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We have used a sol–gel spin-coating process to fabricate a new metal-insulator-metal (MIM)

capacitor comprising a 10 nm–thick high-k thin dielectric HfO2 film on a flexible polyimide (PI)

substrate. The surface morphology of this HfO2 film was investigated using atomic force

microscopy and scanning electron microscopy, which confirmed that continuous and crack-free

film growth had occurred on the film surface. After oxygen (O2) plasma pretreatment and

subsequent annealing at 250 1C, the film on the PI substrate exhibited a low leakage current

density of 3.64 � 10�9 A cm�2 at 5 V and a maximum capacitance density of 10.35 fF mm�2 at
1 MHz. The as-deposited sol–gel film was completely oxidized when employing O2 plasma at a

relatively low temperature (ca. 250 1C), thereby enhancing the electrical performance. We

employed X-ray photoelectron spectroscopy (XPS) at both high and low resolution to examine

the chemical composition of the film subjected to various treatment conditions. The shift of the

XPS peaks towards higher binding energy, revealed that O2 plasma treatment was the most

effective process for the complete oxidation of hafnium atoms at low temperature. A study of

the insulator properties indicated the excellent bendability of our MIM capacitor; the flexible PI

substrate could be bent up to 105 times and folded to near 3601 without any deterioration in its

electrical performance.

1. Introduction

Plastic circuits have received growing interest because they

combine plastic substrates with new classes of organic materials

using low-cost fabrication approaches, such as inkjet printing

and liquid film casting.1,2 They are considered to be a key

emerging technology for this century with their potential as an

ultralow-cost and light-weight alternative to Si wafers.3,4

In some instances, they are compatible with continuous,

high-speed reel-to-reel fabrication, high mechanical flexibility,

transparent to visible/UV radiation, and can allow the circuit

board to conform to a desired shape or flex during its use.5,6

Subsequently, plastic circuits appear to be the foundation for

future electronic devices, such as electronic papers, wearable

sensors, low-cost smart cards, radio frequency identification

tags, and flexible arrays of plastic microphones.7–9 Recently, in

terms of their superior bending, it was found that flexible

organic transistors can perform better than flexible inorganic

transistors.10,11 Reliability stress testing is a very important

method for analyzing the bending and stretching properties of

flexible devices designed for such applications as accurate

sensors for hydrogen12 or for integration into artificial muscles

or biological tissues.13

The additional number of steps and high-temperature

processing required to achieve high-performance flexible

devices, however, has limited the rate of implementation of

semiconductor devices fabricated on flexible organic substrates.

In part, this problem can be solved by reducing the transistor

size; for example, by reducing the thickness of the silicon dioxide

(SiO2) gate dielectric in proportion to the shrinkage of the gate

length of 70 nm. Nevertheless, such a thin SiO2-dielectric layer

imposes severe constraints on the device performance because

this thickness approaches the quantum-tunneling limit and

decreases the reliability of the metal oxide semiconductor field

effect transistors (MOSFETs).14

For a small system with scaled-down thickness, the need for

advanced materials is progressively focusing on composite

systems that maintain or enhance the device performance.

To address the issue of the leakage current, hafnium oxide

(HfO2) has become one of the most promising candidates for

use as an alternative gate dielectric to replace SiO2. It exhibits

high temperature stability and excellent insulator properties

against heat and electricity. HfO2 is attractive high-k dielectric

material with relatively very high dielectric constant

(k B ca. 25) and wide band gap (ca. 5.68 eV) relative to that

of SiO2.
15,16 Among the various methods for preparing metal

oxide film, dc sputtering,17 atomic layer deposition (ALD),18
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physical vapor deposition (PVD),19 and metal organic

chemical vapor deposition (MOCVD)20 appear to be the most

useful new technologies. Sol–gel spin-coating is a very efficient

approach toward smooth, crack-free films exhibiting excellent

surface conformity and uniformity over large areas. In

addition, such films can be fabricated at room temperature

and normal pressure, obviating the need for high-vacuum

systems.21–23 The thin films are produced on a substrate by

spin-coating or dip-coating; i.e., a small puddle of the fluid

resin is placed at the center of a substrate, which is then spun

at high speed (typically ca. 3000 rpm). Dielectric films

deposited at low temperature generally exhibit poorer

properties and higher degrees of current leakage because of

the many traps present within the film. Hence, high-temperature

annealing (at ca. 600–800 1C) is traditionally required to

improve the electrical properties of such thin films.23 Plastic

thin PI substrates, however, become damaged at the higher

temperatures (Z 300 1C) employed during annealing or

depositing the film because of their intrinsic low thermal

compatibility. Thus, a challenge remains to develop a promising

method to overcome these processing limitations. Several

researchers have observed that oxygen (O2) plasma treatment

affects the performance of thin films deposited at low

temperature through sol–gel spin-coating.24,25 The electrical

properties of such films can improve considerably after O2

plasma exposure, with enhanced remnant polarization and

decreased leakage current density.

