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A new mussel-inspired polydopamine
phototransistor with high photosensitivity:
signal amplification and light-controlled
switching properties†

Hye Jin Nam,a Juneho Cha,a Seung Hwan Lee,b Won Jong Yoob and
Duk-Young Jung*a

A polydopamine (PDA) thin film with a dense and conformal surface

was prepared under optimized deposition conditions using O2 gas

as an oxygen source. The PDA-based organic phototransistors

exhibited high photosensitivity and photo-controlled switching

properties under light illumination.

The development of functionalized surfaces is one of the most
investigated topics in chemical, biological and materials sciences.
In particular, large area surface modification techniques such as
self-assembly, the Langmuir–Blodgett method and layer-by-layer
assembly using organic compounds compared to expensive
inorganic counterparts have been extensively developed over the
past few decades.1–4 Polydopamine (PDA), inspired by a biological
adhesive protein of marine mussels, is a promising polymer
material to allow multifunctional surface characteristics thanks to
its capability for binding with various materials including oxides,
metals, and polymers.5–7 PDA prepared by oxidative polymerization
of dopamine (DA) forms cross-linked thin films on various sub-
strates through covalent bonds as well as intermolecular inter-
actions such as p–p interactions, hydrogen bonding and electro-
static interactions, enabling universal adhesion.8,9 In addition, our
recent reports demonstrated that the synthesized PDA exhibited
semiconducting properties and special charge transfer capabil-
ity.10,11 In this context, PDA can be an excellent candidate for high
performance optoelectronic devices.

As a p-conjugated organic optoelectronic device, organic photo-
transistors (OPTs) with an organic field-effect transistor (OFET)
configuration exhibited excellent light detection and signal ampli-
fication characteristics due to strong light absorption and photo-
current generation.12–16 OPTs with special features including high

sensitivity in on/off switching and low-voltage operation are very
promising for high-performance photo-detectors and integrated
circuits. In particular, polymer-based OPTs fabricated by a solution
process have several advantages such as large area coverage, good
compatibility with substrates, and low-temperature processes, lead-
ing to potential applications in flexible, large area optoelectronic
devices.14,17 However, the polymer-based OPTs showing excellent
light sensitivity and signal amplification have rarely been addressed
due to oligomer aggregation and low solubility, resulting in the low
mobility and difficulty in controlling the solution. We developed a
highly reliable synthetic route to produce a PDA thin film with a
dense and conformal surface. The deposition method using O2 gas
instead of the common air or chemical oxidants enabled us to
obtain a PDA thin film with a dense and conformal surface as well
as good adhesion with SiO2/Si substrates. In this communication,
we first report a new PDA-based OPT exhibiting excellent photo-
controlled switching properties at low voltage.

The PDA-based OPT consisted of a silicon gate electrode, a
SiO2 insulating layer, a PDA semiconducting layer and source (S)
and drain (D) electrodes (Fig. 1a). The patterning of the PDA
layer was carried out by immersion of the SiO2/Si substrate
covered by a flexible PDMS shadow mask prepared by two-step
replica molding18 in a PDA solution. The PDA layer was prepared
by oxidative self-polymerization of DA (6 mg mL�1) in a 0.01 M
tris(hydroxylmethyl)aminomethane (THAM) buffer at a pH of
8.5 for 1 h under an O2 atmosphere. It is worth noting that we
successfully fabricated PDA thin films with a dense and con-
formal surface from several tens to hundreds of nm thickness by
reaction using O2 gas within 24 h. On the other hand, the
polymerization using an air or a chemical oxidant produced
the PDA layers with only several tens of nm thickness by the
reactions over 24 h, as well as a less dense thin film with
aggregates of oligomers.19,20 A semiconductor layer with a dense
and conformal surface is critical for high-performance optoelec-
tronic devices. To the best of our knowledge, the choice of O2 gas
as an oxygen source was the most important factor for producing
a homogenized PDA solution and dense PDA thin film that can
be a good candidate for highly sensitive OPTs. The detailed
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fabrication procedures including the experimental details and
the increment of film thickness depending on the immersion
time are shown in Fig. S1 and S2 (ESI†). The optical microscopy
image showed that the dimension of the patterned PDA layer
was 500 by 1000 mm and the channel length between the two
electrodes was 90 mm, demonstrating a successful micropattern-
ing of the PDA layer by applying a PDMS shadow mask (Fig. 1b).
The cross-sectional SEM image showed the PDA layer (30 nm)
deposited on the SiO2 surface. The Raman spectra shown in
Fig. 1d also provided evidence for the polymerization of the DA
monomer, in which the discrete peaks of DA disappeared and
PDA had two broad peaks at 1360 and 1582 cm�1 (red arrows).21

