figure S7 and Video 1). Figure 3f provides the excellent electrical
stability of the conductive cotton fiber under a repeated bending test
of 1000 cycles, which involved bending deformation with a bending
radius of 3 mm and the unfolding of the back of the fiber. Despite the
intensive repeated cycles of folding deformation, the electrical
resistance of the conductive cotton fiber was slightly increased by
only 2.03 % (16.71–17.05Ω cm− 1), indicating the high stability of the
conductive cotton fiber. The high stability under repeated external
stimulations is attributed to the excellent conformality and continuity
of the Pt layers deposited on the surfaces of the complex 3D structures
of the cotton fibers. In addition, thermogravimetric analysis measure-
ments, which provide weight-content information about the Pt
components in the conductive cotton fiber, were conducted as shown
in Supplementary Figure S8. The weight content of Pt in the
conductive cotton fiber was measured as 8.91–17.87 wt%, which is
far smaller than that in previously reported metal-based conductive
fibers (60–85 wt%).37,38 The very small weight content of Pt in the
conductive cotton fiber, despite the excellent electrical performance, is
mainly attributed to the ultrathin and conformal Pt layer deposited by
ALD and enables the conductive cotton fiber fabricated by low-
temperature Pt ALD to have a strong advantage regarding cost-
effectiveness, as only an ultrasmall amount of noble metal is needed to
fabricate the conductive fiber.
To demonstrate the ability of conductive cotton fiber to be applied

to textile electronics, a high-performance textile pressure sensor was
fabricated by crossing the Pt ALD conductive fibers after a PDMS layer
was coated on the surface of the conductive fibers, as shown in
Figure 4a. The PDMS layer uniformly covered the conductive fibers
after the PDMS solution flowed along the vertical conductive fibers
perpendicular to the ground and the samples were cured. After the
crossing of the two PDMS-coated conductive fibers, a capacitive

pressure sensor was built at the cross point of the fibers where the two
conductive cotton fibers act as electrodes and the PDMS layer coated
on the conductive fibers functioned as an elastic dielectric layer of the
capacitor, as shown in the schematic of Figure 4a. Since PDMS has
been generally used as an elastic dielectric material in capacitive
pressure sensors for artificial skin owing to its outstanding elastic
properties, the capacitance generated between the two conductive
fibers at the cross point can be changed by the thickness change of the
elastic dielectric layer induced by the applied pressure. To examine the
ability of the textile pressure sensor to respond to external pressure,
the capacitive responses (ΔC/Co) of the textile pressure sensor to
applied loads of 0.1, 0.5 and 1 N were examined, as shown in
Figure 4b. The pressure sensor had stable responses despite the
successive loading and unloading of the various loads, confirming its
reliability. In addition, the textile pressure sensor exhibited a rapid
change in the capacitive response against progressively increasing force
applied to the sensor, indicating its high sensitivity, as shown in
Figure 4c. The high sensitivity of the textile pressure sensor results
from simultaneous changes in both the contact area of the two
PDMS-coated conductive fibers and the thickness of the dielectric
layer in the textile pressure sensor according to the increasing external
pressure.37 For typical capacitive pressure sensors, the related equation
governing the capacitance of the sensors is provided by C= ε0εr(A/d),
where ε0 and εr refer to the space permittivity and relative dielectric
constant of the dielectric material, respectively, A and d denote the
area of the capacitor and the distance between the separated
electrodes, respectively. The change in the distance between electrodes
is mainly used to detect the applied pressure based on the thickness
change of the elastomeric dielectric layer in general capacitive pressure
sensors. However, when the external pressure compresses the textile
pressure sensor, the thickness of the PDMS layer, which is directly