In this study, we developed a low-temperature O2 plasma–

enhanced method for preparing a HfO2 thin film–based MIM

capacitor fabricated on a flexible organic PI substrate using

sol–gel spin processing. To determine the insulator properties

of the film, we determined their current density–electric field

(J–E) and capacitance–voltage (C–V) characteristics. We also

investigated the O2 plasma oxidation growth mechanism in

different kinetic regimes to understand the surface oxidation

process. Moreover, X-ray photoelectron spectroscopy (XPS)

suggested the feasibility of using this low-temperature processing

approach toward achieving high-performance flexible devices.

A test revealed that the capacitor on the PI surface performed

reliably after bending up to 105 times.

2. Experimental

2.1 Materials and fabrication

Plastic 30 mm–thick DuPont Kaptons PI films were used as

flexible substrates. They were cleaned ultrasonically with

ethanol (Fluka; water content: o0.1%) for 30 min and

deionized water for 10 min and then high-pressure N2 gas

was used to remove the water and any remaining particles

from the PI surface. Next, Cr (thickness: 10 nm; adhesion

layer) and Au (thickness: 100 nm) were deposited for the gate

electrode over the PI substrate using a thermal coater. To

deposit the high-k HfO2 film, a sol–gel solution was prepared

by dissolving HfCl4 (98%, Aldrich, USA) in ethanol (95%) at

a suitable concentration. We added ethanol (10 mL) as the

solvent to yield a molar ratio of HfCl4 to C2H5OH of 1 : 1000;

after adding a magnetic stirrer, the solution was heated

under reflux while stirring for 30 min. The film was grown

by spin-coating the sol–gel solution over PI at 3000 rpm for

30 s at room temperature using a Clean Track Model-MK8

(TEL, Japan) spin coater. The as-prepared samples were

treated with O2 plasma for 2 min in an oxygen plasma reactor

(Harrick Scientific Corp.), which supplied a plasma power of

30 W; subsequent annealing was performed in the presence of

O2 at 250 1C for 12 h (refer, OPT/A). Finally, 300 nm–thick Al

films were patterned as the top electrodes using a shadow

mask and a thermal coater.

2.2 Characterization

The surface morphology of the high-k HfO2 film over PI was

evaluated using scanning electron microscopy (FE-SEM,

JOEL JSM-5410, operated at 5 kV) and atomic force micro-

scopy (AFM, Digital Instruments Nanoscope, D-5000) at a

scan size of 2 mm and a scan rate of 1 Hz. We used ellipsometry

techniques to measure the thickness of the HfO2 film. We used

XPS to analyze the chemical bonding of the elements of

interest under various treatment conditions. To characterize

the leakage currents and capacitances of the films, we prepared

them in the metal-insulator-metal (MIM) configuration

represented in Fig. 1(a). The J–E measurements were

performed using an Agilent-4156 probe station; the capaci-

tance was measured using an HP-4284A C–V analyzer.

Fig. 1(b) displays a photograph of the flexible capacitor device

on a 30 mm–thick PI substrate under a large surface strain, but

without any cracks appearing on the surface; the inset reveals

the bending characteristics of this capacitor with unlimited

fold-up to an angle of 3601. Thus, it is possible to apply a large

mechanical strain to the devices fabricated onto the plastic

substrate to evaluate their test strain. A customized bending

machine (depicted and described in detail elsewhere in this text)

was used to perform bending tests with the flexible MIM

capacitor device.

3. Results and discussion

3.1 Film quality and roughness

The HfO2 film was prepared by spin-coating a sol–gel mother

solution onto the chromium (Cr) coated flexible PI substrate

used as a gate insulator layer. Cr was used to make firm

adhesion between PI and sol–gel derived HfO2 film.26 Fig. 2(a)

and (b) present top-view SEM images of the as-deposited,

sol–gel spin-coated films after baking at 80 1C and annealing

at 250 1C for 12 h. Many trap states are present over both film

surfaces, suggesting that they would directly affect the

Fig. 1 (a) Schematic representation of an MIM capacitor featuring a

high-k HfO2 thin film on a PI substrate; (b) photograph of our MIM

capacitor on the flexible ultra-thin PI substrate; inset: unlimited bend

test up to an angle of 3601.
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electrical performance of the device. When O2 plasma

pretreatment was employed for 2 min on the as-grown sol–gel

film and then annealing was performed at 250 1C for 12 h

(abbreviated as OPT/A), a clean surface was generated.

