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Abstract This letter describes a new organic (1-bromo-
adamantane) ultrathin film as gate dielectric, which was
successfully deposited by sol-gel spin-coating process on a
flexible polyimide substrate at room temperature. The
metal-insulator-metal (MIM) device with organic (1-bro-
moadamantane) ultrathin (10 nm) film as gate dielectric
layer operated at gate voltage of 5.0 V, showing a low
leakage current density (5.63 x 107'° Acm 2 at 5 V) and
good capacitance (2.01 fF um ™2 at 1 MHz). The chemical
structure of the 1-bromoadamantane layer was investigated
by Fourier transform infrared spectrometer. The excellent
leakage current density and better capacitance, probably
due to the presence of polar, non-polar, low-polar groups,
and bromine atoms in ultrathin film. Practical properties of
the film in MIM capacitor such as dielectric constant as
well as bending result of leakage current density and
breakdown voltage have been better related to such fun-
damental adhesion nature over flexible substrate. This
permits estimation of the properties of new dielectric in
thin film form and short lists of the best materials for low
loss and good capacitance flexible capacitors could be
drawn up in future.
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1 Introduction

There has been increasing interest in the development of
electronic circuits on flexible substrates to meet the growing
demand for low-cost, large-area, flexible and lightweight
devices, such as roll-up displays, e-papers, connectors, and
keyboards. Organic/polymer materials [1, 2] have attracted
a lot of attention for building large-area, mechanically
flexible electronic devices. These materials are widely
pursued since they offer numerous advantages for easy-
processing (e.g., spin-coating, printing, evaporation), good
compatibility with a variety of substrates including flexible
substrates, and great opportunity for structural modifica-
tions. Apart from the above, low dielectric constant (low-k)
materials are known to decrease lower cross-talk noise,
power dissipation, and, when incorporated in device sys-
tems, can dramatically decrease resistance—capacitance
(RC) delays [3]. As shown in the International Technology
Roadmap for Semiconductors (ITRS) guidelines, interlayer
metal insulating materials need to have dielectric constants
<2.4 to effectively isolate devices having sizes <100 nm
[4]. Thus, much attention has been given to the research and
development of new materials with low-k [5]. There is also
a strong desire on the part of microelectronic industry to
develop advanced, large-scale new materials that can meet
the growing demand for miniaturization, high-speed per-
formance, and flexibility. But researchers have had little
success in making new low-k ultrathin films on flexible
substrates at 25 °C.

Recently, numerous technologies have been developed
for the preparation of thin film or crystal embedded thin
film devices [6—8]. Among various methods to prepare
semiconductor or insulator films, atomic layer deposition
(ALD), physical vapor deposition (PVD), and chemical
vapor deposition (CVD) appear to be the most useful new
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technologies [9—11]. However, above methods require
ultrahigh vacuum condition and expensive tools. The sol—
gel spin-coating method is a very efficient approach toward
crack-free and smooth ceramic films in prior to thermal
annealing limitation for plastic substrate [3, 12]. In addi-
tion, such films can be fabricated at room temperature and
normal pressure, obviating the need for high-vacuum sys-
tems [13]. The sol-gel method can provide colloidal sol-
vents or precursor compounds when metal halides are
hydrolyzed under controlled conditions [14, 15].

In this letter, for the first time, we present an easy-
to-follow synthesis procedure to prepare new organic
(1-bromoadamantane) ultrathin film dielectric layer at
25 °C. Then the electrical properties of the sample have
been examined for advanced flexible metal-insulator-metal
(MIM) capacitor applications. The electrical insulating
properties of flexible MIM device prepared employing
organic (1-bromoadamantane) ultrathin film as a dielectric
layer exhibited low leakage current density, and better
capacitance density. Moreover, this organic (1-bromoada-
mantane) ultrathin film had dielectric constants less than
2.4, making them suitable candidates for use in future
flexible MOS devices as a gate dielectric.

2 Experimental details

The fabrication process for the flexible MIM device is
described in the following: a plastic 25 um thick DuPont
Kapton® polyimide (PI) film was used as flexible substrate
for the fabrication of MIM capacitor. The PI film was

cleaned ultrasonically with ethanol (Fluka; water content:

<0.1 %) for 30 min and DI water and then high-pressure
N, gas was used to remove the water and any remaining
particles from the PI surface. After cleaning up a PI sub-
strate, a ~ 100 nm thick Cr and ~20 nm thick Au were
deposited sequentially on the PI substrate by thermal
coater. The Cr layer was used as the adhesion layer
between the PI substrate and the Au thin film. Au was
deposited for the gate electrode over the Cr coated PI
substrate. To deposit 1-bromoadamante ultrathin film, a

sol-gel solution was prepared by dissolving 5 gm
1-bromoadamante (99 %, Aldrich, USA) into 15 ml CHCI;
(98 %, Aldrich, USA) as the solvent. It is then stirred for
1 h with a magnetic stirrer at room temperature. To prepare
ultrathin film, mixed solutions of 1-bromoadamante and
CHCI; were applied by spin coating onto PI substrate in
two steps. Mixed solutions were first spread at 1,000 rpm
for 20 s and then at 3,000 rpm for 30 s at room temperature
using a Clean Track Model-MKS8 (TEL, Japan) spin coater.
At the end of the experiments, 300-nm thick Al films were
pattered as the top electrode using shadow mask and a
thermal coater.

The surface morphology of the organic (1-bromoada-
mantane) ultrathin film over Pl was evaluated using field-
emission scanning electron microscopy (FE-SEM, JOEL
JSM-5410) and atomic force microscopy (AFM, Digital
Instruments Nanoscope, D-5000) at a scan size of
I pm x 1 pm and a scan rate of 1 Hz. We also used
AFM techniques to measure the thickness of the organic
(1-bromoadamantane) ultrathin film. Fourier-transform
infrared (FTIR) spectra were collected with the use of KBr
pellets (2 mg per 300 mg KBr) on a spectrometer (Model
580, Perkin-Elmer) with a resolution of 4.00 cm™ !, Infra-
red spectra were recorded in the range of 3,200-600 cm ™'
to determine the functional groups in molecular structure.
The FTIR measurements were carried out at room tem-
perature. To measure of the leakage currents and capaci-
tances of the organic (1-bromoadamantane) ultrathin film
was performed using an Agilent-4156 probe station and an
HP-4284A C-V analyzer, respectively. The MIM config-
uration represents in Fig. la. Figure 1b shows a photo-
graph of the flexible capacitor device on PI substrate under
a large surface strain.

3 Results and discussion

The surface morphology of organic (1-bromoadamantane)
ultrathin film was investigated using FE-SEM. Figure 2a
displays top-view FE-SEM image of the as-deposited,
sol—gel spin-coated organic (1-bromoadamantane) ultrathin

of MIM capacitor structure
based on organic (1-
bromoadamantane) ultrathin
film, b photograph of the MIM
capacitor device on a flexible PI
substrate

Fig. 1 a Schematic illustration A I
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film at 25 °C. As shown in Fig. 2a, well-ordered, contin-
uous, clean, smooth, and crack-free organic (1-bromoada-
mantane) ultrathin film was grown successfully on PI
substrate by sol-gel spin-coating. Generally, it is well
know that the surface roughness of the film is another
important factor affecting the performance of MOS devi-
ces. Hence, the surface morphology of organic (1-bromo-
adamantane) ultrathin film was further investigated by
tapping mode atomic force microscope (AFM). We used
tapping-mode AFM on a length scale of 1 x I um to
determine the surface roughness of the organic (1-bromo-
adamantane) ultrathin film. Figure 2b indicates the surface
roughness of the film surface was ~1.54 nm. AFM image
indicates that the organic (1-bromoadamantane) ultrathin
film has flat, uniform surface morphologies. This is also
consistent with SEM, which showed the clean, smooth, and
crack-free organic ultrathin film/Au/Cr/PI. We have also
used tapping-mode AFM to measure the thickness of
organic (1-bromoadamantane) ultrathin film on Au/Cr/PIL

250

v 500 ney
500 nen

1000 nm

Onm

Fig. 2 a Plane-view FE-SEM image of the organic (1-bromoada-
mantane) ultrathin film deposited onto flexible substrate at 25 °C, b
AFM image of organic (1-bromoadamantane) ultrathin film and their
plane view showing the surface roughness ¢ AFM image of crack on

Absorbance (a.u.)

In order to obtain more accurate ultrathin film thickness,
first step is we need make a crack on the sample by folding
and found the crack region on the AFM images. Then we
can use the scan line onto a crack region to measure the
thickness of organic (1-bromoadamantane) ultrathin film
(Fig. 2c). The thickness of organic (1-bromoadamantane)
ultrathin film was ~ 10 nm, as shown in Fig. 2c.