The AFM images of the PDA thin film confirmed the conformal
surface of the prepared PDA layer (Fig. 1e). The average root-
mean-square (RMS) surface roughness of the PDA film was
0.31 � 0.03 nm, indicating that the PDA layer was deposited
homogeneously. The XRD data confirmed that the PDA thin film
has an amorphous phase (Fig. S3, ESI†). The UV/vis spectrum of
the PDA thin film showed very strong and broad absorption in
UV and visible regions, indicating the possibility of being used as
active materials for optoelectronic applications (Fig. S4, ESI†).

The transfer characteristics of the PDA-based OPT device as a
function of the gate voltage (VG) at a drain voltage (VD) of�10 V are
shown in Fig. 2a. A large increase of the drain current (ID) at a
negative VG was observed, indicating that PDA is a p-type semi-
conductor. The threshold voltage (VT) estimated using a linear
extrapolation method to the ID–VG curve was�6 V and the resulting
Ion/Ioff ratio was 1.2 � 105, implying that the prepared PDA device
functions as a switch with a high on–off ratio. We also measured

the carrier concentration of the PDA thin film using Hall effect
measurements. The carrier concentration, mobility and resistivity
were 1.1 (� 0.1) � 1013 cm�3, 1.6 (� 0.2) � 101 cm2 V�1 s�1 and
1.7 (� 0.2) � 104 O cm, while the field-effect mobility calculated
from the transfer curve was ca. 0.96 cm2 V�1 s�1. All of these
results confirm that the prepared PDA thin film was a p-type
semiconductor and the PDA showed a large mobility character
compared to that of pentacene with a Hall mobility of about
3.0 cm2 V�1 s�1 at room temperature.22 The capacitance–voltage
(C–V) result for MIS (metal–insulator–semiconductor) devices
measured at 1 MHz frequency exhibited that holes were accumu-
lated in the PDA layer when a negative voltage was applied,
confirming a p-type semiconductor (Fig. 2b). Remarkably, there
was no flat band voltage shift when the voltage was swept from
negative to positive and then positive to negative, indicating no
charge trapping in our O2-induced PDA layer. On the other hand,
the air-induced PDA layer showed a large flat band voltage shift by
the trapped hole density during the voltage sweeping process.23

The capacitance with accumulation of the PDA layer exhibited a
very small value of 2.5 (�0.2) nF cm�2 compared to the above air-
induced PDA layer with a large capacitance value of several
hundred nF cm�2, demonstrating the lower resistivity. The
thicker PDA film exhibited the lower accumulation capacitance
(Fig. S5, ESI†).

Under light irradiation, the PDA device exhibited highly
sensitive photoresponse properties (Fig. 2c). The highest
photo-responsivity (R) value, defined as DIphoto

D /Pinc where DID =
Iphoto

D � Idark
D and Pinc is the incident light intensity, calculated at

I = 19.3 mW cm�2 was found to be 9 A W�1 at VG = �12 V, which
is larger than the values reported for OPTs used organic mole-
cules such as single crystals and pentacene12,24 or P3HT-capped
a-IGZO phototransistors.25 The highest photoswitching ratios
(P), defined as (Iphoto � Idark)/Idark, at I = 19.3 mW cm�2 was
6.9 � 104 at VG = �2 V, indicating a large increase of the current
when applying the low intensity light irradiation. The increase of

Fig. 1 (a) Schematic representation of an organic phototransistor based
on PDA thin film patterned on the Si/SiO2 substrate. (b) Optical microscopy
image of the PDA device with 90 mm channel length. (c) Cross-sectional
SEM image of the PDA thin film. (d) Raman spectra of DA powder and PDA
thin film. (e) 2D and 3D AFM images of the PDA thin film.