Fig. 2(c) displays the well-ordered, smooth, and crack-free

HfO2 film that was grown successfully on the PI substrate. The

surface roughness of the insulator layer is another important

factor affecting the performance of MOS devices. Here, we

used tapping-mode AFM on a length scale of 2 � 2 mm to

determine the surface roughness of the film. Fig. 2(d) indicates

that the surface roughness of the film surface of the sample

treated with OPT/A was 1.43 nm. The thickness of HfO2 film

subjected to OPT/A-treatment was measured to be 10 nm

using ellipsometry techniques.

3.2 Effect of O2 plasma on HfO2 thin film formation

We measured the quantitative leakage current and capacitance

to evaluate the dielectric performance of the high-k HfO2 film

in the MIM configuration. Fig. 3(a) displays the J–E

characteristics for flexible MIM capacitors prepared under

various sample treatment conditions. The as-deposited

samples that were baked at 80 1C and annealed in the presence

of O2 at 250 1C for 12 h did not have sufficiently high thermal

budgets and, thus, their breakdown electric fields were

relatively low and their leakage current densities were very

high (1.69 � 10�5 and 1.59 � 10�7 A cm�2, respectively, at an

applied voltage of 5 V). The leakage current density was

3.64 � 10�9 A cm�2 for the sol–gel-deposited HfO2 film

subjected to OPT/A treatment conditions. The baking-only

treated HfO2 film exhibited the largest leakage current among

these treated films because it had poor dielectric characteristics

and numerous traps present within the film. A slight improve-

ment in the electrical characteristics occurred for the

annealing-only treated sample. The leakage current density

decreased when the sample was treated with O2 plasma for

2 min and then annealed at 250 1C for 12 h, indicating that the

poorer leakage properties of the other two treated samples

arose because of the existence of numerous traps over their

film surfaces. The breakdown electric field (ca. 2.3 MV cm�1)

also increased when the sample was subjected to the OPT/A

treatment conditions. The OPT/A-treated sample exhibited

excellent electrical characteristics on the PI substrate because

(i) the wet hafnium film underwent a high degree of oxidation

under O2 plasma treatment and (ii) subsequent annealing led

to a reduction in the number of traps. The low leakage current

of our flexible MIM capacitor is comparable with that of

silicon- and glass-based capacitor devices.27–29

To understand the carrier transport mechanisms of the

OPT/A-treated hafnium dielectric film, Fig. 3(b) presents a

plot of ln(J) with respect to the square root of the applied

electric field (E1/2). For standard Schottky–Richardson (SR)

emission, the plot of ln(J) versus E1/2 should be linear; can be

expressed as30

J ¼ A � T2 exp
�qðfB �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qE=4pere0

p
Þ

KT

" #
ð1Þ

where A is the effective Richardson constant, qfB is the

Schottky barrier height, e0 is the permittivity in a vacuum,

and er is the dynamic dielectric constant of HfO2. SR emission

induced by the thermionic effect is caused by electron

transport across the potential energy barrier, as indicated in

the inset to Fig. 3(b); it is independent of traps and dominates

the conduction mechanism.31

The conversion of the current transport mechanism from

trap-assisted tunneling for the as-deposited and annealing-

only samples to SR emission for the OPT/A sample

demonstrates theoretically that the sol–gel hafnium film was

Fig. 2 (a–c) Top-view SEM images of as-deposited HfO2 films on Cr/PI substrates after (a) baking, (b) annealing at 250 1C for 12 h, (c) sequential

