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ABSTRACT

Here we demonstrate deep red light-sensing all-polymer phototransistors with bulk
heterojunction layers of poly[4,8-bis[(2-ethylhexyl)-oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno|3,4-b]-thiophenediyl] (PTB7) and poly[[N,N'-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)]
(P(NDI2OD-T2)). The device performances were investigated by varying the incident light
intensity of the deep red light (675 nm), while the signal amplification capability was examined
by changing the gate and drain voltages. The result showed that the present all-polymer
phototransistors exhibited higher photoresponsivity (~14 A/W) and better on/off photoswitching
characteristics than the devices with the pristine polymers under illumination with the deep red
light. The enhanced phototransistor performances were attributed to the well-aligned nanofiber-
like morphology and nanocrystalline P(NDI20OD-T2) domains in the blend films, which are

beneficial for charge separation and charge transport in the in-plane direction.
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INTRODUCTION

Integrated optoelectronic sensors are designed to recognize patterns, images, motion, and
colours by producing an electrical signal proportional to the light incident on their active areas.!™
Deep red light (650 — 700 nm) optical sensors have been widely used for biomedical and
healthcare applications such as blood pressure, pulse oximetry, and muscle contraction sensing.®
12 They must detect low-intensity transmitted and/or reflected light from tissues, muscles, and
blood. Due to variation in optical signals from person to person, the development of a highly
efficient deep red light-sensing device is important to provide more accurate readings and faster
results.

Conjugated polymers have attractive properties such as tuneable light absorption, high optical
density, biocompatibility, simplicity of fabrication on flexible substrates with scope for
miniaturization, and mechanical robustness. The rational structural design of conjugated
polymers with proper electronic energy levels and band gaps has resulted in significant
breakthroughs.®*-*® Despite the successful development of novel materials, conjugated polymers
suffer from the intrinsic limitation of high exciton binding energy (0.3 — 1 eV) because of their
low dielectric constants (e = 2 — 4).171% However, the introduction of bulk heterojunction (BHJ)
layers consisting of electron-donating (p-type) and electron-accepting (n-type) organic
semiconductors with sufficient energy offsets can effectively separate tightly bound excitons.?%-%
Although BHJ layers have attracted considerable attention as light absorption layers for solar
cells, we have focused on using BHJ layers in phototransistors, which can provide high gain by
optically manipulating charge transport characteristics. In particular, all-polymer BHJ layers
consisting of hole-transporting (p-type) and electron-transporting (n-type) polymers have great

advantages such as morphological stability, mechanical flexibility, and thermal endurance, in



contrast to polymer:small molecule BHJ layers.?>3 In addition, they can offer efficient charge
separation and effective lateral charge transport. We have successfully demonstrated broadband
light-sensing all-polymer phototransistors, which can detect near-infrared light up to 1000 nm, as
well as ambipolar all-polymer phototransistors, which show outstanding light-sensing
characteristics in both p-channel and n-channel modes of operation.?*?> Although a systematic
study of the solvent effect on the morphology, microstructure, and performance of
PTB7:P(NDI20D-T2) solar cells was examined in a previous report,?-?’ PTB7:P(NDI20D-T2)
BHJ layers have not yet been examined for phototransistor applications despite their outstanding
optoelectronic properties.

In this paper, we fabricated all-polymer phototransistors with BHJ light-sensing layers that
contained PTB7 electron-donating (p-type) and P(NDI20OD-T2) electron-accepting (n-type)
polymers (see Figure la). We investigated the deep-red light photoresponse of all-polymer
(PTB7:P(NDI20D-T2) and P(NDI20OD-T2)-only phototransistors by varying the incident light
intensities (Piv) under 675 nm monochromatic light. The surface morphologies and
nanostructures of pristine polymer and all-polymer BHJ layers were examined using atomic
force microscopy (AFM), high resolution transmission electron microscopy (HRTEM), and

synchrotron radiation grazing incidence angle X-ray diffraction (GIXD) measurements.

