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Abstract:
Highly sensitive near-infrared (NIR) organic phototransistors (OPTs) were fabricated using
nanowire network based on a narrow bandgap donor-acceptor (D-A) polymer as the photoactive
channel. The D-A polymer nanowire network-based NIR-OPTs exhibit high responsivity of
~246 A/W under an NIR illumination source (850 nm) with a light intensity of ~ 0.1 mW/cm2.
This value is over one order of magnitude higher than that of the structurally identical planar DA polymer thin film OPTs. The high performance of the nanowire network-based
phototransistors is attributed to the excellent hole transport ability, reduced density of the
structural defects in the polymer nanowires, and improved contact at the channel layer/electrode
interfaces. The high sensitivity and low cost solution-fabrication process render this OPT
technology appealing and practically viable for application in large area NIR sensors.
Keywords: Organic phototransistor, Near-infrared detector, D-A polymer, Photoresponsivity
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1. Introduction
Organic phototransistors (OPTs) are transistors where the density of carriers in the organic
semiconductor channel can be modulated by an optically controlled gate terminal (incident
light).1,2 Unlike the case for two-terminal photodiodes, the operation mechanisms in the OPTs
can be swapped between either a photovoltaic or a photoconductive gain mechanism by tuning
the gate voltage,3 enabling high sensitivity as well as low noise. Thus, OPTs have been
particularly attractive in terms of their intrinsic advantages including tunability of optoelectronic
properties, flexibility and low cost solution fabrication process.3-5 However, the near-infrared
(NIR)-OPTs are less studied although they have broad range of applications in thermal imaging,
night-vision and wellness monitoring systems. There are not many options in the photoactive
materials that possess simultaneously high NIR absorption and high carrier mobility.6, 7 Until
today, the performance of NIR-OPTs is still less than satisfactory. 6-9
Various approaches have been reported to enhance the photosensitivity of NIR-OPTs,
including incorporating quantum dots
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and a donor (D)/acceptor (A) bulk heterojunction.

9, 11

The use of a bulk heterojunction channel layer allows trapping of the electrons in the acceptor
while simultaneously enabling fast transport of the holes in the donor, thus yielding high
photoconductive gain in NIR-OPTs.11 However, the sensitivity of OPTs based on D/A blends
significantly relies on the D/A phase separation in the blends.9, 11 Therefore, the miscibility of
donor and acceptor in the channel layer requires a delicate control for attaining high performing
OPTs. In addition, incorporation of an additional D or A material in the photoactive channel may
induce the change in the film homogeneity and lower the charge transport, limiting the
sensitivity of the OPTs.12 The high sensitivity NIR-OPTs can also be realized using onedimensional nanowire or nanofiber photoactive channels.6 This approach was adopted to improve
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the response to white and/or visible light in OPTs having single-crystalline nanowires or single
polymer nanofiber.2,

13-18

Higher sensitivity was attributed to the lower trap sites and faster

charge transport of such one-dimensional nanowires or nanofibers.2,

16-18

However, the OPTs

based on one-dimensional single nanowires or nanofibers are not a low-cost fabrication approach,
if not impossible to scale.12
In this work, we report an effort to develop high photoresponsivity (R) and photosensitivity
(P) NIR-OPTs using air stable narrow bandgap diketopyrrolopyrrole-dithienylthieno[3,2b]thiophene (DPP-DTT) polymer nanowire networks, fabricated through a solution-processed
and scalable approach. The photo-electronic properties of the nanowire network NIR-OPTs,
including R, P, mobility, photocurrent gain, external quantum efficiency (EQE) and photofrequency response, were analyzed under different intensities and modulated NIR light sources.
The maximum R of 246 A/W and P of 1180 measured for the NIR-OPTs with nanowire network
channel layer are over one order of magnitude higher than that of the corresponding planar
control NIR-OPT. The mechanisms for improvements on the performance of nanowire network
NIR-OPTs also were discussed.

