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Peptides have been overlooked for their use in the field of electronics, even though they are one of themost

commonly found bio-induced materials, and are not only easy to mass-produce but also exhibit a high

dielectric constant. Additionally, unlike proteins, which are gaining considerable interest with materials

researchers, peptides are much simpler, rendering their original characteristics easier to maintain without

significant alteration of their structure. On the other hand, proteins tend to deform due to their

susceptibility to environmental changes. Combining such superb dielectric properties with their relatively

stable nature, peptides could be utilized as a component of electronic devices ranging from basic

capacitors to more complex thin-film transistors. In this paper, a peptide chain (YYACAYY) composed of

tyrosine, alanine, and cysteine was extensively studied using an impedance analyzer to determine its

innate charge movement mechanism in order to extend our understanding of the electric properties of

peptides. The movement of mobile protons inside the peptide insulator was found to be the source of

the high relative permittivity of the peptide insulator, and the dielectric constant of the peptide insulator

was found to be over 17 in humid conditions. By widening the understanding of the dielectric properties

of the peptide insulator, it is expected that the peptide can be further utilized as an insulator in various

electronic devices.
1. Introduction

Recently, a growing interest has been shown in the use of bio-
induced materials that include proteins and polysaccharides
as components for electronic devices, and considerable prog-
ress has been made in this area.1–4 For example, as a bio-
induced material, many previous researchers have suggested
using various types of proteins, and this has attracted interest in
the areas of both material science and electronics, with prom-
ising results exhibited.

Similar to the proteins that are used extensively as bio-
induced materials, peptides serve as a building block in many
natural organic systems. The various types of bonding exhibited
by proteins and peptides make them available for advanced
chemical, mechanical, and especially, electrical properties.

One interesting electrical property of peptides is proton
conductivity. Although it has been reported that peptides have
high proton conductivity,5,6 most earlier research on the proton
conduction of bio-molecules was carried out at the molecular
versity, Incheon 21983, Republic of Korea
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eering, Seoul National University, Seoul

nu.ac.kr

tion (ESI) available. See DOI:

hemistry 2018
level, and mostly focused on revealing the underlying proton
conduction mechanism of the molecules.7 Additionally, recent
research on the bulk protonic conduction found in most bio-
molecules demonstrates that such bio-molecules exhibit
proton conductivity,6,8–11 although little effort has been made in
utilizing the proton conductivity in actual electronic devices.

Therefore, this paper focuses on studying the dielectric
property of the suggested peptide molecules with respect to
their proton conductivity, and on the applicability of the
peptide as a dielectric layer that can be utilized in many
different types of electronic devices.

The peptide chain (YYACAYY) used in this research is
composed of tyrosine (Y), alanine (A), and cysteine (C), as shown
in Fig. 1. This specic peptide sequence contains functional
groups, including –OH, –COOH, –NH2, and –SH, which are
known to be hydrophilic and to exhibit good ionic
Fig. 1 Chemical Structure of the YYACAYY peptide.
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conductivity.12,13 There are few amino acids that take critical role
in proton conduction in biological systems. Especially, amino
acids with phenol groups, for example tyrosine, are known to be
an important constituents that construct proton-coupled elec-
tron transfer observable in ribonucleotide reductase14 and
photosystem II15 in association with inorganic clusters. In
addition, tyrosine is a precursor of eumelanins,16 which exhibit
humidity-dependent high proton conductivity. Such protonic
conductivity is due to the absorption of water molecules intro-
duced to the peptide lm from the ambient atmosphere.5,10,17

Furthermore, the absorbed water molecules constitute
a hydrogen bond network, where protons may easily hop from
one place to another as described by the Grotthuss mecha-
nism,11,18,19 and the proton conductivity present inside the
peptide may enhance the dielectric properties of the peptide,
since protons, which cannot pass through metal electrodes,
may form an electrical double layer (EDL) at the interface,
therefore increasing the relative permittivity of the material.20

Additionally, unlike proteins that are susceptible to envi-
ronmental changes due to their complex bonding and structure,
the peptides remain fairly stable during conventional device-
fabrication processes, which oen induce heat and relatively
strong organic solvents. Furthermore, short-chain peptides are
relatively small and stable molecules that are easier to synthe-
size with well-known processes.21 Also, the specic peptide
sequence used in this research can be formed into a large-area
lm and its resistivity can easily be tuned.22,23 Such exibility of
the peptide sequence is expected to be helpful in future
research, as the mechanical and electrical properties of the
peptide can be altered in researcher's favor.