To gain the more insight about the functional groups, a
Fourier Transform Infrared (FTIR) spectrometer was used
to examine the functional groups of the organic (I-
bromoadamanate) ultrathin film surface. The IR absorption
spectrum of the organic (1-bromoadamanate) ultrathin film
is shown in Fig. 2d. The spectra for the films deposited
with organic (l-bromoadamanate) ultrathin film have a
sharper spectral profile, which means that films have less
disordered structure. As shown in Fig. 2d, a sharp peak due
to the C—Br stretching mode appears at ~673 cm™" in the
absorption spectrum. Bands between 805 and 981 cm ™' are
believed to be due to C—C stretching and C—C-C bending

D
253 C-Bratretch
C-C stretch & C-C-C bending
1045 ¢C stretch & CCC bending
805-981 14356
v L b ] v L A 1
600 1200 1800 2400 3000

Wavenumber (cm™)

organic (1-bromoadamantane) ultrathin film for determining the film
thicknesses and thickness of film is shown inset of Fig. ¢; and d A
typical FTIR spectrum of an organic (1-bromoadamantane) ultrathin
film/PI
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mode. While a sharp peak at 1,045 cm™! from CC
stretching and CCC bending mode can be detected in
organic (1-bromoadamantane) ultrathin film. It is ambigu-
ous to tell the origin of the 1,404, 1,493 and 1,542 cm™!
peak appeared in Fig. 2d. The strong peak at 2,850, 2,927
and 3,024 cm™! from stretching mode for the C-H2, C-H
and C=C-H bonds in new organic ultrathin film deposited
by sol-gel spin-coating can also be detected. The IR
spectrum (Fig. 2d) of 1-bromoadmantane ultrathin film is
more consistent with that reported previously [16-20].

The organic (1-bromoadamantane) ultrathin film has
exhibited excellent low leakage current density and better
capacitance. The excellent low leakage current density and
better capacitance can be explained by taking into account
optimum polarity of the thin film due to the presence of
polar, non-polar and low-polar molecules. As shown in
Fig. 2d, we can see clearly the presence of C-C, C-H,
C=C, and C-Br bonds in organic ultrathin film. The bro-
mine atoms has diameter of 115 pm, which is significantly
larger than hydrogen (25 pm), fluorine (50 pm) and car-
bon (70 pm). Consequently, bromine atoms impart higher
electronic polarization [21]. In addition incorporation of
bromine atoms in the films results in relatively high per-
mittivity of the films. Thus, dielectric properties are aug-
ments. Apart from dielectric properties, better adhesive
properties are also achieved by virtue of bromine atoms,
which promote cross-linking [22].

Electrical characterization is undertaken to investigate
the electrical insulation properties of the ultrathin film. A
leakage current density—voltage measurement (J-V) is
performed on the organic (1-bromoadamantane) ultrathin
film to determine the leakage current characteristics and
dielectric breakdown voltage. The J-V response is also
used to determine the available range for high-quality C-V
measurement. Figure 3a shows the leakage current density
versus applied voltage characteristic of a new organic
(1-bromoadamantane) ultrathin film for flexible MIM
structure prepared at 25 °C. The leakage current densities

of the range between 107'°-107° A cm™2 at ~5 V are

within accepted values for low dielectric constant materials.
The ultrathin film achieves consistent dielectric breakdown
value of ~5 V and exhibit leakage current density below
243 x 107° prior to breakdown. The probe was moved to
different points on the MIM device, gave similar results.
Therefore, this implies that the organic (1-bromoadaman-
tane) ultrathin film has excellent low leakage current
(5.63 x 107'° A cm™2 at 5 V) property on the PI substrate.
Fig. 3b represents a characteristic C—V plot for an organic
(1-bromoadamantane) ultrathin film which has a thickness of
~ 10 nm. Herein, we have measured the capacitance density
for the organic (l-bromoadamantane) ultrathin film; the
measured capacitance density was 2.01 fF pm™2 at 1 MHz.
The better capacitance of this room temperature-deposited
organic (1-bromoadamantane) ultrathin film would allow its
future flexible electronic devices to be operated in the low
voltage and low process temperature regime.

Furthermore, according to the capacitance and thickness
data, we estimated the dielectric constant (k) of the new
organic (l-bromoadamantane) ultrathin film to be ~2.3.
Dielectric constant calculated from equation C; = kepA/d,
where k is the dielectric constant, C; is the capacitance, & is
the permittivity constant, A is the capacitance area (which
is different for different specific samples), and d is the
insulator thickness. The dielectric strength is the direct
current voltage between two electrodes at which dielectric
breakdown occurs and is an indicator of how good an
insulator the material i.e. l-bromoadamantane. These
results demonstrated that the 1-bromoadamantane exhibit
superior insulating properties versus the corresponding neat
polymers of the different thickness, and compared many
other previously reported materials (Table 1) [23, 24].
Hence, the low dielectric constant value for our sol-gel
derived flexible capacitor is promising candidates for
interlayer metal insulators in next-generation microelec-
tronics. However, we need further measurements of
the leakage current properties after different bending