2. Experimental
The molecular structure of the DPP-DTT polymer is shown in Figure 1a. The narrow bandgap
polymer DPP-DTT was synthesized as described in the previous work.19 The absorption
spectrum of the DPP-DTT thin film, as shown in Figure 1b (dashed curve), has a broad
absorption over the wavelength range from 600-1000 nm, with an absorption peak located at
~825 nm in the NIR region. These features indicate that DPP-DTT is a very suitable material
choice for application in NIR-OPTs. The NIR-OPTs with a bottom-gate-top-contact
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configuration (Figure 1c) were fabricated on the heavily p-doped Si substrates with a ~300 nm
thick SiO2 gate dielectric layer (Ci~10 nF/cm2). Prior to the deposition of polymer channel layer,
the surface of the SiO2 dielectric was modified using trichloro(octadecyl)silane (Sigma Aldrich)
to passivate the trap sites and improve the hydrophobicity of dielectric surface.20 The DPP-DTT
nanowire network was fabricated following the polymer matrix-assisted molecular self-assembly
method using polystyrene (PS), Mw~2.2 kg/mol (Alfa-Aesar), as matrix polymer in a weight
ratio of DPP-DTT to PS ratio of 2:3.

21

The UV-visible absorption measurements reveal that a

thin film of DPP-DTT nanowire networks possesses a narrower absorption spectrum with a
slight redshift in the absorption peak in the NIR region (solid curve in Figure 1b), as compared
that of a planar DPP-DTT film having a comparable layer thickness. Atomic force microscopy
(AFM), with a tapping mode (Veeco Digital), and scanning electron microscopy (SEM) (LEO
1530, Field Emission) were used to characterize the morphology and topography of the DPPDTT nanowire networks and planar thin films. The thickness of the planar and nanowire network
channel layers, typically over the range from 35-45 nm, was measured using a Veeco Dektak 150
Profilometer.
The photo-electronic characteristics of all the devices were carried out in an ambient
environment. A probe station coupled with a Keithley 2636B dual channel source/meter was
utilized for the electrical tests. The NIR light was emitted from an NIR light-emitting diode
(LED) with a peak emission wavelength of 850 nm (850LED, Zolix Inc.). The intensity of the
NIR light was controlled by changing the output of the NIR LED and neutral filters. The
intensity of the NIR light source was calibrated using an analog optical power meter (PM120A,
ThorLabs). The transfer curves measured for the OPTs before and after the exposure to the NIR
light also were recorded to validate the device stability. This is to ensure that the possible shift in
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the transfer curves of the OPTs measured in the dark is negligible as compared to the variation in
the transfer curves measured under different NIR irradiations.