To ease the fabrication process and to prove that this peptide
insulator can be integrated into conventional electronic devices,
conventional thin-lm fabrication methods such as spin-
coating, sputtering, and evaporating techniques were utilized
in the fabrication of the test samples. The 3-D schematics and
Fig. 2 (a) Optical microscopic image of the RH-controlled peptide film. 3
microscopic image and (e) side-view TEM image of IGZO TFTs with the

34048 | RSC Adv., 2018, 8, 34047–34055
microscopic images of the fabricated devices are shown in
Fig. 2. Fig. 2b shows the 3-D schematics of the metal-insulator-
metal (MIM) samples that are used in the impedance and
breakdown analyses, while Fig. 2c shows the schematics of the
Thin Film Transistor (TFT) samples that are fabricated with an
In-Ga-Zn-O (IGZO) active layer and a peptide insulator. From the
optical microscopic image in Fig. 2d and the side-view using
Transmission Electron Microscopy (TEM) in Fig. 2e, successful
fabrication of the TFT samples was conrmed.

Using the fabricated MIM and TFT samples, the peptides
were analyzed using various electronic analysis techniques
involving an impedance analyzer and a semiconductor analyzer.
From the analysis, the relative permittivity of the peptide
insulator was found to be over 20 in humid conditions. In
addition, the origin of the high relative permittivity and internal
movement of the protons inside the peptide insulator could be
examined, and the relationship between the protonic move-
ment and the relative permittivity could be found.

Based on the understanding from studying the property of
the peptide insulator, it could also be integrated into a func-
tioning oxide TFT to illustrate the applicability of the peptide
insulator. The resulting peptide-integrated TFT showed supe-
rior characteristics in terms of on-current and on–off ratio due
to large dielectric constant of the peptide insulator. Combined
with the understanding of the protonic movement reported in
this paper, it is believed that the electrical property of the
peptide insulator can be further enhanced to provide bio-
induced high-k insulator that can be employed in many elec-
tronic applications.
2. Experimental
2.1. Sample preparation

2.1.1. Deposition of gate dielectrics. The YYACAYY peptide
was prepared and dissolved into Triuoroacetic Acid (TFA), with
-D structure of (b) MIM sample and (c) TFT sample. (d) Top-view optical
peptide insulator.

This journal is © The Royal Society of Chemistry 2018
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the concentration of 4 wt%. The peptide solution was then spin-
coated at the rotating speed of 4000 RPM for 60 seconds above
a gate electrode, which is a p++-Si substrate, while controlling
the relative humidity at the time of the coating. Spin-coating
was chosen to easily control the thickness of the peptide by
changing the concentration of the peptide solution. The rela-
tionship between the thickness of the peptide and the concen-
tration of the peptide solution was linearly proportional and can
be found in Fig. S1a in ESI.† The thickness was optimized at
400 nm to gain dielectric strength and to avoid possible thick-
ness variation due to the initial thickness being too thin. The
spin-coated peptide is amorphous as the TEM image in Fig. 2e
and SAED pattern in Fig. S3 in ESI† show. Optical striation was
found in the samples that were spin-coated at low Relative
Humidity (RH) conditions (approximately 45%), while no stri-
ation was found in the samples that were spin-coated at high
RH conditions (approximately 80%). Regardless of the RH
condition at the time of the spin-coating, the peptide layer
showed excellent surface morphology when measured with
atomic force microscopy (AFM) with the root mean square
values of 0.189 nm and 0.193 nm for the RH-controlled and non-
controlled samples, respectively.

In the case of the SiO2, 400 nm-thick Plasma-Enhanced
Chemical Vapor Deposition (PE-CVD) SiO2 and 100 nm-thick
thermally grown SiO2 were used for the MIM and TFT
samples, respectively. Since the capacitance is greatly inu-
enced by the thickness of the insulator, SiO2 with the same
thickness as the peptide insulator was utilized during imped-
ance analysis. However, in order to discount the effect of
annealing process on the TFT samples, neither the peptide TFT
nor the reference SiO2 TFT were annealed. Therefore, thermally
grown SiO2 with better characteristics was used instead of the
same-thickness PE-CVD SiO2 to optimize the performance of
the reference SiO2 TFT.