O2 plasma treatment and annealing at 250 1C for 12 h (OPT/A), (d) tapping-mode AFM image of the film subject to OPT/A-treatment.
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oxidized and traps were completely terminated. Fig. 3(c)

presents plots of ln(J/E) versus E1/2 for the baking, annealing,

and OPT/A-treated HfO2 films; the inset displays a schematic

energy band diagram that elucidates the leakage transport

mechanisms. It is believed that the Poole–Frenkel (PF)

emission is due to field-enhanced thermal excitation of trapped

electrons in the bulk of the insulator. The conduction process

at higher voltages is likely due to the PF emission,32 which is

described by the equation

J ¼ CE exp
�qft

kT

� �
exp

1

rkT

ffiffiffiffiffiffiffiffiffiffiffiffiffi
q3

pe0KT

s ffiffiffiffi
E
p

2
4

3
5 ð2Þ

where C is a constant, q, k, T, and E represent the electronic

charge, the Boltzmann constant, the temperature, and the

electric field, respectively, e0 denotes the permittivity of free

space, KT is the high-frequency dielectric constant (square of

the refractive index), and ft is the energy barrier separating the

traps from the conduction band. The coefficient r is introduced

in the expression to take into account the influence of the

trapping or acceptor centers (1 r r r 2). As a result, the plot

of ln(J/E) as a function of E1/2 in Fig. 3(c) reveals that the

as-deposited baking- and annealing-only samples possessed

huge numbers of traps, which decreased the band gap in the

HfO2 films because the thermal budget was insufficient to form

dense and trap-free dielectric layers. For the as-deposited

sample, the linear dependence began at a very low electric

field (ca. 0.2 MV cm�1). The traps within the HfO2 film were

not reduced after baking-only treatment; the device featured a

high leakage current and a low breakdown electric field. For

annealing-only sample, the traps inside the HfO2 films had

been reduced and the current transport mechanism was

improved from trap-assisted tunneling to FP emission, but

this improvement remained less obvious and resulted in poorer

dielectric properties. Under treatment with O2 plasma, the PF

emission was gradually restrained. Finally, the current

transport mechanism was replaced by SR emission after

OPT/A treatments of the as-grown film. These findings

confirm that the number of traps was minimized within the

low temperature-deposited HfO2 film after plasma treatment.

Fig. 4 displays the C–V characteristics of our flexible MIM

capacitor. Here, we have only measured the capacitance

density for the OPT/A-treated HfO2 film; the maximum

measured capacitance density was 10.35 fF mm�2 at 1 MHz.

The high capacitance of this low temperature-deposited HfO2

film after OPT/A treatment would allow its future flexible

electronic devices to be operated in the low voltage regime. In

addition, according to the capacitance and thickness data, we

estimated the dielectric constant (k) of the HfO2 film to be

11.7. The observation of the calculated value of k is lower than

that of pure HfO2 film, but consistent with the previous results

for calculated dielectric constant of sol–gel derived HfO2

films.33–35 The calculated value of k is sharply decreased as

the film thickness is very low (B10 nm) by means of Lorenz’s

local field theory.34 However, the k value for our sol–gel

derived flexible capacitor is still higher than that of SiO2 on

silicon wafer (k = 3.8). Thus, one approach is the use of

materials with dielectric constants higher than that of SiO2

materials as thin-film dielectric materials, whereby the HfO2

dielectric materials with dielectric constants of about 11.7 or

above, demonstrate the possibility to replace the conventional

SiO2-based materials.

We used a plasma oxidation growth mechanism at low

temperature to examine the influence of O2 plasma on the

as-deposited hafnium film. It was expected that there would be

a direct interaction of active atoms and molecules in the

plasma (O+, O�, O, O2, free electrons, etc.) with organic

species in the sample.36 The sol–gel solution comprising HfCl4
dissolved into alcohol and was coated over the flexible PI

substrate. Fig. 5 displays the possible chemical trans-

formation, the hydrolysis and condensation reactions with

an exothermic elimination of HCl; which also includes

Fig. 3 (a) Plots of leakage current density versus electric field under

an applied positive voltage for samples prepared using all three

treatment conditions. (b) Plot of ln(J) versus the square root of

the electric field (E1/2) for the OPT/A-treated sample. (c) Plot of

ln(J/E) versus (E1/2) for the three samples. The corresponding

schematic energy band diagram is presented to explain the S–R and

P–F emissions.
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decomposition reactions for O2 plasma on the as-deposited

sol–gel film. In (I) step, the as-deposited film existed in the

solid-state, presumably with a HO–Hf–O–Hf–OR model

based structure. It appeared that a homogeneous network of

–O–Hf–O–Hf–O– bonds had not developed in the thin film. In

steps (ii) and (iii), the power plasma induced the formation of

some active oxygen species that reacted with model structure

of HO–Hf–O–Hf–OR, resulting in partial oxidation to

hafnium oxide. The imposing plasma gradually oxidized the

as deposited thin film. In the final step (iv), the film surface was

near-complete oxidation to –(O–Hf–O)n– using plasma

oxidation; the organic parts were mostly removed. Oxidation

through O2 plasma treatment of the thin film occurred at lower

temperature than conventional high-temperature annealing on

thin film; this process allows high-performance electronic

devices to be fabricated on plastic substrates.