3. Results and discussion
The morphological and microstructure properties of the DPP-DTT nanowire network thin films
were firstly studied using AFM and SEM measurements. Figures 2a and 2b illustrate the height
and phase images of the AFM results measured for the DPP-DTT/PS blend thin film (~35 nm)
formed on the trichloro(octadecyl)silane-modified SiO2 substrates. The well-defined and longrange DPP-DTT nanowires embedded in the PS matrix can be clearly seen. For comparison, the
morphology of a pure DPP-DTT thin film (~45 nm) fabricated following the same conditions
also was examined by AFM measurement. The AFM images of a pure DPP-DTT thin film
exhibit nano-grainy morphology without any long range features are shown in Figures 1c and 1d.
These results consist well with our previous observations,21 in showing that PS being a favorable
matrix polymer to assist assembling DPP-DTT polymer into long range order nanowires.
In order to obtain more quantitative information on the structure of DPP-DTT nanowires, PS
component were selectively removed from the blend thin films by immersing films into
cyclohexane for 1-2 minutes. After immersing of the specimen, the PS component was dissolved
and extracted out from the blends, leaving an ultrathin DPP-DTT “film” adhering on the SiO2
surface. The AFM height image of the resulting DPP-DTT/PS blend layer with PS removed is
shown in Figure 2e, revealing the closely packed DPP-DTT nanowire structures with a length
range from several hundred nm up to over 1 μm. These DPP-DTT nanowires are well
interconnected to form two-dimensional-like nanowire network. Further support to the welldefined and long range DPP-DTT nanowire network features is provided by the SEM images
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(Figure 2f). Moreover, the cross-section analysis of the AFM height image quantitatively reveals
the DPP-DTT nanowires with sub-100 nm diameter and about 6 to 8 nm height (Figure 2g). The
height of the DPP-DTT nanowires corresponds to about 3 to 4 DPP-DTT monolayers,
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indicating that 3 to 4 polymer chains are arranged on top of each other in the DPP-DTT
nanowires. These closely packed DPP-DTT nanowire network structures are crucial for attaining
high performing NIR-OPTs with desired high charge transport efficiency and NIR sensitivity.
Figure 3a shows the typical transfer characteristics of the DPP-DTT nanowire network NIROPTs measured in the dark and under NIR light (λ=850 nm) irradiation with a low intensity of
0.07 mW/cm2. In the dark, the device exhibits typical p-type conduction behavior with a high
hole mobility of ~4.0 cm2/Vs and an on/off ratio of 107. Under NIR irradiation, the drain current
(IDS) of OPTs increases dramatically due to the generation of photogenerated carriers in the
current. The large changes in current, even under such a low light intensity of 0.07 mW/cm2,
strongly suggest that the present device can be an excellent candidate for NIR detecting. Based
on the transfer curves measured in the dark and under the given intensity of the incident light
(Pinc), two important OPT parameters, photoresponsivity, R and photosensitivity, P, can be
quantitatively extracted using the following equations: 14
R=Iph/Pinc=(Ilight-Idark)/Pinc,

(1)

P= Iph/Idark=(Ilight-Idark)/Idark,

(2)

where Iph is the photocurrent, Ilight and Idark are the drain current under light and in the dark,
respectively. The value of R reveals the conversion ability of optical power to electric current
and P is the photo-switching (photocurrent/dark-current) ratio.
Figure 3c plots the R and P values as a function of gate voltage (VG) for the DPP-DTT
nanowire network OPT. It is found that the magnitude of R can be tuned from 10-5 A/W to over
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102 A/W, over seven orders, by changing the VG. The large gate-tunability is very useful in
practical applications since it allows us to tune the photocurrent gain according to light
intensity.11,17 The device exhibits a maximum R value of about 246 A/W and a maximum P
value of about 103. R value of the DPP-DTT nanowire network NIR OPT (this work) is much
higher than that of single-component nanowires NIR-OPT (0.44 A/W) reported previously,
which was based on another low band gap D-A polymer with a lower mobility of 0.005 cm2/Vs.
16

Our results clearly demonstrate that polymer matrix-mediated nanowire networks with

enhanced charge transport efficacy are superior for high performance NIR OPTs, resulting in the
R value of the NIR-OPTs (246 A/W) comparable to that of the commonly used inorganic
phototransistors (~300 A/W).22, 23
The structurally identical OPTs with a planar DPP-DTT thin film also were made for
comparison study. Figure 3b shows the typical transfer curves of the planar DPP-DTT-based
OPTs in the dark and under NIR irradiation with the same intensity of 0.07 mW/cm2. The DPPDTT thin film transistors exhibit a lower mobility of 0.94 cm2/Vs under the same optimized
conditions. Accordingly, the maximum R value (21 A/W) for the planar DPP-DTT-based OPTs
is much lower than that for the nanowire network NIR-OPTs but with a similar maximum P
value (Figure 3d). These results are consistent with previously reports, 2, 16 indicating that the R
depends crucially on the mobility of OPTs in the dark (μdark), while P is less dependent on the
μdark. Thus, it can be seen clearly that the significant mobility enhancement would be one of the
main reasons for the large improvement in the responsivity of the DPP-DTT nanowire network
NIR-OPTs.
To gain an in-depth understanding of the improvement, the nanowire network OPTs were
characterized under different intensities of the incident NIR light. As shown in Figure 4a,
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pronounced enhancements in IDS are observed under NIR light illumination, and the magnitude
of IDS increases with the intensity of the NIR light (blue arrow). It is seen that the mobility in the
nanowire network OPTs exhibits only a slight change when the OPTs were exposed to NIR light
(Figure 4b), which is contrary to the previous report in showing that the carrier mobility of the
OPTs increased largely upon exposure to light irradiation. 2, 6 Thus, our results indicate that the
large NIR response of the nanowire network OPTs arises primary from the photo-generated
charge carriers in the channel, and is not due to the change in electronic structure of the nanowire
network.
In general, there are two different photocurrent mechanisms related to the photogenerated
charge carriers in OPTs: photovoltaic mode and photoconductive mode, 3 When the device is
operated at the on-state, the photocurrent is dominated by photovoltaic effect with a positive shift
in the threshold voltage, Vth, induced by the accumulated electrons under the source electrode.1
In this case, the photocurrent shows a logarithmic relation behavior with Pinc, which can be
analyzed by the following equation:24
ln 1