For the 400 nm-thick PE-CVD SiO2, the Radio Frequency (RF)
power was set as 100W at 300 �C under 950mTorr, with gas ow
rates of 30 sccm, 100 sccm, and 100 sccm for SiH4, N2O, and Ar,
respectively. The refractive index was measured from an
ellipsometer as 1.451.

For the 100 nm-thick thermally grown SiO2, pre-fabricated
100 nm-thick thermally grown oxides on a P++-Si substrate
were used, which were produced from Dasom RMS in South
Korea.

2.1.2. Deposition of channel layer IGZO channel. An IGZO
channel with a thickness of 50 nm was deposited above the gate
dielectric layer with an RF sputter. In order to avoid any
chemical damage that might be introduced during conven-
tional photolithography where numerous chemicals are used,
a shadowmask with 400 mm� 400 mm square holes was used to
pattern the IGZO channel. The RF power was set to 100 W with
gas ow rates of 30 sccm and 0.5 sccm for Ar and O2, respec-
tively. The pressure was set at 5 mTorr.

2.1.3. Deposition of electrodes. Aer the deposition of the
channel layer, 200 nm-thick Au was thermally evaporated onto
the channel layer using a shadow mask with 200 mm � 200 mm
square holes, which were manually aligned with the channels
using an optical microscope.
This journal is © The Royal Society of Chemistry 2018
2.2. Characterization

2.2.1. Impedance analysis. Impedance of the peptide and
the reference SiO2 insulators was studied in the frequency range
of 20 Hz to 1 MHz using an impedance analyzer (Keysight
Technologies, E4990A, USA), and the related parameters, such
as capacitance, phase angle difference, and real and imaginary
impedance were extracted simultaneously. For every frequency,
an AC perturbation voltage of 500 mV and a DC bias voltage of
�1 V were used. Measurement was performed in a chamber at
room temperature, where vacuum was applied for the RH 0%
condition. For the RH 50% and 80% conditions, a humidier
was used to add the desired amount of moisture to the
chamber, which was under atmospheric pressure at room
temperature. The chamber was then sealed to contain the
moisture inside. Additionally, for each humidity condition,
measurement was delayed for 1 hour to allow moisture to
diffuse throughout the chamber.

2.2.2. Equivalent circuit tting. Experimental data from
the impedance analysis were analyzed using an analysis tool
(Scribner, ZView, USA). The calculated chi-square values for 0%
RH, 50% RH, and 80% RH were 0.011, 0.016, and 0.006,
respectively.

2.2.3. Resistivity and breakdown measurement. Similar to
the impedance analysis, the chamber was used to maintain the
desired humidity condition. A semiconductor analyzer (Keithley
Instruments, 4200-SCS, USA) was used to measure the current
according to the voltage applied. During the measurement of
the breakdown voltage and resistivity, the compliance current
was set to 0.01 A.

2.2.4. TFT characteristics measurement. The chamber was
also used to maintain the desired humidity condition. A semi-
conductor analyzer (Keithley Instruments, 4200-SCS, USA) was
used to apply a xed drain voltage of 10 V and to sweep the gate
voltage from �10 V to 40 V while simultaneously measuring the
drain current.
3. Results & discussion
3.1. Impedance analysis

As the rst part of the experiment, the impedance analyzer was
utilized to measure the impedance in terms of the capacitance
and phase angle, as well as the real and imaginary impedance of
the peptide insulator under various alternating current (AC)
perturbation frequency and RH conditions to understand the
conduction mechanism of the peptides.24 From the results of
impedance analysis, the true nature of the mobile charges that
reside inside the peptide insulator were expected to be discov-
ered,25 and based on the understanding on the movement of
mobile charges, the source of the high relative permittivity of
the peptides in relation to the protonic behavior can be
studied.20

This section analyzes the Metal-Insulator-Metal (MIM)
samples, which are composed of an insulator layer sandwiched
between the top and the bottom electrodes. Since the MIM
samples are basically parallel-plate capacitors, the capacitance
of the peptide insulator was measured rst by changing both
RSC Adv., 2018, 8, 34047–34055 | 34049
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the RH conditions and the frequency of AC perturbation. The
AC perturbation is an AC signal superimposed on the direct
current (DC) signal and is usually in the range of less than 1 V.
By altering the relative electric potential of the top and bottom
electrodes, the AC perturbation causes mobile charges to move
in and out of the capacitor. Also, by measuring the number of
charges that respond, the capacitance can be measured.