Fig. 3 Plot a leakage current K U 5
density under an applied é FA ) —~ 1B
positive voltage for the organic g 0.1 f k= 4 1 MHz
(1-bromoadamantane) ultrathin z r é‘
film device, and b capacitance g 1E-3 | =
density (C) as a function of the 3 r = 31
applied voltage (V) for the e IES| o g
organic (1-bromoadamantane) e r ot T 2] e e omo om0 w2
ultrathin film device E 1E-7 | ;.;H;r =

gab ;r m A } g 14

g B9 g AVl g

E =
g r s
= e L DA S
0 1 2 3 4 5 6 -6 -4 -2 0 2 4 6
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Table 1 Comparison of the electrical properties for various low-
k dielectric materials

Dielectric material ~ Film Leakage current Dielectric
thickness density (A cm™?)  constant®
(nm)

1- 10 5.63 x 10710 2.3

bromoadamantane

PMMA [23] 120 ~2 x 10710 43

PVP [24] 133 1077-10"% 6.4

PS [24] 122 1078-107° 2.6

CPS-Cy [24] 12 1077-107% 3.0

CPVP-C, [24] 18 107°-1071° 6.2

SiO, [24] 8.5 ca. 1078 3.8

# Calculated dielectric constant

conditions, convex and concave setting to confirm the
feasibility for use in future flexible microelectronics.
Figure 4a shows the leakage current density for the
organic (1-bromoadamantane) ultrathin film subjected to
three different bending times. As shown in Fig. 4a the
organic (1-bromoadamantane) ultrathin film retained its
low leakage current density after different bending condi-
tions (such as 1,000, 5,000, and 10,000 times bend). And
all of the curves showed the leakage current density
between 107'°-10™% A cm™2 at applied 5 V for positive
biasing conditions after bending the device up to 1,000,
5,000, and 10,000 times. This implies that the new organic

ultrathin film over PI substrate exhibited superior reliability
after bending the capacitor. After measuring the bending
test, the breakdown voltage (V) remained the same as was
prior to bending (~5 V), indicating that using the sol-gel
spin-coating methods to form the organic (1-bromoada-
mantane) ultrathin film provides superior electrical prop-
erties and reliability for the MIM configuration. Based on
the above result, we further conclude that the electrical
performance of our flexible-base device is comparable to
that of other devices, even after folding or bending the
sample unlimitedly.

In addition, we perform two additional measurements of
our sol-gel-derived MIM device on a flexible PI substrate.
We measured the leakage current density in both convex
(Fig. 4b and concave (Fig. 4c) settings). The radii of cur-
vature (Rc) of both convex and concave settings are 2 and
4 cm. In both cases (convex and concave settings) with R¢
2 and 4 cm, we have obtained the electron leakage current
density and breakdown voltage under positive biasing
conditions for organic ultrathin film/PI substrate are <10~°
A cm™?and 5 V, respectively. As shown in Figs. 4b, c, the
thickness of the organic ultrathin film remained unchanged
when the MIM capacitor was subjected to 2 and 4 cm
concave- or convex-type conditions. Again, the sol-
gel-derived organic (1-bromoadamantane) ultrathin film
behaved as a very stable electrical insulator, even after
bending the device at the different radii of curvature. In this
way, we conclude that our result also is similar to bending

[
=

Fig. 4 a Leakage current
density plotted as a function of
the voltage, measured at
positive biased voltages, for the
organic (1-bromoadamantane)
ultrathin film flexible MIM
device after being subjected to
repeated bending for various
times. The photograph in the
inset of a shows our homemade
bending instrument and the
fabricated flexible capacitor
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condition. Thus, revealing that the organic (1-bromoada-
mantane) ultrathin film exhibited superior electrical
performance.

4 Conclusions

In summary, we have successfully deposited the new
organic (1-bromoadamantane) ultrathin film using the sol-
gel spin-coating method on Au/Cr/PI substrate at 25 °C.
The ultrathin film exhibited a low leakage current density
of 563 x 107' A cm 2 at 5 V and a better capacitance
density of 2.01 fF pm~2 at 1 MHz. The electrical behavior
of organic (l-bromoadamantane) ultrathin film is tested
under various bending treatment conditions revealed that
our flexible device functioned independent of the bending
conditions (i.e., the number of bends and the bending
radii), even after bending the capacitor up to 10,000 times.
Moreover, the most obvious finding emerge from this study
is that organic (l-bromoadamantane) ultrathin film
have low dielectric constant, low leakage current, high
resistance to moisture absorption and better adhesion is
obtained due to optimum polarity of the precursor material
of the thin film. Thus, we firmly believe that the organic (1-
bromoadamantane) ultrathin film is the leading candidate
for use as a gate dielectric layer for advanced flexible MIM
capacitors.
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