Fig. 2 (a) Transfer characteristics of PDA phototransistor at VD = �10 V in
the dark. (b) C–V hysteresis loop measured in air for the Au/PDA(30 nm)/
p-Si device. (c and d) Plots of current vs. voltage (VG) at VD = �10 V under
dark and light irradiation conditions, and different input light intensities,
respectively.
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the photocurrent as a function of the input light intensity is
shown in Fig. 2d. Due to the high photoresponse ability, the PDA
device exhibited a remarkable increase of the photocurrent as
the light intensity increased, indicating that a large number of
charge carriers were generated when a light with photon energy
was absorbed by PDA.

The fast response of optical signals is a critical parameter in
optoelectronic systems. The PDA-based OPTs showed the unique
and dynamic photoresponse behaviour of the PDA device as a
function of time at I = 19.3 mW cm�2. The variation of the
photocurrent over time was examined when the light was turned
on and off regularly. Fig. 3a and b show the optical pulses at
different time intervals of 20 and 5 seconds at VD = �10 V and
VG = �30 V depending on the light-on and light-off states. The
photocurrents sharply increased to larger values as soon as the light
was turned on, and remained there during the switch-on state of
the optical power. Then, the photocurrent level changed back to the
original value when the light was turned off, indicating that the
device functioned as a switch. When the optical pulses were
repeated, the maximum current level increased due to a faster
charge accumulation rate than the charge release rate in the PDA
phototransistor.26 Even though the optical switching speed became
faster from 20 to 5 seconds, the optical pulse still showed a regular
shape. Fig. 3c represented the enlarged view of the rise and decay of
the photocurrent for the 5 second interval optical pulse shown in
Fig. 3b. The measured average optical switching times for the rise
and decay of the photocurrent were 0.5 (�0.1) and 1.2 (�0.1)
seconds, showing a faster response time for the rise. Fig. 3d showed
the photo-switching characteristics at a constant VD = �10 V as
a function of the gate voltage (VG) with on and off intervals of
20 seconds. The photocurrent increased significantly upon light
illumination, especially at a large negative gate voltage. The photo-
current at VG = 0 V when the optical pulse in the switch-on state was
about 5.51� 10�9 A, and then sharply increased to 3.27� 10�4 A as
the gate voltage increased to�40 V. All of these results demonstrate

that the photocurrent could be tailored using the incident light
intensity and gate voltage. The gate voltage in the current OPT
device is considered to provide an efficient route for the charge
dissociation.27

In summary, we have demonstrated a novel organic photo-
transistor based on a PDA thin film with a dense and conformal
surface, which was prepared by self-polymerization of a homo-
genous PDA solution under oxygen bubbling instead of a conven-
tional air stream. The single-step deposition process and precise
control of the structure and size by replica molding using a PDMS
shadow mask enabled the micropatterning of the PDA thin film,
leading to the fabrication of high-performance OPTs without
defects or grain boundaries which can affect the transport of
charge carriers. The PDA phototransistor exhibited a high photo-
responsivity depending on the incident light intensity as well as
excellent device performance producing an extremely high photo-
current at a low voltage. The prompt and reproducible photo-
switching functions in signal amplification and photo-detection
provide potential applications in low-cost, high-density organic
optoelectronics such as photodetectors and solar cells.

This work was financially supported by the Priority Research
Center Program (NRF-2012R-1A6A1040282), the Center for Human
Interface Nano Technology (NRF-2009-0083540) and the Fusion
Research Program for Green Technologies (NRF-2012048862).
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