3.1.1. Capacitance and phase angle. This section shows
that the peptide insulator exhibits high relative permittivity at
low frequency range. Furthermore, the results from the phase
angle analysis indicate the presence of mobile charges inside
the peptide insulator.

Fig. 3a shows the relationship between the capacitance of the
peptide insulator and the frequency of AC perturbation. The
level of AC perturbation was 500 mV, and the DC bias was set at
�1 V. From the capacitance–frequency curves of the peptide
insulator measured at the RH level of 50% and 80%, it is found
that the capacitance of the peptide insulator increased as the AC
frequency decreased and as the humidity level increased. On
the other hand, the capacitance of the peptide insulator
measured at the RH level of 0% and the reference SiO2 MIM
sample with the dielectric thickness of 400 nm remain relatively
constant under the entire frequency range. The corresponding
dielectric constants of the peptide insulator at 20 Hz for 0% RH,
Fig. 3 Measurement of capacitance and phase angle of the peptide ins
insulator and the reference SiO2 as a function of AC frequency and RH co
under (c) high-frequency, (d) mid-frequency, and (e) low-frequency AC

34050 | RSC Adv., 2018, 8, 34047–34055
50% RH and 80% RH conditions are 6.5, 7.8 and 17.2,
respectively.

Also, in Fig. 3b, the graph shows the relationship between
the phase angle difference and the frequency of AC perturba-
tion. From the curves of the peptide insulator measured at 50%
RH and 80% RH, the phase angle difference between the voltage
and the current of the peptide capacitor showed both capacitive
and resistive behaviors, since the ideal resistor shows a phase
angle difference of 0� and the ideal capacitor shows a phase
angle difference of 90�.26

By combining the results shown in Fig. 3a and b, this
changing behavior can be further explained by detailed analysis
on the movement of the mobile charges inside the peptide
insulator.

At a high frequency range, only the electrons have sufficient
mobility to react to fast-changing AC perturbation and form
capacitance, while the protons barely shi their positions due to
their lower mobility than that of the electrons, as shown in the
diagram in Fig. 3c. This results in the capacitive behavior shown
in Fig. 3b, since the movement of protons, or the protonic
current (which shows resistive behavior) is minimized.

At a medium frequency range, the protons start responding
to the AC perturbation, since the polarity of the electrical eld
changes to a slower speed compared to the high frequency
ulator. (a) Capacitance plots and (b) phase angle plots of the peptide
nditions. Schematics of the behavior of protons in the peptide insulator
perturbation.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Comparison of the experimental results and simulated results.
(a) Complex impedance plots of the experimental results (dots), fitted
curves (line), and according equivalent circuit (inset). (b) Comparison
of changes in each circuit element used in the equivalent circuit as RH
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range, and the protonic current ows inside the peptide insu-
lator, as shown in Fig. 3d. However, the AC perturbation is still
sufficiently fast to prevent a large portion of the protons from
forming capacitance. Therefore, based on the polarity of the
electrical eld induced by the AC perturbation, the majority of
protons continuously move vertically up and down inside the
peptide insulator. Since the protonic current has dissipative
characteristics, it appears as a resistive term in the phase angle
difference plot in Fig. 3b.

Lastly, at low frequency range, since the protons now have
a sufficient time period between the polarity shis of the AC
perturbation, the protons start contributing more to the
formation of the EDL at the top or the bottom interfaces
between the peptide insulator and the electrodes, by being
pushed to one side of the electrodes. Their positions are thus
maintained until the polarity of the AC perturbation changes
and the AC perturbation exerts a sufficient opposite directional
electric force to inversely push the protons to the other elec-
trode, as shown in Fig. 3e.

