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ABSTRACT The long-term absence of organic drive management circuits has prevented organic integration
from achieving full flexibility. The high off-state breakdown performance and its avalanche-like break-
down mechanism of copolymer Organic Semiconductor (OSC)-based Organic Field Effect Transistors
(OFETs) have been revealed in recent researches. By employing diketopyrrolopyrrole-based conjugated
copolymer OSC(DPPT-TT) as the semiconductor layer and Polymethyl methacrylate(PMMA) as the
dielectric/passivation layer, the H-bridge circuit can be fabricated with four OFETs integrated on the same
Corning glass substrate. The non-destructive avalanche-like breakdown mechanism provides the power
OFET a 300 V high BV(Breakdown Voltage), whose critical electric field excesses 5 MV/cm. The fabri-
cated devices also demonstrated the high current density more than 121 A/cm2 and field-effect mobility
up to 0.22 cm2/(V·s). The top-gate bottom-contact structure allows the fabricated OFETs a high on-state
current density and good device stability without using package construction or other special isolation
techniques. By connecting resistors and LEDs on the load side of the H-bridge circuit made of 63 µm
channel devices, measurement results show that it has good driving effects and driving performance. These
measured results show that organic power devices are a potential candidate for application in the power
realm.

INDEX TERMS Organic field-effect transistors, conjugated polymer, breakdown voltage (BV), H-bridge
circuit, current density.

I. INTRODUCTION
In the past decade, organic semiconductor(OSC)-based dig-
ital and analog integrated circuits(ICs) have been reported
for many applications [1], [2], [3], [4]. However, due to the
long absence of core organic power transistors with high
breakdown voltage(BV), most of the research on organic
integrated circuits are based on complementary organic
integrated circuits, and the organic power ICs for driv-
ing and managing the organic solar cells and batteries
have yet to be presented [5], [6]. Recently, the exceptional
off-state breakdown performance of copolymer OSCs has

been experimentally revealed, and an above 5 MV/cm high
critical electric field is achieved by using copolymer OSC-
based Schottky junctions [6], [7]. The high breakdown
performance of the copolymer-based organic devices creates
a new approach to realizing the organic power ICs for future
power applications. Although the astonishing avalanche-like
breakdown performance of copolymer OSC-based organic
field effect transistors(OFETs) has been revealed in recent
researches, the copolymer OSC-based power management
circuit has not been reported yet [6], [7]. Due to the
existence of high-voltage issues with both the drain supply
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FIGURE 1. The 3-D view of the (a) OFET and (b) H-bridge circuit.

FIGURE 2. The fabrication process of H-bridge circuits. (1) Preparation of the substrate. (2) Deposition of Source, Drain and interconnecting wires
(Magnetron sputtering, 5nm Ni and 20nm Au). (3) Spin coating of OSC layer (25nm DPPT-TT). (4) Spin coating of Gate Insulator layer (600nm PMMA).
(5) Deposition of Gate contact (Magnetron sputtering, 70nm Cu). The inset shows the molecular structure of DPPT-TT and PMMA.

voltage and gate voltage in lateral power devices, the influ-
ence of the parasitic transistor and the interference between
high-voltage transistors may result in the failure and dam-
age of the whole power management circuit and module.
Normally, for silicon-based power ICs, the components that
make up the circuit on a monolithic die need to have elec-
trical isolation from each other in order to function. Yet,
these electrical isolation techniques, such as mesa isolation,
reverse-biased PN junction isolation, oxide isolation, and
trench isolation, require valuable area to be implemented,
which causes the higher cost and lower integration of power
management circuits. However, due to the distinctive electric
characteristic of copolymer OSCs, such as ambipolar con-
duction capability and avalanche-like breakdown mechanism,
the above-mentioned isolation structure may not be neces-
sary while maintaining the functionality and performance of
the circuit. As a result, the OSC-based power management
circuits can be more area- and cost-efficient.
In light of that, by using a simple but reliable solution-

based process, thin-film power OFETs with 300 V BV are
fabricated to form a simple H-bridge circuit without intro-
ducing isolation techniques between devices. Experimental
results show that the fabricated OSC-based H-bridge cir-
cuits can operate properly without obvious leakage currents
between devices. The fabricated device is capable of achiev-
ing up to a 121 A/cm2 high current density, a high on-off
current ratio(above 104) and field-effect mobility up to
0.22 cm2/(V·s). The fabricated H-bridge circuit and its core

devices present good stability and reliability after more than
20 times of repeated BV tests, no damage or degradation
caused by thermal breakdown can be observed. The BV tests
are conducted within 48 hours. To further explore the driving
performance of the device, the fabricated H-bridge circuit is
connected in series with a large resistor and an LED lamp
on the load side, respectively. The measured results indi-
cate a good on-state driving performance of the fabricated
H-bridge circuit composed of thin-film power OFETs.

