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Gelatin is a natural protein in the field of food, pharmaceutical and tissue engineering,
which works very well as the gate dielectric for pentacene organic thin-film transistors
(OTFTs). An aqueous solution process has been applied to form a gelatin thin film on
poly(ethylene terephthalate) (PET) or glass by spin-coating and subsequent casting. The
device performance of pentacene OTFTs depend on the bloom number (molecular weight)
of gelatin. The pentacene OTFT with 300 bloom gelatin as the gate dielectric in air ambient
exhibits the best performance with an average field-effect mobility (lFE) value of ca.
16 cm2 V�1 s�1 in the saturation regime and a low threshold voltage of �1 V. The high per-
formance of the pentacene OTFT in air ambient is attributed to the water resided in gelatin.
The crystal quality of pentacene is not the key factor for the high performance.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Organic thin-film transistors (OTFTs) are attractive for
soft electronics because of flexibility, lightweight, large-
area applicability and low cost [1,2]. One of the objectives
in the research of OTFTs is to raise up the field-effect
mobility (lFE) comparable to inorganic thin-film transis-
tors (TFTs) so that OTFTs can be applied in practical appli-
cations such as e-paper, radio-frequency identification
(RFID) tags, and biosensors [3–7].

The device performance of OTFTs strongly depends on
the choice of gate dielectric, although carriers transports
along the channel in the organic semiconducting layer dur-
ing operation [8–10]. A simple approach to enhance lFE is
to select properly a gate dielectric material in match with
the chosen organic semiconductor in OTFTs. For instance,
various gate dielectrics have been reported for pentacene
OTFTs in the past, such as poly(methyl methacrylate)
(PMMA), poly(vinyl pyrrolidone) (PVP), TiO2-polymer com-
posite, chicken albumen, silk fibroin and AlN [11–17].
Among them, silk fibroin have attracted attention since it
may raise up the lFE value to ca. 23 cm2 V�1 s�1 reported
by Wang et. al. [15]. The lFE value is higher than amor-
phous InGaO3(ZnO)5 (a-IGZO) TFTs [18].

Silk fibroin is a natural protein and surprisingly serves
as an excellent gate dielectric for pentacene to deposit
on. The enhanced crystal quality of pentacene on silk fi-
broin results in a very high lFE value. The success of silk fi-
broin in pentacene OTFTs supports that a complex protein
structure may be in good match with small molecules such
as pentacene at the molecular level. In order to understand
deeper the role of natural protein in the device perfor-
mance of OTFTs, we further investigate the possibility of
using other natural proteins as the gate dielectric.

Gelatin is a low-cost natural protein with biocompati-
ble, bioresorbable and biodegradable characteristics. It
may be extracted from bone, skin, cartilage and connective
tissues. Gelatin has been extensively applied in fields
of food, pharmaceutical and tissue engineering. In drug
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Fig. 1. (a) Schematic of the pentacene OTFT with gelatin as the gate
dielectric. (b) Cross-sectional view of the FESEM image showing the
thickness of the gelatin/Au/PET structure. The thickness of gelatin is ca.
1140 nm. (c) AFM image showing the morphology of the 65 nm penta-
cene layer on gelatin.
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delivery and tissue engineering applications, gelatin has
been processed into various nano- or micro-spheres such
as nano and microgels [19–22]. In this article, we present
the device performance of OTFTs with type A gelatin as
the gate dielectric. In general, gelatin contains major amino
acids of glycine (Gly), proline (Pro), and 4-hydroxyproline
(Hyp). The typical amino acid sequence of the type A gela-
tin has been reported to be Ala-Gly-Pro-Arg-Gly-Glu-
4Hyp-Gly-Pro [23]. The gelatin thin film for OTFTs is
formed by casting, which works very well as the gate
dielectric for high performance pentacene OTFTs although
its ammonic acids are quite different from silk fibroin.