In addition, the RH dependency of the resistive and capaci-
tive behaviors can be observed in both Fig. 3a and b. As
mentioned above, the peptide insulator may show capacitive or
resistive behavior, depending on the frequency of AC pertur-
bation and the amount of protons that react to the AC pertur-
bation. By comparing the curves of the peptide insulator under
different humidity conditions, as shown in Fig. 3b, it was found
that the peptide insulator measured in a higher humidity
condition exhibits more resistive behavior, implying that larger
protonic current ows at the same AC frequency than the
peptide insulator measured in the lower humidity condition.
For example, at 104 Hz shown in Fig. 3b, the peptide insulator
under 80% RH shows a phase angle difference of nearly 0�,
where that of the peptide insulator under 50% RH is approxi-
mately �45�, and nearly �90� for the peptide insulator under
0% RH.

Since proton mobility is mostly affected by the fraction of
absorbed water molecules that function as bridges for the
protons to move around in the medium, the peptide insulator
exhibits higher proton mobility at 80% RH, which induces the
protons inside the peptide insulator to start responding to the
AC perturbation, even at higher frequency, compared to the
proton mobility at 50% RH; ultimately, very diminished
protonic movements at 0% RH can be inferred from the graph.

Similar to the behavior of the peptide insulator at 0% RH, the
reference sample with the SiO2 insulator behaves only as
a capacitor, even at 50% RH, where its phase angle difference
remains at �90� for the entire frequency range. This is because
the protonic conductivity of SiO2 is much less than that of the
peptide insulator. This result suggests that both the electrons
and the protons contribute to the formation of overall capaci-
tance in the peptide insulator.

3.1.2. Comparison with equivalent circuit. To further
identify the source of the increased capacitance of the peptide
insulator, real and imaginary impedance plots of the peptide
insulator were interpreted with an equivalent circuit for each
RH condition shown in Fig. 4. The equivalent circuit is shown in
This journal is © The Royal Society of Chemistry 2018
Fig. 4a and is commonly used to represent the electrolytic
behavior of capacitors.5,27

In this equivalent circuit, the capacitance formed due to the
electrons at each electrode was represented as the “C” term, and
the resistance formed due to the ow of protons and electrons
was represented as the “R” term. The electrical double layer
formed by the protons at the interface between the peptide
insulator and electrodes was represented by a constant phase
element (CPE) term due to its non-perfect and dissipative
nature.20,28

In the experimental results represented as dots in Fig. 4a,
a semicircle and low-frequency tail was observed. This is
a commonly observed behavior as protons are blocked at the
electrodes,5,12 since the top and the bottom electrodes of the
MIM samples were fabricated using Au and highly-doped p-type
Si, respectively, which are not proton-conducting materials.

From the simulated results, it was found that the phases of
the CPE terms are 0.641 and 0.747 for RH 50% and RH 80%
respectively. This demonstrates the dissipative property of each
EDL, resulting in the slanted low-frequency tail. Also, note that
the radius of each semi-circle differs with respect to the value of
the resistivity. A larger resistance implies a larger radius of the
semi-circle.8 Unfortunately, due to the detection limit of our
equipment, a full complex plain impedance plot of the peptide
condition changed.

RSC Adv., 2018, 8, 34047–34055 | 34051

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06121a


Fig. 5 Dielectric strength and resistivity of the peptide insulator. (a)
Breakdown curves and (b) current density graph of the peptide insu-
lator under various RH conditions.
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insulator at 0% RH was not achievable, since the peptide
insulator showed very high resistance at the RH level of 0%.

As shown in Fig. 4a, the tted curve with the equivalent
circuits agreed well with the experimental data, and such
coherence implies that our equivalent circuits have accurately
modeled charge movements in the peptide insulator. Therefore,
it was concluded that the mobile protons, which tend to accu-
mulate at the surface of the blocking electrode, reside inside the
peptide insulator, and the protons are the main causes of the
high relative permittivity of the peptide insulator.

Additionally, as shown in Fig. 4b, the tendency of increasing
capacitance with respect to the increasing humidity condition,
as previously observed in Fig. 3a, was again conrmed from the
simulated R, C, and CPE values from the equivalent circuits.
Especially, the capacitance due to electrons, which is repre-
sented by the C term, showed a decreasing tendency as the
humidity level increased. It is believed that this is due to the
increased level of leakage current which prohibits the electrons
from accumulating at each side of the electrodes. Instead, the
electrons further dissipate into the electrodes from the insu-
lator or vice versa as the humidity level increases. On the other
hand, the capacitance due to EDL formed by protons, which is
represented as the CPE term, increased with increased level of
humidity condition. As discussed earlier in the results of
capacitance and phase angle measurement, this behavior can
be explained by considering the increased proton conductivity
at the higher humidity condition.