II. STRUCTURE, FABRICATION AND MEASUREMENT
As shown in Fig. 1(a) and (b), the core component of
the H-bridge circuit, the thin-film lateral power OFET is
constructed by employing the diketopyrrolopyrrole-based
conjugated copolymer OSC(DPPT-TT) as the semicon-
ductor layer and polymethyl methacrylate(PMMA) as the
dielectric/passivation layer respectively.
Due to the organic material nature of DPPT-TT and

PMMA, the OSC-based H-bridge circuit is fabricated
by using the simple and cost-effective spin-coating tech-
nique without introducing high-temperature processes. Fig. 2
shows the fabrication process of the H-bridge circuit. The
process flow is composed of four main steps: (1). Fabricating
drain and source electrodes: deposit a 5 nm Ni and follow
a 20 nm layer of Au to as the drain, source electrodes and
interconnecting wires(bottom electrode is patterned using
a metal mask covered onto the substrate); (2). Fabricating
semiconductor layer: spin coat a layer of DPPT-TT as the
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FIGURE 3. The substance of the H-bridge circuits. (a) The top view of the fabricated circuit. (b) H-bridge equivalent circuit diagram. (c) Device profiles:
(1) Length and width of electrodes by SEM. (2) Cross-sectional TEM. The inset shows the partial view of the decomposition surface between electrode,
DPPT-TT and PMMA by TEM. (3) Electrode thickness at high resolution by TEM.

FIGURE 4. Schematic representation and operating principle of OFET at (a) On-state as a P-type FET, where mainly dominated by electron and hole drift
motion. (b) Off-state as a P-type FET, where most of the electrons and holes are complexed in the channel region.

semiconductor layer (80 ◦C, 5 min pre-annealing; 150 ◦C,
1 hour annealing); (3). Fabricating dielectric layer: spin coat
a layer of PMMA as the gate insulator layer (80 ◦C, 2 hour
annealing); (4). Fabricating top electrode: deposit a 70 nm
Cu layer to realize the Gate electrode(top electrode is also
patterned using a metal mask covered onto the substrate).
Four top-gate bottom-contact thin-film(25 nm active layer)

OFETs in the H-bridge circuit possess an 63 µm × 1320
µm(length × width) channel, fabricated on a 1.5 cm ×
1.5 cm Corning glass substrate. The physical diagram of
the manufactured H-bridge circuit is shown in the Fig. 3(a).
The equivalent circuit diagram for this H-bridge circuit is
showing in the Fig. 3(b).

As shown in Fig. 3(c), a focused ion beam transmission
electron microscope(FIB-TEM) is utilized to measure the
thickness of each layer. The thickness of semiconductor layer
above the electrode is 25 nm and dielectric layer is 600
nm. With a superior interfacial roughness and exceptional
thickness uniformity, the structure is clearly visible in each
layer.

III. MECHANISM AND DISCUSSION
Unlike conventional inorganic semiconductor-based field
effect transistors, copolymer OSC-based OFETs have a

unique transportation characteristic as they possess ambipo-
lar conduction capability, allowing the channel layer to
display either N-type or P-type characteristics [8], [9], [10].
Namely, the carrier concentration in the channel region
depends on the voltage between the gate and drain voltage
of the device. When the voltage applied to the electrodes
satisfies Vds < Vgs < 0, due to the ambipolar conduction
capability of copolymer OSCs such as DPPT-TT, a hole
channel is formed, and therefore the OFET operates as a
P-type FET. Whereas the electrons are being extracted from
the channel and pushed to the source electrode (Vds < 0),
thus creating the electron drift current (In), as shown in
Fig. 4(a). For the off-state case, as shown in Fig. 4(b), when
Vgs >> 0 > Vds, the hole path in the channel region is
depleted. Then, electrons and holes can no longer be pushed
separately between the source and drain electrodes, resulting
in electron-hole complexation directly in the channel region
near the drain side. Moreover, due to the presence of elec-
tron layer in the channel region of the OFET, the channel
region is equivalent to N-type.
For the copolymer OSC-based OFETs, as shown in

Fig. 5(a), due to the special characteristics of the current
organic materials, which leads to the contact between the
metal and the semiconductor can not be ohmic contact, the
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FIGURE 5. The energy band diagrams for (a) the Metal-OSC-Metal structure between drain and source electrodes can be equivalent to a lateral
back-to-back Schottky junction structure (Vds < 0 V). (b) an accumulation of holes within the semiconductor at a distance from the interface and causes
the semiconductors to bend upwards near the dielectric layer. (Vg < 0V, DPPT-TT as a P-type).