RESULTS AND DISCUSSION

All-polymer phototransistors composed of PTB7:P(NDI2OD-T2) light-sensing BHJ layers
were fabricated in a top-gate/bottom-contact structure where the incident light is exposed only to
the channel region in order to rule out changes in the contact resistance and reduce the exciton

diffusion effect.”®?° In a bilayer gate insulator, low-k PMMA (k = 3.5) can provide reduced



leakage current and charge trap density at interfaces between organic semiconductors and gate
insulators, or in the bulk of the gate insulator, while high-k PVA (k = 7 — 8) can offer high
capacitance.?’ Figure 1b presents the absorption spectra of pristine PTB7, P(NDI20OD-T2), and
PTB7:P(NDI20OD-T2) BHJ layers. The PTB7:P(NDI2OD-T2) BHJ layers show broad absorption
in the range of 500 to 850 nm. The pronounced shoulder peak at around 675 nm in blend films is
critical for deep-red light sensing applications. As shown in Figure 1c, the highest occupied
molecular orbital (HOMO) energy levels of the pristine PTB7 and P(NDI2OD-T2) thin films
were confirmed —5.1 and —5.9 eV, respectively, via photoelectron yield spectroscopy (PEYS)
measurements after calibration of the measured onset points as described in our previous
reports.>*3! The lowest unoccupied molecular orbital (LUMO) energy levels are —3.5 and —4.4
eV for PTB7 and P(NDI2OD-T2) polymers in the solid state, respectively, as calculated from the
optical energy band gap and HOMO energy levels. As expected from the HOMO/LUMO energy
offsets of the two polymers, the photoluminescence (PL) intensity decreases significantly with

PTB7:P(NDI20D-T2) nanolayers, providing evidence of charge separation in blend films.

Figure 1

First, we examined basic transistor characteristics in the dark. As seen in the output curves in
Figures 2a and S1, PTB7:P(NDI20OD-T2) devices exhibit excellent n-type characteristics with
distinguished linear and saturation regions. As shown in Figure 2b, the P(NDI2OD-T2)-only
device shows good current modulation with electron mobility in saturation region (ue) of 1.1
x10™! em? Vs, an Ion/lorr ratio of 10° — 10°, and a threshold voltage (Vi) of 5.52 V. More

importantly, all-polymer transistors based on PTB7:P(NDI20D-T2) BHJ layers also exhibit



comparable electron transporting characteristics (pe = 1.02 107! cm? V-!s™!, Ion/Iorr ratio = 10° —
10%, and V= 5.91 V) despite the presence of 50 wt% of an electron-donating (p-type) PTB7
polymer in the blend films, resulting in slightly lower drain current (Ip) than for a pristine
P(NDI20OD-T2) device. This indicates that PTB7:P(NDI20D-T2) transistors exhibit minimal
decreases in electron transport properties when compared to P(NDI20D-T2)-only transistors.
The blend films contain continuous P(NDI2OD-T2) domains in the lateral direction, but these do
not significantly impede charge transport. In particular, both pristine P(NDI20OD-T2) and
PTB7:P(NDI20OD-T2) transistors exhibit less gate voltage (Vg) dependent behaviour, which
reflects that the equilibrium charge carrier concentration is in accordance with ideal current-
voltage characteristics (see Figure 2c¢). Here, we note that there are no obvious ambipolar
transport characteristics for the PTB7:P(NDI20D-T2) transistors because of the poor hole
transporting properties of PTB7 polymers (see Figure S1). This discrepancy between the
ambipolar transport characteristics in this and previous report stem from the different device
structures, solution concentrations, film thicknesses, and source-drain electrodes used.?’ In this
work, we focus primarily on studying the electron-transport characteristics of pristine

P(NDI2OD-T2) and PTB7:P(NDI20D-T2) phototransistors.