Since the CPE terms in the 50% RH and 80% RH conditions
are greater than the C term by at least 3 orders of magnitude, it
is safe to conclude that the formation of EDL by protons is the
source of the high relative permittivity of the peptide insulators.

Aer discovering the origin of the high relative permittivity
of the peptide insulator, the dielectric strength and resistivity of
the peptide insulator were analyzed to determine the applica-
bility of the peptide insulator in electronic devices.
3.2. Dielectric strength and resistivity

Before integrating the peptide insulator in the TFT samples, the
leakage current and voltage of the induced electrical eld were
measured from the MIM samples to conrm that the peptide
has suitable resistivity and dielectric strength to be utilized as
an insulator.

In Fig. 5a, current density is shown as a function of a vertical
DC electrical eld induced on the peptide MIM samples. The
breakdown voltage is the maximum level of electric potential
difference between the top and the bottom electrodes that
insulators can withstand before letting the current pass
through, and is oen used to represent the dielectric strength of
an insulator.

Themedian of the electrical breakdown voltage was observed
at 3.7 MV cm�1, 2.6 MV cm�1, and 2.15 MV cm�1 for 0% RH,
50% RH, and 80% RH, respectively. Of the ten measurements,
the three curves that were closest to the median value of the
electrical breakdown voltage were chosen, as shown in Fig. 5a,
for each humidity level to enhance the graphical representation
of the result. Such degradation of the dielectric strength in the
34052 | RSC Adv., 2018, 8, 34047–34055
peptide insulator at higher humidity levels is typical, and has
been well explained in many other studies.29–31

Fig. 5b shows the current density and resistivity of the ten
measurements for each humidity level. The current density can
be converted to resistivity, and the subsequent resistivity is
shown on the right axis in Fig. 5b. In terms of the leakage
current, the peptide insulator exhibited relatively higher
leakage current, which varied from around 10�4 A cm�2 to 10�3

A cm�2 according to the RH conditions, compared to that of the
reference SiO2 insulator, which was around 10�8 A cm�2. It is
signicant that the resistivity of the peptide insulator decreased
at higher humidity levels, indicating that the electrical
conductivity of the peptide insulator increased as the RH
increased. Also, this result supports the simulation result
shown in Fig. 4b, where the resistance represented by the R
term decreased with increased humidity level. This is possibly
because the water molecules enhance not only the proton
conduction, but also the electronic conduction.5

Since the peptide insulator with the thickness of 400 nm
withstood at least 80 V, which is equal to 2 MV cm�1, and
showed a resistivity larger than 107 U cm, it can be concluded
that the peptide meets our expectation and functions as an
insulator. Based on the conrmation that the peptide has
a sufficiently large dielectric strength, the peptide insulator was
This journal is © The Royal Society of Chemistry 2018
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deemed ready to be incorporated into an actual electronic
device; for example, the TFT incorporated with the peptide
insulator was tested.
Fig. 6 Electrical characteristics of TFT samples. (a) Comparison of the
transfer curves and (b) on-current level of the peptide TFT samples
with the reference SiO2 samples in various humidity conditions.
3.3. TFT characteristics

The 3-D schematics, optical microscopic image, and trans-
mission electron microscopy (TEM) cross-sectional image of the
TFT fabricated as a possible application for the peptide insu-
lator are shown in Fig. 2c–e, respectively.

The transfer curve is oen used to characterize the perfor-
mance of TFT by plotting the drain current as a function of gate
voltage. From the transfer curves, device parameters were
extracted and summarized in Table 1.

Due to absence of the peptide's quasi-static capacitance data,
the mobility of the peptide-incorporated TFT was unobtainable,
unfortunately. Still, comparison to the reference TFT with other
parameters was able to be made. In terms of the subthreshold
swing, the peptide TFT exhibited higher value compared to the
reference TFT, and it was expected as the capacitance per unit
area (Ci) of the peptide insulator is larger than that of the
reference SiO2 owing to its huge dielectric constant. It is also
notable that the threshold voltage (Vth) of the peptide TFT shis
to more positive way as the RH decreases. This is probably due
to charge trapping that occurs at the interface between the IGZO
and the peptide insulator, and requires further study to nd its
origin.