,

(3)

where η is the quantum efficiency, hc/λ is the photon energy, and A is the fitting parameter.
When the device is operated at the off-state, the photocurrent is dominated by photoconductive
effect, showing a linear increase with the intensity of the incident light: 24
Iph=B•Pinc,

(4)

where B is a fitting parameter. Figure 4c plots the photocurrent as a function of Pinc at the onstate (VG=-28 V) and off-state (VG=24 V), showing excellent agreements between the measured
data (open points) and fitting results (solid lines). The excellent agreement between the
theoretical fittings, calculated using equations (3) and (4), and the experiment results measured
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for the DPP-DTT nanowire network NIR-OPTs provides a clear evidence in showing that Iph
produced at the on-state is generated following the photovoltaic mode, while that formed at the
off-state is governed by the photoconductive mode.
Based on the transfer curves of the NIR-OPTs measured under different intensities of NIR
light, the photoresponsivity of the NIR-OPTs also was calculated and plotted as a function of the
gate bias VG (Figure 4d). The R values of the NIR-OPTs at the on-state (blue open squares) and
off-state (black open circles) are summarized in Figure 4e. More than two orders of the change in
the R values of the nanowire network OPTs were observed over a small NIR intensity range from
~0.1 to 15 mW/cm2, demonstrating excellent NIR photoresponsivity and photosensitivity.
Furthermore, the R values at both the on-state and the off-state increase with the decrease in the
intensity of NIR light. The R values at the on-state reveal sublinear power law dependence, i.e. R
∝ Pinc

‐0.94,

agreed with the similar behaviors reported in other types of OPTs,10, 11, 25 which is

attributed to the saturation of photo-generated charge carriers in the channel.
EQE of the nanowire network NIR-OPTs also was investigated. EQE of an OPT is defined as
the ratio of the number of photogenerated carriers, contributing to the IDS, to the number of
photons, falling on the channel area. 26 It is related to R, and can be expressed as EQE=(hc/λq)•R.
25

The results of EQE as a function of VG measured for the OPTs under different intensities of

NIR light are plotted in Figure 4f. The EQE of the NIR-OPTs at the on-state is different from
that of the devices at the off-state, which is associated with the different photocurrent gain modes
in these two regions. The EQE value at the off-state is very low, but it becomes very high at the
on-state. EQE of the NIR-OPTs increases with the decrease in the intensity of NIR light,
showing a very high EQE value up to 35000% under a low NIR light intensity of 0.07 mW/cm2.
The high EQE reveals the existence of photomultiplication effect in the DPP-DTT nanowire
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network NIR-OPTs. The photomultiplication phenomenon is closely related to the enhanced
injection via trap-assisted tunneling process,25 effectively reduce the hole injection barrier due to
accumulation of the photogenerated electrons near the vicinity of the source electrode region. 1
Compared to the nanowire network NIR-OPTs, the structurally identical planar control NIROPTs have a lower carrier mobility of <1.0 cm2/Vs, a smaller sensitivity R of 21 A/W, and a
much lower EQE of 3300% (as shown in Figure 5). It is clear that the photoresponsivity of 21
A/W obtained for the planar control NIR-OPTs is still much larger than that of the NIR-OPTs
based on other narrow bandgap polymers