2. Materials and methods

The type A gelatin (Sigma–Aldrich) of 70, 175 or 300
bloom was chosen to prepare the aqueous solution of gel-
atin (16% w/v) by dispersing 16 g gelatin powders in
100 ml distilled water and followed by heating on a hot-
plate with stirring at 80 �C for 30 min. The bottom gate
configuration was used to fabricate pentacene OTFTs with
gelatin as the gate dielectric, which is sketched in Fig. 1a. A
gelatin thin film was coated onto a poly(ethylene tere-
phthalate) (PET) or glass substrate patterned with 70 nm
Au gate electrodes by spin-coating and subsequent casting
at 60 �C for 36 h. The secondary structures of the cast gel-
atin thin film were analyzed using Fourier transform infra-
red ray-attenuated total reflection (FTIR-ATR). The cast
gelatin thin film on the Au gate electrode was determined
to be ca. 1140 nm thick using field emission scanning elec-
tron microscopy (FESEM; Fig. 1b). Pentacene (99%, Sigma–
Aldrich) without purification was put in a crucible before
evaporation. A pentacene layer of 65 nm thick was ther-
mally evaporated at room temperature onto the cast gela-
tin thin film through a shadow metal mask at a base
pressure of 1 � 10�6 torr. The deposition rate of pentacene
was kept at 0.3 Å/s that was monitored by a quartz crystal
oscillator. The morphology of the pentacene layer of 65 nm
was measured using atomic force microscope (AFM;
Fig. 1c). 70-nm-thick Au was finally thermally deposited
onto pentacene to define source and drain electrodes. The
channel length and width were 50 lm and 600 lm, respec-
tively. The device characteristics of OTFTs were measured
using Agilent 4155C. Capacitance versus frequency curves
in the range of 1 K to 1 MHz were taken to determine the
dielectric constant of gelatin using Agilent 4284 imped-
ance analyzer. Quasi-static capacitance versus voltage
curves were taken by sweeping voltage across a MIM
structure using Agilent B1500. The sweeping rate of volt-
age in the quasi-static capacitance method is the same as
that used for taking transfer characteristics of OTFTs. The
quasi-static capacitance value was more accurate in the
derivation of lFE.

3. Results and discussion

3.1. Effect of molecular weight of gelatin on device
performance

Pentacene OTFTS were fabricated on PET using gelatin
of three different kinds of molecular weight [20,000–
25,000 Mw (70 bloom), 40,000–50,000 Mw (175 bloom)
and 50,000–100,000 Mw (300 bloom)] as the gate dielec-
tric. The lFE value in the saturation regime (lFE,sat), the
on/off current ratio, the threshold voltage, the subthresh-
old swing, and the maximum interface trap density (NSS)
value were derived from their output and transfer charac-
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teristics taken in air ambient and summarized in Table 1.
The average lFE,sat value increases from 8 cm2 V�1 s�1 to
16 cm2 V�1 s�1 when the molecular weight of gelatin in-
creases from 70 to 300 bloom. We found that the surface
Table 1
Device characteristics of pentacene OTFTs with gelatin of different molec-
ular weight (i.e. bloom number).

Bloom number 70 175 300

Molecular weight (Da) 20–25 k 40–50 k 50–100 k
Concentration (wt%) 16 16 16
lFE,sat (cm2 V�1 s�1) 5–13 10–17 13–25
Average lFE,sat (cm2 V�1 s�1) 8 13 16
S.S. (mV/decade) 146 190 195
On/off ratio (�103) 7–10 5–10 0.5–1
Operation voltage (V) �5 �5 �5
Leakage current (nA at �3 V) 4 6 2
Nss (�1011 cm�2 eV�1) 3.3–6 1.7–2.4 1.1–13
Average Nss (�1011 cm�2 eV�1) 4.4 2.3 6.1

Fig. 2. Characterization of 300 bloom gelatin. (a) Circular dichroism spectrum. (b
of hydrogen-bonded (H), b-sheet (b), triple helix (Th), random coil (R), turn (T)
turn; b: b-sheet; H: hydrogen bonded C@O). (c) AFM images.
energy of a gelatin thin film depends on the molecular
weight, i.e. the bloom number. The water contact angle
on the gelatin thin film was determined to be 75�, 78�
and 84� for 70, 175 and 300 bloom number, respectively.
The gelatin thin film with higher bloom number tends to
be more hydrophobic. Better crystal quality of pentacene
was reported easier to form on a hydrophobic surface
[24,25]. This may explain that a higher lFE,sat value occurs
for the case of 300 bloom gelatin since it exhibits a more
hydrophobic surface.

The pentacene OTFT with 300 bloom gelatin exhibits
optimum device performance, which is further character-
ized and presented as follows.

3.2. Properties of 300 bloom gelatin thin film

The gelatin thin film was formed by cross-linking the
peptides of gelatin when the aqueous solution was cast
at 60 �C for 36 h. The viscosity and surface tension of the
) FTIR-ATR spectrum showing the secondary structure. The gelatin consists
according to the curve fitting results. (R: random coil; TH: triple helix; T:
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gelatin solution were measured to be 4.7 cp and 49 mN/m
at 25 �C using viscosity (Brookfield DV-III+) and surface
tension (Kyowa Interface Science CBVP-A3) analyzer,
respectively. The secondary structure of gelatin in the solu-
tion was determined to be random-coil (Fig. 2a) using the
circular dichroism spectroscopy (CD), consistent with the
CD data reported by Cho and Song [26].