Additionally, by comparing the performance between the
peptide TFT and the reference SiO2 TFT in terms of the on-
current and off-current levels, the on-current enhancement
due to increased relative permittivity of the peptide insulator
was conrmed. As shown in Fig. 6a, the large relative permit-
tivity of the peptide insulator signicantly enhanced the on-
current of the peptide TFT. In Fig. 6b, the on-current values
from the TFTs are shown and normalized with respect to the on
current of the SiO2 TFT in 0% RH. The on-current of the peptide
TFT was greater than that of the SiO2 TFT by 1.9 times, 35 times,
and 102 times at the RH of 0%, 50%, and 80%, respectively.
Additionally, it is important to note that the SiO2 used in the
reference sample was thermally grown with the thickness of
100 nm, which is 1/4 of the thickness of the peptide insulator. It
is believed that the peptide insulator can be utilized in many
applications, such as displays or sensors to enhance the
performance of the transistors by increasing their capacitance
Table 1 Electrical characteristics of TFT samples with different insulator

Insulator SiO2

Humidity 50% RH
Ion (A) 3.4 � 10�5

Ioff (A) 6.8 � 10�11

Ion/Ioff 5.0 � 10�5

Mobility (cm2 V�1 s�1)* 3.01
Vth (V) 4.75
Subthreshold swing (dec V�1) 0.53

a *Calculation of the mobility of the peptide-incorporated TFT was unabl

This journal is © The Royal Society of Chemistry 2018
signicantly. In addition, the off-current also increased as the
RH increased.

This tendency was illustrated in our earlier discussion about
Fig. 5b, which showed the decreased resistivity of the peptide
insulator in higher RH conditions. As shown in Fig. 6b, due to
the increase in the off-current level in higher RH conditions, the
on–off ratio decreased from 2.9 � 107 at 0% RH to 1.4 � 106 at
50% RH, and to 1.2 � 105 at 80% RH. Even though both the on
and off-current were increased, the on–off ratio of the peptide
TFT exhibited a higher or similar value compared to that of the
reference sample, which was 5.1 � 105 at 50% RH; this is due to
the considerably increased on-current level of the peptide TFT.
sa

Peptide

0% RH 50% RH 80% RH
6.3 � 10�5 1.2 � 10�3 3.5 � 10�3

2.2 � 10�12 8.3 � 10�10 2.9 � 10�8

2.9 � 10�7 1.4 � 10�6 1.2 � 10�5

21.76 9.82 6.18
4.24 1.67 2.40

e due to absence of the peptide's quasi-static capacitance.

RSC Adv., 2018, 8, 34047–34055 | 34053
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Additionally, in Table 2, the performance of the insulator
and the peptide-incorporated TFT can be compared with the
TFTs that used different conventional inorganic and organic
insulator and channel materials. The peptide insulator showed
the highest dielectric constant among different types of insu-
lators and the TFT performance in terms of the on–off ratio was
superior than the organic insulators while comparable to the
inorganic insulators.

Since the transfer curves of the peptide TFT samples showed
switching characteristics with the on–off ratio of over 105 in all
of the RH conditions, it can be concluded that the peptide
insulator is successfully incorporated into the conventional
IGZO TFT, and can be further utilized as a superior bio-induced
dielectric material in conjunction with organic or even
conventional inorganic electronic materials.
4. Conclusion

In conclusion, the peptide insulator was studied extensively to
nd the source of high relative permittivity. It was proven that
the electrolytic behavior of the peptide insulator due to proton
conduction is the major source of high relative permittivity.
Although the peptide insulator suffers from relatively high
leakage current and low dielectric constant at high frequency,
a promising result was achieved by incorporating the peptide
insulator into an oxide TFT as an alternate gate insulator, where
the on-current level of the TFT was enhanced drastically due to
the high relative permittivity of the peptide insulator, with the
verication on the compatibility of the peptide insulator with
the conventional inorganic materials. The peptide insulator is
expected to be further utilized as a gate dielectric for low-
frequency and low-voltage operating devices, such as sensors,
especially in conjunction with the aforementioned lm-forming
technology22 and further tuning of its chemical characteristics,
as well as the electrical characteristics.
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