Figure 2

We investigated the characteristics of pristine P(NDI20OD-T2) and PTB7:P(NDI2OD-T2)
phototransistors under 675 nm light as a function of incident light intensity (Piv). The 675 nm
wavelength was chosen because of its strong absorption by pristine P(NDI20OD-T2) and

PTB7:P(NDI20D-T2) blend films. As shown in the output and transfer curves of Figures 3a



and 3b, Ip increases for pristine P(NDI20D-T2)-only and PTB7:P(NDI20OD-T2) devices as Py
increases, which indicates that Piv can play an important role in modulating charge carriers in the
light-sensing layer. In particular, we found that the Ip increment at Vp and V=40 V was ca. 8
times higher for PTB7:P(NDI20OD-T2) devices than for a P(NDI2OD-T2)-only device (Alp =
140 nA at 23 pW/ecm? and Alp = 900 nA at 21 pW/cm? for P(NDI20D-T2) and
PTB7:P(NDI20OD-T2) phototransistors, respectively) (see Figure 3c¢). This observation supports
the hypothesis that the photogenerated charges (excitons) in the pristine P(NDI2OD-T2) polymer
do not separate into holes and electrons due to their strong exciton binding energies. However,
the photogenerated charges (excitons) in blend films can be efficiently dissociated at the
interfaces between PTB7 and P(NDI2OD-T2) domains and transported within P(NDI2OD-T2)
domains. Note that the relatively low Ipp/Ipp ratio can be attributed to the PMMA gate insulator
characteristics. There is less change in the contact resistance because only the channel region is
under illumination. In particular, we found that the Vty shifts towards a negative bias for both
devices (see Figure S4) because of photogenerated holes trapped at the interfaces between the
polymers and the gate insulators. As shown in Figure 3d, the Vry shift (AVhH) is proportional to
P regardless of the device type. In particular, AVt was higher for the PTB7:P(NDI2OD-T2)
device than for the P(NDI2OD-T2)-only device, suggesting that more photogenerated holes were
trapped at the interface between the BHJ layers and the gate insulators. In addition, we calculated
the trapped hole surface density (AN;) using the following equation: AN; = (AVtu x Cj) / q,
where Nj, C;, and q are the trapped hole surface density, the capacitance of the gate insulator, and
the elementary charge, respectively.’?-* This reveals that more photogenerated holes are trapped
with the PTB7:P(NDI20D-T2) phototransistor (AN; = 3.14 x 10'% at 21 pW/cm?) than with the

P(NDI20OD-T2)-only device (ANi= 1.94 x 10'%at 23 pW/cm?). This result suggests that charge



transferred holes from the PTB7 polymer as well as photogenerated holes in the P(NDI2OD-T2)
polymer are trapped at the interface, and thus the overall electron carrier density in the channel

region increases, leading to high Ip for PTB7:P(NDI20OD-T2) phototransistors.

Figure 3

We investigated the photoresponsivity (Rc) in order to evaluate device performance. The
photoresponsivity can be calculated using the following equation: Rc = (Ipp — Ipp)/(Piv X A)
where Ipp, Ipp, and A are the drain current in light, the drain current in the dark, and the active
illuminated area, respectively.’*>> As shown in Figures 4a and S5, the Rc values gradually
increase with the drain voltage (Vp) for both devices, and higher Rc values are shown when the
devices are exposed at lower Piv. The decrease in Rc as Piv increases can be explained by the
high charge recombination rate. A similar increase in Rc was measured as a function of gate
voltage (Vi) (see Figures 4¢ and S6), confirming that our all-polymer phototransistors are
sensitive to monochromatic light at 675 nm. The highest Rc value for PTB7:P(NDI20D-T2)
phototransistors at Vpand Vo= 40 V, and Pn= 21 pW/cm? was 14.2 A/W, which is ca. 4 — 6
times higher than with a pristine P(NDI20OD-T2) device (2.3 A/W from output curves and 3.2
A/W from transfer curves at Vpand Vo= 40 V, and P = 23 pW/cm?). In addition, the trend of
Pi-dependent Rc here is in accordance with those in our previous reports.”>*® Rc can be
expressed simply using a power law relationship (Rc ~ Pw%). The Rc values of
PTB7:P(NDI20D-T2) phototransistors are more Pin-dependent than those of P(NDI20OD-T2)-