The secondary structures of gelatin in the cast thin film
can be extracted from the FTIR-ATR spectrum around
1600–1700 cm�1 in Fig. 2b that is assigned to the peptide
backbone of amide I. The amide I band represents the
C@O stretching vibration of the amide group. The second
derivative curve of the amide I spectrum is used to deter-
mine the number and positions of de-convoluted peaks.
The gelatin thin film was determined to consist of H-bonds
(H) at ca. 1624, b-sheet (b) at ca. 1634 cm�1, random coil
(R) at ca. 1647 cm�1, triple helix (Th) at ca. 1656 cm�1, b-
turns (T) at ca. 1656, ca. 1668 and ca. 1675 cm�1. The
Fig. 3. Electrical characteristics of the MIM structure in air ambient with 300 b
frequency curve from 1 K to 1 MHz on a log scale. Inset: Dielectric constant ver
humidity. (c) Leakage current density.
assignment of the vibration bands of amide I are based
on previously published FTIR-ATR data [27–29].

To be a good gate dielectric for OTFTs, the gelatin thin
film should meet some requirements such as low surface
roughness, high dielectric constant (k) and low leakage
current. First, the root-mean-square (RMS) roughness of
the cast gelatin thin film surface was determined to be
0.37 nm using AFM (Fig. 2c). The RMS roughness value is
similar to that of silk fibroin and flat enough to serve as
the gate dielectric for pentacene OTFTs [15]. Second, the
dielectric constant of gelatin was determined from 1 K to
1 MHz by using a metal–insulator–metal (MIM) structure.
The capacitance value is ca. 5.8 nF/cm2 at 1 MHz and
slowly increases to ca. 7.1 nF/cm2at 1 KHz, as shown in
the capacitance versus frequency curve (Fig. 3a) taken
in air ambient. The derived dielectric constant of gelatin
increases from 7.5 at 1 MHz to 9.2 at 1 KHz as shown in
the inset in Fig. 3a, which is much higher than the
loom gelatin of ca. 1140 nm thick as the insulator. (a) Capacitance versus
sus frequency curve. (b) Capacitance versus frequency curve in different
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dielectric constant of SiO2. Note that the capacitance value
of gelatin increases slightly with relative humidity as
shown in Fig. 3b. This is attributed to the absorption of
water into the gelatin layer in the MIM structure in high
humidity. The water inside the gelatin layer can be re-
moved partially when relative humidity reduces from high
to low. For instance, the capacitance does not completely
reduce back to its value when the humidity is tuned from
85% to 80%, as shown in Fig. 3b.

The MIM structure was also used to determine the leak-
age current of the cast gelatin dielectric thin film. The leak-
age current density increases with voltage as shown in
Fig. 3c. The leakage current density is lower than
1 � 10�4 A/cm2 at voltage less than 100 V without break-
down. Therefore, the gelatin thin film may be used as a
good dielectric.

3.3. Characteristics of pentacene OTFTs with 300 bloom
gelatin as the gate dielectric

Fig. 4a shows the output characteristics of pentacene
OTFT taken in air ambient of 65% humidity with good
Fig. 4. Device characteristics of the pentacene OTFT and MIM in air ambient with
Transfer and gate leakage current characteristics. The inset is the I1=2

D versus V
voltage curve at a sweep rate of 0.08 V/s. (d) Mobility distribution of the pentac
pinch-off and current saturation features. The humidity
associated with the OTFT analysis condition is important
since the gate capacitance value depends on humidity.
The operation voltage in air ambient is less than 5 V. The
lFE,sat value can be obtained from the transfer characteris-
tics (Fig. 4b) using the equation:

IDS;sat ¼ ðCilFE;satW=2LÞðVGS � VTHÞ2 ð1Þ

where IDS,sat, Ci, W, L, VGS and VTH denote the drain current
density in the saturation regime, gate capacitance, channel
width, channel length, gate voltage and threshold voltage,
respectively. The inset is the I1=2

D versus VG plot for the
determination of lFE,sat.

The capacitance value of 7.1 nF/cm2 at 1 KHz is not
appropriate for the determination of lFE,sat since the de-
rived lFE,sat value is as high as 93.1 cm2 V�1 s�1 [15]. To ob-
tain an accurate lFE,sat, the Ci value was measured using the
MIM structure next to the pentacene OTFT device at a
sweep rate of 0.08 V/s in the quasi-state regime as shown
in Fig. 4c. The quasi-static Ci value is estimated to be
26 nF/cm2 using the maximum value. The accurate lFE,sat
300 bloom gelatin as the dielectric insulator. (a) Output characteristics. (b)
G plot for the determination of lFE,sat. (c) Quasi-static capacitance versus
ene OTFTs with gelatin of different molecular weight.