FIGURE 6. Operating principle of OFET. (a) A lateral back-to-back Schottky junction structure equivalent and its electric field/band diagram. (b) The
critical electric field shows a negative correlation with the width of the depletion zone.

contact between them is Schottky contact forms a typical
Schottky junction [7]. Such a Metal-OSC contact satisfies
thermal emission(TE) theory that origins from inorganic
semiconductor theory as well. Despite using the high-work-
function metal of Au, interface dipoles decrease the contact
metal’s work function, this implies that the thermionic emis-
sions of holes and electrons, at the source and drain, are not
severely limited [11]. As shown in Fig. 5(b), when a nega-
tive voltage is applied to the gate (Vgs < 0), an electric field
is generated in the device perpendicular to the source-drain
direction and directed towards the gate electrode. At the
same time, an equal number of charges of opposite polarity
are generated on both sides of the dielectric layer, form-
ing a dipole layer. The dielectric layer PMMA is negatively
charged near the interface, while the semiconductor OSC is
positively charged near the interface. This leads to an accu-
mulation of holes within the semiconductor at a distance
from the interface and causes the semiconductors to bend
upwards near the dielectric layer. These accumulated holes
can then be driven by the source-drain voltage to form a
current.
Due to the Schottky contact nature of OSC-Metal con-

tacts, as shown in Fig. 5(a) and 6(a), the Metal-OSC-Metal
structure between drain and source electrodes can be equiva-
lent to a lateral back-to-back Schottky junction structure [7].
For a back-to-back Schottky junction, the reverse-biased

Schottky junction dominates the overall current flow between
two electrodes when the applied voltage is lower than the
breakdown voltage of the reverse-biased Schottky junction.
Therefore, by applying the 1-D Poisson’s equation, the elec-
tric field profile E(x) between the source and drain electrodes
ought to satisfy:

E(x) = −qND
εS

(WD − x) (1)

where εs = 3ε0 is the permittivity of DPPT-TT, and
the relative permittivity of DPPT-TT is 3 [7], [12]. The
ε0 = 8.854 × 10−12 F/m is the permittivity of a vacuum.
Meanwhile, ND is the net carrier concentration of the copoly-
mer OSC layer. The depletion width in the OSC layer WD
and breakdown voltage(BV) of the Schottky junction can be
therefore obtained, respectively:

WD =
√

2εSBV

qND
(2)

BV = ECWD

2
(3)

Clearly, the avalanche-like breakdown of the copolymer OSC
occurs when the electric field peak reaches the critical elec-
tric field (EC) of DPPT-TT at the interface between metal
and OSC(x = 0). As shown in Fig. 6(b), same as that
in inorganic semiconductor cases, the critical electric field
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FIGURE 7. Experimentally measured OFET. (a) Transfer characteristic curves in log coordinates. (b) On-state output characteristic curve of the devices
operate as a P-type. (c) Off-state BV curve when the devices operate as a N-type. The inset shows BV curve in log coordinates. (d) Off-state BV curve when
the devices operate as a P-type. The inset shows BV curve in log coordinates.

shows a negative correlation with the width of the depletion
region.
As shown in Fig. 7(a), the on/off ratio of the fabricated

thin-film OFET reaches 104 reflecting the fabricated OFET’s
strong ability to regulate current. Such a high on/off ratio
meets or even exceeds the state-of-the-art OFETs based on
DPPT-TT [13]. The on/off ratio of the fabricated OFETs
is mainly limited by the nature of DPPT-TT. For a higher
on/off ratio of OFETs, one is expected to employ other OSCs
such as N2200 [13], [14], [15], [16]. Moreover, the threshold
voltage of the fabricated OFETs is 5 V, which provides a
favorable operating condition for the usage of OFETs in the
H-bridge circuits. It is worthy to be noted that the commonly
used linear extrapolation method is employed [17], [18].
The voltage drop between the semiconductor layer and
the source-drain metal causes the extracted mobility to be
affected by the magnitude of the drain voltage, which can be
reduced by choosing to extract the mobility in the saturation
region. Then IDsat ought to satisfy:

IDsat = W

2L
μsatCi

(
Vgs − VT

)2 (4)

where IDsat is the drain current in the saturation region, W
is the channel length, L is the channel width, μsat is the
mobility to be determined, Ci is dielectric capacitance per
unit area, Vgs is the voltage applied across gate to source
electrode and VT is the threshold voltage can be determined

from the transfer curve.√
IDsat =

√
W

2L
μsatCi

(
Vgs − VT

)
(5)