6, 7

and small molecules,
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further demonstrating the

advantages of the nanowire network approach thus develop for application in high performing
NIR-OPTs.
The photo frequency response characteristics measured for the DPP-DTT nanowire networkNIR-OPTs and planar control devices, operated at VG=-5V and VDS=-40V, were analyzed using
a modulated NIR illumination source (850 nm, ~23 mW/cm2). The photocurrent Iph response
profiles of the OPTs reveal clearly that the photo response of the nanowire network OPT is more
significant than that of the control device, measured by a square wave pulse NIR light
illumination with a duty cycle of 20 seconds, as shown in Figures 6a and 6b. It is seen clearly
that the photocurrent generated in the nanowire network NIR-OPT is more than one order of
magnitude higher than that of the planar control device measured under the same conditions. The
transient photo response measurements also were carried out to analyze the change in the
transient response time of a nanowire network NIR-OPT and a planar control device. The decay
and rise components in the time response profiles, shown in Figures 6c and 6d, reflect the photo
response speed of the OPTs in response to the modulated NIR signal, following exponential
characteristics. The rise time (defined as the time taken for the Iph reaching to 90% of its
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maximum value) and the fall time (defined as the time taken for the Iph reducing to 10% of its
maximum value) of the NIR-OPTs can then be extracted from the transient response
measurements. 12, 26 The results, shown in Figures 6c and 6d, indicate clearly there is a clear
decrease in the rise time observed for the nanowire network NIR-OPT (3.6 s) as compared to that
of the planar control device (5.2 s). The similar rapid fall time also is perceived for the nanowire
network NIR-OPTs (4.2 s) as compared to that of the planar control device (6.4 s). The increase
in the photocurrent and photo response speed agrees well with the above R and EQE analyses,
revealing the advantages of incorporation nanowire network channel layer for use in high
performing NIR-OPTs.
Based on the above discussion, the enhancement in the performance of the DPP-DTT
nanowire network NIR-OPTs would arise from the high-quality microstructures in the nanowires
with increased molecular ordering and reduced grain boundaries. 21 The long range molecular
ordering and the low density of the grain boundaries in the channel allow a high carrier mobility
and long exciton diffusion length, 2, 14 promoting an efficient exciton dissociation and efficient
supply of carriers in the nanowire network OPTs, thereby increase in R and response time. The R
and response time of the NIR-OPTs also are closely related to the carrier injection and extraction
properties at the source/drain contacts. Therefore, the contact quality at the semiconductor
channel/electrode interfaces would also be an important factor determining the performance of
the NIR-OPTs. To gain an insight on better understanding the improvement in the performance
of the NIR-OPTs, the correlation between the device performance and the contact resistance (RC)
of the DPP-DTT nanowire network NIR-OPTs and structurally identical planar control device
was investigated. Figure 7 plots the total resistance (Rtotal) as a function of the channel length,
measured for a set of the structurally identical DPP-DTT nanowire network and planar control
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NIR-OPTs over a channel length range from 80 – 200 m. The RC is extracted using the gated
transmission line model. 27, 28 It is shown that the nanowire network NIR-OPTs have an RC of
0.098 MΩ, which is much smaller than that of the planar control device (0.484 MΩ). RC in the
OPTs is related to the contact quality at the channel/electrode interfaces and the film thickness.
In this work, the nanowire network and planar channel layers were controlled over the similar
thickness range from 35-45 nm. Therefore, the obvious reduction in contact resistance, seen in
the measurements, can be considered mainly due to the improved contact quality at the
electrode/channel interfaces in the nanowire network NIR-OPTs. Thus, contacts at the
source/channel and drain/channel interfaces in the nanowire network NIR-OPTs are more
favorable for efficient operation of NIR OPTs. Therefore, we suggest that improved contact
quality between the electrodes and channel layer, together with high hole mobility and less
defect sites in the polymer nanowire network, are responsible for the high sensitivity of the DPPDTT nanowire network NIR-OPTs.
4. Conclusion
In summary, high sensitivity, solution-processed near-infrared organic phototransistors with
polymer nanowire network photoactive channel were demonstrated. The DPP-DTT nanowirenetwork NIR-OPTs possess high charge transport efficiency, higher responsivity R (~246 A/W)
and larger EQE (35000%) as compared to that of the structurally identical DPP-DTT planar
control device. It is found that the enhanced molecular ordering and reduced density of the
structural defects in the DPP-DTT nanowire channel layer are responsible for the significant
enhancement in the charge transport efficiency, thereby the improvement of photoresponsivity
and photosensitivity of the NIR-OPTs. The crystalline order of the organic channel layer also
helps to improve the contact at the photoactive channel/electrode interfaces in the devices. It is
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anticipated that the solution-processed polymer nanowire network method developed in this
work opens up a viable and cost-effective approach towards high performance NIR-OPTs.
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Figures and Captions