only devices (see Figure 4b). In addition, the Rc values of PTB7:P(NDI20D-T2)



phototransistors are the more gate-voltage dependent than those of P(NDI20OD-T2)-only devices.

This indicates more effective signal amplification via gate voltage control (see Figure 4d).

Figure 4

We sought insight into the photoresponse of P(NDI2OD-T2)-only and PTB7:P(NDI20D-T2)
phototransistors under pulse illumination at 675 nm and 1 Hz (see Figure 5a). As shown in
Figure 5b, the P(NDI20OD-T2) device exhibits no photoresponse despite the relatively high Py
(1550 pW/cm?). However, excellent photoswitching and reversible behaviour, originating from
the photogenerated electrons, was observed in PTB7:P(NDI20OD-T2) phototransistors even at the
lowest Piv of 21 uW/cm? (see Figure 5c¢). This result suggests that electron-hole recombination
is dominant within the illumination time of P(NDI20OD-T2)-only devices, while the excitons
(hole-electron pairs) can be photo-generated by 675 nm monochromatic light in PTB7 and
P(NDI20OD-T2) polymers. These excitons can be separated at the interfaces between PTB7 and
P(NDI2OD-T2) via hole transfer from P(NDI20OD-T2) to PTB7 and electron transfer from PTB7
and P(NDI20OD-T2), respectively. The photogenerated electrons can be transported in
P(NDI2OD-T2) domains and contribute to the photocurrent in all-polymer phototransistors (see
Figure S7). Thus, PTB7:P(NDI2OD-T2) phototransistors show better photoresponses than
pristine P(NDI20OD-T2) phototransistors due to fast charge separation at the interfaces between

the PTB7 and P(NDI20OD-T2) polymer domains.

Figure 5



We investigated the surface morphologies of the pristine PTB7, P(NDI2OD-T2), and
PTB7:P(NDI20OD-T2) BHIJ layers via atomic force microscopy (AFM). As shown in Figure 6a,
the AFM image of a pristine PTB7 thin film reveals a smooth, uniform surface with a relatively
low root-mean square roughness (Rrms = 0.35 nm), whereas the pristine P(NDI20D-T2) film
shows a relatively large, aggregated, nanofiber-like surface morphology with a rough surface
(Rrms= 0.72 nm). More importantly, the PTB7:P(NDI2OD-T2) BHJ layers exhibit relatively fine
nanofiber-like morphologies with moderate roughness (Rrms= 0.41 nm). Transmission electron
microscopy (TEM) images of the pristine PTB7, P(NDI20OD-T2), and PTB7:P(NDI20OD-T2)
BHIJ layers further support this surface morphology analysis. As can be seen in Figure 6b,
typical amorphous features of pristine PTB7 polymer are observed, whereas the pristine
P(NDI2OD-T2) polymer exhibits a relatively large nanofiber-like morphology with highly
crystalline features, as shown in the AFM images. In particular, the well-aligned, nanofiber-like
structure in the TEM images of PTB7:P(NDI20D-T2) BHIJ layers is in line with the AFM
images. In addition, scanning TEM (STEM) images of PTB7:P(NDI2OD-T2) BHJ layers
provide direct observation of relatively fine nanophase separation between two polymer domains
(see Figure S8). Hence, the improved device performance with PTB7:P(NDI20OD-T2)
phototransistors may be closely related to the fine, well-connected nanofiber-like domains and
interpenetrated nanophase separation in blend films. This morphology may provide sufficient

interfacial area for charge separation and facilitate charge transport in the lateral direction.