Figure 3 (a) Plain-view field emission scanning electron microscope image of the complex 3D structures of the pristine cotton fiber. (b–c) SEM images
showing the surface of Pt-coated cotton fiber obtained by ALD at low temperatures (b) and a corresponding higher-magnification SEM image (c). The inset in
(c) shows a far higher-magnification SEM image. (d) Photograph of the pristine cotton fiber and Pt-coated cotton fiber obtained by ALD. (e) Electrical
resistance change of the Pt-coated conductive cotton fiber with respect to the number of ALD cycles. (f) Change in the relative electrical resistance of the
conductive cotton fiber during the 1000-cycle bending test.
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related to the distance between electrodes, is reduced and the contact
area between the two PDMS-coated conductive fibers, which is related
to the area of the capacitor, is increased at the same time, resulting in a
significant enhancement of the sensing performance. The decreasing
slope in the graph described in Figure 4c, which indicates the
sensitivity of the pressure sensor, in the higher applied-force regime
above 0.1 N is attributed to the increase in the contact area of the
sensor, inducing decrease of the effective stress applied on the contact
area.37 Based on the high performance of the textile pressure sensor, it
was possible to reliably detect the placement and removal of an
ultrasmall weight of around 30 mg, which is similar to the weight of a
housefly, as shown in Figure 4d. The capacitive response of the textile
pressure sensor was also found to be highly durable and reproducible
against repeatedly applied pressures. Figure 4e exhibits the capacitive
response of the textile pressure sensor under the repeated loading and
unloading of an external load, indicating that the capacitance changes
of the pressure sensor were stably maintained even under the intensive

cycling test, which involved the loading and unloading of a load of
0.4 N for over 10 000 cycles.
As a proof of concept, a large-area 7× 8 array configuration of the

textile-based pressure sensors was fabricated on a cotton fabric with a
total area of 50× 40 cm by sewing the sensors, as shown in Figure 4f.
Using a simple sewing method, numerous textile pressure sensors can
be easily imbedded into any fabric as all-textile devices that can obtain
spatial pressure information (Supplementary Figure S9). The smart
fabric was used as a seat sensor to detect the spatial distribution of the
applied pressure on the seat. In the case of vehicles, it is highly
important to distinguish the features of a sitter, such as the body type,
weight and presence of objects like a car seat. Figure 4g shows a
capacitive-response mapping of the 56 pixel pressure sensor array
against a sitter, where the bright regions correspond to the increased
capacitance change of a pressure sensor. As demonstrated in
Figure 4f–g, the smart fabric, including the pressure sensor array on
a seat, detected the pressure distributions generated by the sitters
(Supplementary Figure S10). In particular, owing to the high

Figure 4 (a) Photograph of the fabricated textile pressure sensor based on Pt-coated conductive cotton fiber on a polyethylene terephthalate (PET) substrate
and a corresponding schematic illustration of the pressure sensor. (b) Capacitive response of the textile pressure sensor to various loads of 0.1, 0.5 and 1 N.
(c) Relative capacitance change with respect to the increasing applied load. (d) Capacitive response of the textile pressure sensor to the loading and
unloading of a light weight (30 mg). (e) Stability of the textile pressure sensor under an applied load of 0.05 N for over 10 000 cycles. (f) Photographs of a
textile-based pressure sensor array with a 7×8 configuration. (g) Capacitive-response mapping of the 56 pixel textile pressure sensor array for a sitter, where
the bright regions correspond to the increased capacitance change of a pressure sensor.

Highly Conductive and Flexible Fiber
J Lee et al

7

NPG Asia Materials



performance of each pressure sensor in the array, the textile pressure
sensor array on the fabric could successfully classify the body types of
the sitters (Supplementary Figure S11). These results indicate that our
textile pressure sensor fabricated using conductive cotton fibers
exhibits significant potential to be used as an advanced occupant-
classification system for vehicles. We expect the pressure sensors to be
effectively utilized for various advanced wearable systems via the
simple sewing method.

CONCLUSION

In summary, we developed a powerful ALD process for Pt that can be
successfully achieved at temperatures as low as 80 °C and fabricated a
highly conductive cotton fiber and textile pressure sensor using this Pt
ALD process. Using an HDMP precursor with an unprecedented
reactivity, Pt layers were conformally deposited on thermally fragile
substrates by ALD at low growth temperatures. Using the highly
conductive fibers prepared by Pt ALD, a high-performance capacitive
textile pressure sensor was successfully fabricated. The textile pressure
sensor exhibited a high sensitivity and excellent durability despite
pressures repeatedly applied for 10 000 cycles. In addition, we
demonstrated that the textile pressure sensor has enormous potential
for realization of advanced e-textiles via the integration of multiple
sensors onto a fabric in a large-area 7 ×8 array configuration to be
utilized to an occupant-classification system that can identify the
features of sitters. We believe that the textile pressure sensor and smart
fabrics obtained through low-temperature Pt ALD are promising
candidates for various wearable and smart fabric applications as a new
platform for future textile electronics.
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