To obtain a better understanding of the O2 plasma effect, we

used XPS analysis to examine the chemical composition of the

films obtained under different treatment conditions. Fig. 6

displays high-resolution spectra of the Hf 4f energy levels of

the three samples. The spectra were deconvoluted into two

spin–orbit doublet peaks for the Hf 4f7/2 and Hf 4f5/2 energy

levels at different binding energies of the Hf–O bonds. For the

baking-only treatment (Fig. 6a), the peaks for the 4f7/2 and

4f5/2 binding energies were detected at 16.1 and 17.6 eV,

respectively. After annealing-only treatment (Fig. 6b), these

binding energies were raised to 16.4 and 17.9 eV, respectively.

Furthermore, excellent advancement of the O–Hf–O bonds

was achieved through O2 plasma treatment (Fig. 6c), the

binding energies of 4f7/2 and 4f5/2 were raised to 16.8 and

18.5 eV, respectively; fit well more likely to previous

studies.37,38 Compared to the as deposited sample, the Hf 4f

spectrum of the plasma treated HfO2 film is shifted roughly

0.7 eV to the higher binding energy (BE). The shift toward

higher BE for the Hf–O bonds suggests that oxygen

plasma treatment introduced some bonding structures

[i.e., –(O–Hf–O)n– units] for the complete oxidation of the

Hf atoms.39 Fig. 6(b) and (c) imply that O2 molecules reacted

with the Hf dangling bonds (or traps) to form stronger Hf–O

bonds and that subsequent annealing in the O2 plasma

effectively transported O2 molecules into the HfO2 film to

passivate the traps. In addition, we recorded the low-

resolution XPS spectra for the Hf 4f bonds for HfO2 film

subjected to as-prepared, annealing and OPT/A-treatment

conditions to examine its chemical composition. Fig. S1w
displays the spectrum of the as-deposited film with a broad

O(1s) peak at around 531 eV and the O(1s) peak for an

Fig. 4 Plot of capacitance density (C) as a function of the applied

voltage (V) for the OPT/A-treated capacitor device.

Fig. 5 Schematic representation of the O2 plasma growth mechanism for sol–gel-derived spin-coated HfO2 film.
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annealed-only sample at around 532.3 eV. In the as-deposited

film, the intense C(1s) peak at around 286.6 eV is attributed to

C–O–H from the ethanol solvent. This observation is in

excellent agreement with the reported literature value.40 The

C(1s) peak for annealed sample is at around 285.0 eV and

band intensity significantly decreases than the as deposited

film due to solvent evaporation. Fig. 7 reveals that the sample

consisted of hafnium, oxygen, and a small amount of

contaminating carbon; no other impurities (e.g., chloride ions)

were present on the film surface. This good composition is

similar to those reported previously.14,41 We calibrated the

binding energies by setting the residual C(1s) peaks at 284.6

and 288.0 eV, and the O(1s) peak at 533.9 eV. We find the

band intensity of O(1s) peak remains strong and C(1s) peak

decreases upon plasma treatment. The existence of low intense

C(1s) peak can be attributed to a partially oxidized carbon

species with a slight peak broadening, since the oxygen atoms

bond to a portion of carbon. The peak appearing at the

higher BE of 288.0 eV is due to C–O related bonding as

shown in the inset of Fig. 7. Although the C(1s) peak at

284.6 eV may be associated with (C–H) bond (Inset: Fig. 7),

and it remains unchanged even after plasma treatment. This

indicates the availability of residual carbon species is still

found over the film. This spectroscopic result reveals that

the content of defects was much reduced after subjecting the

sample to OPT/A treatment and subsequent annealing to

form the complete composite oxide hafnium film (i.e.,

HfO2). The XPS analysis confirms the chemical reaction

of the HfO2 film prepared through the O2 plasma-induced

transformation of the sol–gel-derived thin film. This approach

possesses one particular advantage over other standard

plasma oxidized technologies: it provides a higher rate of

oxidation of the wet-state of the film at lower treating

temperatures.

3.3 Bending treatment for mechanical flexibility and stability

Fig. 8 displays the leakage current densities for the OPT/

A-treated HfO2 films subjected to four different bending times.