Figure 6
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In addition to surface morphology and nanostructure analysis, we performed synchrotron
radiation grazing incidence angle X-ray diffraction (GIXD) measurements. As shown in the 2D
GIXD images (see Figures 7a and S9), distinct face-on chain ordering is observed for both
pristine PTB7 and P(NDI20OD-T2) thin films based on the previously reported predominant
(100) peak in the IP direction and the (010) peak in OOP direction.?®*” The PTB7 polymer
exhibits a relatively amorphous structure, while the P(NDI20D-T2) polymer has a highly
ordered crystalline structure. As shown in Figure 7b, the PTB7:P(NDI2OD-T2) BHJ layer
exhibits less intense but distinctive (100) and (001) peaks corresponding to crystalline
P(NDI2OD-T2) nanodomains. These peaks were found in the blend films as well, which
indicates that PTB7 and P(NDI20OD-T2) are phase-segregated, as evidenced by the AFM and
TEM images. In addition, we calculated the P(NDI20OD-T2) crystallite size in pristine and blend
films using the Scherrer equation.®® Crystallite sizes of 6.45 and 4.78 nm were calculated for
pristine P(NDI2OD-T2) and PTB7:P(NDI2OD-T2) films, respectively. This result suggests that
relatively small P(NDI20OD-T2) crystallites are present in the BHJ layer. This is in line with the
AFM and TEM images. Therefore, the combination of favourable nanophase separation between
the relatively amorphous PTB7 polymer and the crystalline P(NDI2OD-T2) polymer, and
relatively small crystallites can contribute to charge separation and transport in

PTB7:P(NDI20D-T2) phototransistors.

Figure 7

CONCLUSIONS
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In summary, all-polymer phototransistors were fabricated using the BHJ layers that consist of
PTB7 and P(NDI20OD-T2) polymers. As evidenced by PL quenching, the proper HOMO/LUMO
energy offsets of the two polymers provided the driving force for charge separation. This
indicates that they might be promising candidates for use in phototransistors. The electron-
dominant transport in the PTB7:P(NDI2OD-T2) blend films suggests that the P(NDI20OD-T2)
domains could be well-connected in the in-plane direction without charge blocking resistance,
despite the presence of PTB7 polymers in the blend films. All-polymer phototransistors
exhibited gradually increased photocurrent with the incident light intensity of the deep red light
(675 nm). In contrast, the P(NDI20OD-T2)-only device showed lower sensitivity because of
inherent limitations related to charge separation. The maximum Rc for all-polymer
phototransistors could be as high as 14 A/W, whereas the pristine P(NDI20OD-T2) device
reached only 2.3 ~ 3.2 A/W. The present all-polymer phototransistors showed fast
photoswitching responses under light on/off modulation, which was assigned to the fast charge
transport in the in-plane direction due to the well-aligned nanofiber-like morphology and smaller
P(NDI2OD-T2) nanocrystallites in the blend films. Hence the present study is expected to
contribute to further development of all-polymer phototransistors for deep red light-sensing

devices which are of crucial importance in the coming ubiquitous healthcare monitoring systems.

METHODS

Materials and Solutions. PTB7 (weight-average molecular weight = 92 kDa, PDI = 2.6) and
P(NDI20D-T2) (weight-average molecular weight = 25 — 50 kDa, polydispersity index (PDI) =
1.5 — 3.5) were purchased from 1-Material (Canada) and Polyera (United States), respectively.

PMMA (weight-average molecular weight = 120 kDa, PDI = 2.2) and PVA (weight-average
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molecular weight = 13 — 23 (18) kDa, 98% hydrolysed) were purchased from Sigma-Aldrich
(United States). The pristine polymer (PTB7 and P(NDI20D-T2)) and blend (PTB7:P(NDI20D-
T2) = 5:5 by weight) solutions were prepared in chlorobenzene at a solid concentration of 10
mg/ml. The solutions of PMMA and PVA polymers were prepared using n-butyl acetate and
deionized water at a solid concentration of 40 mg/ml and 80 mg/ml, respectively. All solutions
prepared were vigorously stirred on a magnetic stirring plate for 24 h before spin-coating.