For simplicity, we assume the mobility of electron and hole
are the same. Therefore, the mobility μsat ought to satisfy:

μsat =
(

∂
√
ID

∂Vgs

)2
2L

WCi
(6)

By using Eq. (6), the mobility of the fabricated OFETs
can be extracted as 0.22 cm2/(V·s), which is consistent
with reported results [8]. Note that the mobility extracted
from fabricated devices is predominantly dictated by the
material itself, thus resulting in DPPT-TT exhibiting higher
mobility than N2200 but lower than C8-BT/PS and TIPS-
pentacene/PS [13], [14], [15]. Meanwhile, as shown in
Fig. 7(b), the Id-Vd characteristics of fabricated OFETs are
still consistent with conventional FETs.
Fig. 7(c) and (d) show the measured breakdown voltage

of OFET when it operates as N-type or P-type respectively.
Although the copolymer OSCs possess no classic single crys-
tal structure and therefore have no commonly understood
impact ionization process, the distinctive avalanche-like
breakdown mechanism of the copolymer OSCs provides
a high critical electric field (>5 MV/cm) and astonishing
electric breakdown performance [6]. The measured off-state
breakdown voltage of the fabricated copolymer OSC-based
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FIGURE 8. (a) Circuit surface after repeated testing(10 times and 20 times, interval>1 min, within 48hours). (b) Experimentally measured circuit:
(1) Breadboard used for testing Connect a 1 M� resistor in series with the output (Vdd = 5 V, Vin (0 V ∼ 5 V)). (2) A 1 M� resistor employed as the output
load. (3) The output waveform at both ends of the resistor. (4) The LED is driven after applying square wave signal to the Vin(−5 V∼5 V).

OFET excesses 300 V as it operates N or P type. As shown
in Fig. 6(a), when the OFET operates off-state, the reverse-
biased Schottky junction between the drain and source
sustains the majority of the applied voltage [6], [7]. In
this work, the off-state BV is determined by the externally
applied drain voltage when an uncontrolled leaking current
occurs (Current density Joff >> 10−9 A/µm).
As Fig. 8(a) intuitively shows, it is remarkable that the

cyclic BV tests(over 20 times, within 48 hours) were under-
taken without obvious structural damage to the device,
which indicates the recoverability of the non-destructive
and repeatable avalanche-like breakdown. As for the on-
state performance, considering the fact that the active layer
thickness of the fabricated OFETs is only 25 nm, the trans-
mission of charge can be simplified as only occurs in the
lateral direction between two electrodes. Therefore, the cur-
rent density of each the fabricated OFET can be obtained
by using the saturation current(I) and cross-sectional area
(S = 25 nm × 1320 µm). Therefore, the current density of
the single OFET is J = I/S. For a typical on-state oper-
ation case, the saturation current is 40 µA (|Vds| = 70 V,
|Vgs| = 40 V, P-type), therefore the current density reaches
more than 121 A/cm2. Furthermore, an H-bridge circuit is
also been fabricated to demonstrate the feasibility of the
copolymer OSC-based power devices in forming the power
management integrated circuits. As shown in Fig. 8(b), in
order to avoid the dead time, the input signal is only applied
in one direction of the H-bridge circuit [19], [20], [21].
To further demonstrate the drive performance of the OSC-
based H-bridge circuit, a 1 M� resistor and an LED lamp
are employed as the output load separately. As shown in
Fig. 8(b)(3), the measured results indicate that output volt-
age reaches 2.6 V with Vdd = 5 V when 1 M� resistor is
employed.

IV. CONCLUSION
In this paper, to explore the on- and off-state performance
of copolymer OSC-based lateral OFETs in its applications
in the future power realm, an H-bridge circuit based on the
OFET with the top-gate bottom-contact structure is proposed

and fabricated. By using thin-film copolymer OSC-based
OFET, the measurements indicate that the fabricated devices
can achieve a high current density(above 121 A/cm2) and
a high on-off current ratio(above 104). When the OFETs
operate off-state, the reverse-biased Schottky junction is sus-
taining the majority of the applied voltage between the Drain
and Source.
The non-destructive avalanche-like breakdown mechanism

provides the OFET with a 300 V high BV. By employing
square wave signal (−5 V∼5 V) as the Vin, the H-bridge cir-
cuit can properly drive an LED lamp. Due to the advantages
in reliability and simplicity of the spin-coating process-based
fabrication technique, it is expected that the copolymer OSC-
based OFETs can be a promising building block for future
power applications.
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