Figure 1. (a) Molecular structure, (b) normalized absorption spectra of DPP-DTT nanowire
network and planar thin films and (c) schematic diagram of a DPP-DTT nanowire network-based
NIR-OPT having a bottom-gate, top-contact device configuration.
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Figure 2. AFM images measured for the DPP-DTT/PS blend film showing (a) the height and (b)
phase images. The corresponding AFM height (c) and phase (d) images measured for the planar
DPP-DTT thin film are presented for comparison studies. (e) The AFM height image and (f)
SEM image measured for the DPP-DTT/PS blend layer with PS removed, revealing closely
packed DPP-DTT nanowire structures; (g) The cross-sectional view illustrating the height profile
of the AFM image measured for the DPP-DTT/PS blend layer with PS removed (e).
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Figure 3. The transfer curves of (a) a DPP-DTT nanowire network OPT and (b) a structurally
identical planar control device measured in the dark and under NIR light (λ=850 nm) irradiation
with a low intensity of 0.07 mW/cm2 (VDS=-30 V). The photoresponsivity, R, and
photosensitivity, P, as a function of VG measured for (c) a DPP-DTT nanowire network NIROPT and (d) a planar control device.
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Figure 4. (a) Transfer curves (VDS=-30 V) of the DPP-DTT nanowire network NIR-OPTs under
different intensities of the NIR sources; (b) Change in the ratio of carrier mobility measured with
the presence of different intensities of NIR sources to that measured in the dark; (c) The profile
of the photocurrent (Iph) as a function of Pinc obtained for the devices at the on-state (VG=-28 V)
and off-state (VG=24 V). The corresponding fitting results using Eq. (3) for the on-state (red line)
and using Eq. (4) for the off-state (blue line) of the nanowire network and the planar control
NIR-OPTs also are presented for comparison studies; (d) photoresponsivity R as a function of VG
obtained for the DPP-DTT nanowire network NIR-OPTs; (e) R as a function of the intensity of
the incident NIR sources at the on-state (open square) and off-state (open circle); (f) The
corresponding EQE‒VG characteristics measured for the NIR-OPTs.
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Figure 5. (a) Transfer curves measured for the structurally identical planar DPP-DTT NIR-OPTs
under different intensities of the incident light at VDS=-30 V; (b) Change in the mobility of OPTs
as a function of NIR light intensity; (c) R and (d) EQE values as a function of VG measured for
OPTs under different intensities of the incident NIR light.
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Figure 6. Typical time response profiles of (a) a nanowire network NIR-OPT and (b) a planar
control device operated at VG=-5V and VDS=-40V, measured using a modulated NIR
illumination source (850 nm, ~23 mW/cm2) having a duty cycle of 20 s. The transient photo
response of (c) a nanowire network NIR-OPT and (d) a planar control device.
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Figure 7. Total resistance as a function of channel length obtained for a set of structurally
identical DPP-DTT nanowire network NIR-OPTs (red open circles) and planar control devices
(black open squares), having different channel lengths from 80 – 200 m. Rc is calculated using
the gated transmission line model.
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