We measured the leakage currents prior to bending treatment

to understand the performance of the initial MIM capacitor,

revealing that the HfO2 film exhibited superior electrical

performance. The film retained its low leakage current density

(ca. 10�9 A cm�2) after bending the device 103 or 105 times. All

of the curves overlapped, with no further increments in the

leakage current density for either positive or negative biasing

conditions after bending the capacitor up to 105 times. Indeed,

the HfO2 film over PI exhibited superior reliability after

bending the device. The photograph in the inset to Fig. 8

displays our homemade bending machine and our flexible

capacitor under an applied strain; the counter of the number

of bends and the set time are also indicated. After performing

the bending test, the breakdown field (E) remained the same as

was prior to bending (ca. 2.25 MV cm�1), indicating that using

the spin-coating process to form the HfO2 films provides

superior electrical characteristics and reliability for the MIM

structure. Again, we conclude from this result that the perfor-

mance of our flexible-base capacitor device is comparable to

that of silicon and glass-based capacitor devices, even after

folding or bending the sample unlimitedly. To the best

of our knowledge, there are no parallel reports describing

reliability tests of flexible capacitors employing HfO2

films as insulator layers that exhibit satisfactory electrical

properties.

3.4 Electrical performance of the flexible capacitor under

convex-and concave-type bending conditions

We tested two additional features of our sol–gel-derived

capacitor on a flexible substrate to explore its feasibility for

use in practical applications. Namely, we measured the current

density in both convex (Fig. 9a) and concave (Fig. 9b) settings,

varying the radii of curvature (RC) from 1 to 3.5 cm. During

Fig. 6 High-resolution XPS spectra of the Hf 4f energy levels for

as-deposited HfO2 films subjected to (a) baking, (b) annealing at

250 1C for 12 h, and (c) OPT/A-treatment. The dotted curve represent

the experimental data; solid curves represent the fitted peaks and the

summarized results of the fitted data.
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the manufacturing process, a foil was used as a substrate

support to provide these specific bending conditions. We

observed the electrical characteristics, such as the leakage

current density (o10�8 A cm�2) and breakdown field

(ca. 2.25 MV cm�1) under both negative and positive biasing

conditions. The sol–gel-derived HfO2 film obtained after

OPT/A treatment behaved as a stable electrical insulator, even

after bending the device at the different radii of curvature.

Under the RC (3.5 cm) concave conditions, the change in the

thickness of the film, relative to that of the flat device, was

ca. 0.00001%. Thus, we conclude that the thickness of the

HfO2 film remained unchanged when the device was subjected

to 3.5 cm concave- or convex-type bending conditions.

Even when the sample was bent under RC (1 cm) concave

conditions, the variation in the HfO2 film thickness was only

ca. 0.0001%. Bending led to nearly no changes in the electrical

characteristics under the various RC concave or convex

conditions. The low deviations in leakage current density

(o10�8 A cm�2) upon bending between 1 and 3.5 cm reveal

that no clear trend can be attributed to repeated driving under

either set of conditions.

4. Conclusions

We have prepared MIM-structured capacitors using ultrathin

10-nm high-k HfO2 films deposited through sol–gel spin-

coating on flexible PI substrates. The material properties and

electrical performances of these films verified the effectiveness

of applying low temperature plasma processing to the fabrica-

tion of future soft devices. The HfO2 film exhibited a low

leakage current density of 3.64 � 10�9 A cm�2 at 5 V and a

maximum capacitance density of 10.35 fF mm�2 at 1 MHz.

The electrical behavior analyzed under various bending

treatment conditions revealed that our flexible capacitor

functioned independent of the bending conditions (i.e., the

number of bends and the bending radii). The electrical

characteristics of our flexible MIM capacitors suggest they

are comparable with those of silicon- and glass-based

capacitor devices, even after bending the devices up to

105 times. We believe that amorphous high-k HfO2 is a

leading candidate for use in future flexible devices as a

stable gate dielectric fabricated through processing at low

temperatures.
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Fig. 7 Low resolution XPS spectrum of the OPT/A-treated HfO2 film

on the PI substrate. Inset: XPS spectra in the BE regions of C (1s).

Fig. 8 Leakage current density plotted as a function of the electric

field, measured at both negative and positive biased voltages, for the

OPT/A-treated flexible MIM capacitor after being subjected to

repeated bendings for various times.

Fig. 9 Leakage current density measurements for (a) convex and (b)

concave devices; radii of curvature (RC) were varied from 1 to 3.5 cm.
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