L.-K. Mao et al. / Organic Electronics 14 (2013) 1170–1176 1175
value is derived to be 25.5 cm2 V�1 s�1. The transfer char-
acteristics in Fig. 4b show a low off-current of ca.
5.6 � 10�9 A, an on/off current ratio of 2 � 103, a low VTH

value of�1 V, and a subthreshold swing of 513 mV/decade.
The lFE,sat value increases with the molecular weight of

gelatin as mentioned earlier in Table 1 and plotted in
Fig. 4d. Note that the lFE,sat value scatters even for a certain
molecular weight of gelatin. For instance, the lFE,sat value
scatters from 13 to 25.5 cm2 V�1 s�1, collected from 25
OTFTs with 300 bloom gelatin as the gate dielectric. The
average mobility is ca. 16 cm2 V�1 s�1.

3.4. Electrical characteristics of OTFTs under bending test in
air ambient

The flexibility of the OTFTs was evaluated using a bend-
ing test under compressive mode. Fig. 5 shows the transfer
characteristics of pentacene OTFT under 0.34% compres-
sive strain taken in air ambient of 70% humidity. The com-
pressive strain is estimated using the equation e = (df + ds)/
2R where df is the film thickness, ds is the PET substrate
thickness and R is the bending curvature radius [30,31].
The drain current slightly increases under 0.34% compres-
sive strain. The derived lFE,sat and VTH values are 14 cm2 -
V�1 s�1 and �0.6 V for the flatten sample. When the
sample is under 0.34% compressive strain, lFE,sat reduces
to 13.5 cm2 V�1 s�1 and VTH decreases to �0.5 V.

3.5. Proposed mechanism

The high lFE,sat value of the OTFT taken in air ambient is
attributed to the water resided in the gelatin thin film
based on the following arguments. First, the output charac-
teristics (Fig. 6a) taken in vacuum show good pinch-off and
current saturation. The operation voltage in vacuum is
much higher than that in air ambient. Moreover, the trans-
fer characteristics (Fig. 6b) degrade when the OTFT is put in
vacuum, compared with Fig. 4b. The drain current reaches
ca. 1 � 10�5 A only at high gate voltage. The lFE,sat value in
vacuum is derived to be 0.2 cm2 V�1 s�1, much less than
that in air ambient. In contrast, the VTH value is determined
to be �15 V, much higher than �1 V taken in air ambient.
Fig. 5. Transfer characteristics of the pentacene OTFT under 0.34%
compressive strain taken in air ambient of 70% humidity. The experi-
mental set-up of the compressive bending test is inserted in the figure.

Fig. 6. Device characteristics of the pentacene OTFT with 300 bloom
gelatin as the dielectric insulator. (a) Output characteristics in vacuum.
(b) Transfer characteristics in vacuum. The inset is the I1=2

D versus VG plot
for the determination of lFE,sat. (c) Transfer characteristics of the OTFT
device exposed in air for 40 min. The inset is the I1=2

D versus VG plot for the
determination of lFE,sat.
These data support that the constituents of air may affect
the device performance in air ambient. And the crystal
quality of pentacene itself is not the key factor for the high
lFE,sat value in air ambient since the lFE,sat value in vacuum
is low. Second, three constituents of air (nitrogen, oxygen
and water) are considered able to diffuse into OTFTs and
to enhance device performance in air ambient. The factors
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of nitrogen and oxygen are excluded since the device per-
formance remains about the same when the nitrogen or
oxygen is purged into the vacuum chamber during taking
I–V data. The enhancement of device performance in air
ambient is then attributed to the water resides in gelatin,
which is confirmed by exposing the OTFT device from vac-
uum back to air ambient. Fig. 6c shows the transfer charac-
teristics of the OTFT device exposed from vacuum back to
air for 40 min. The drain current increases and reaches
ca. 10�5 A at VG = �10 V. The lFE,sat value increases to
7 cm2 V�1 s�1 and the VTH value reduces to �6.8 V after
40 min air exposure. The reduction of threshold voltage
implies the existence of negatively charged ions inside
the cast gelatin thin film. The negatively charged ions are
proposed to be generated by the interaction of water with
the polar OH-groups in ammonic acids in gelatin, similar to
the work on PVP OTFTs [32,33]. The negative charged ions
may help to attract more hole accumulation to fill the strap
states before turn-on so that the VTH value is lowered and
the lFE,sat value is enhanced.

4. Conclusion

Our work illustrates that gelatin, a biomaterial, serves
as a good gate dielectric for pentacene OTFTs. The OTFTs
can operate at high speed (average lFE,sat = �16 cm2 V�1 -
s�1) and low voltage (5 V) in air ambient. The high device
performance is attributed to negative charged ions gener-
ated by the interaction of water with the polar OH-group
in ammonic acids in gelatin. The merits of gelatin for OTFTs
are low cost, light-weight, flexibility, and solution process.
A packaging method able to fix the amount of water re-
sided in gelatin is important for this kind of OTFT devices
in various applications, such as e-paper, RFID tags, and
biosensors.
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