Thin Film and Device Fabrication. Glass substrates were cleaned via ultrasonication in
acetone and isopropyl alcohol, then dried with nitrogen gas flows. 60 nm-thick silver (Ag)
source/drain electrodes were deposited onto the glass substrates through a shadow mask at a base
pressure of 2 x 10 Torr. The channel width and length were 2 mm and 70 um, respectively. The
pristine (PTB7 and P(NDI20OD-T2)) polymer and binary blend layers were spin-coated on the
glass substrates. The thickness of all the photo-active layers was adjusted to 30 nm. Next, 350
nm-thick PMMA layers were spin-coated on the photo-active layers, followed by soft-baking at
60 °C for 30 min. Then 150 nm-thick PVA layers were spin-coated on the PMMA layers and
soft-baked at 60 °C for 3 h. The capacitance of the PMMA/PVA bilayer gate insulators was 7.4
nF/cm? at 100 Hz. After transferring the samples to a vacuum chamber, 80 nm-thick aluminium
(Al) was thermally evaporated on top of the PVA layers.

Device Measurements. The film thickness was measured using a surface profiler (Alpha Step
20, Tencor Instruments). The optical absorption and PL spectra were measured using a UV-
visible spectrometer (Optizen 2120, MECASYS) and a PL spectrometer (FS-2, SCINCO),
respectively. The HOMO energy levels of the pristine films were measured using a photoelectron
yield spectrometer (AC2, Riken-Keiki), while the capacitance of the bilayer-type gate insulators

were measured using an impedance analyser (VERSA STAT 4, Ametek, Berwyn, PA). An
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atomic force microscope (AFM, Nanoscope V multimode 8, Bruker) was used to measure the
surface morphology of films. Crystalline structures were measured using a field-
emission/scanning transmission electron microscope (FE-TEM/STEM, Titan G2 ChemiSTEM
Cs Probe, FEI Company) and a synchrotron radiation-grazing incidence X-ray diffraction
(GIXD) system (X-ray wavelength = 0.11352 nm, incidence angle = 0.12 °, 9 A, U-SAXS
beamline, Pohang Accelerator Laboratory). The transistor characteristics of devices were
measured using a semiconductor parameter analyser (2636B, Keithley) and a specialized
phototransistor measurement system equipped with a light source (Tungsten-Halogen lamp, 150
W, ASBN-W, Spectral Products) and monochromator (CM110, Spectra Products). The incident

light intensity (Pv) was measured using a calibrated Si photodiode (818-UV, Newport).
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Figure 1. (a) Device structure of all-polymer phototransistor and chemical structures of PTB7
and P(NDI20OD-T2): L and W denote the channel length and width of the present device. (b)
Optical absorption spectra of pristine and BHJ films. (c) Photoelectron (PE) yield spectra of
pristine PTB7 and P(NDI120D-T2) thin films. (d) Photoluminescence (PL) spectra of pristine and
PTB7:P(NDI20D-T2) BHJ films.
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Figure 2. Output and transfer curves for (a) pristine P(NDI20D-T2) and (b) PTB7:P(NDI20D-
T2) transistors in the dark. (c) Gate-voltage dependent mobility of pristine P(NDI20D-T2) and
PTB7:P(NDI20D-T2) transistors.
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Figure 3. Output and transfer curves for (a) P(NDI2OD-T2)-only and (b) PTB7:P(NDI2OD-T2)
phototransistors under illumination with 675 nm monochromatic light. (c) Change in the drain
current (Alp) as a function of gate voltage (V). (d) Change in the threshold voltage (AVThH) as a
function of light intensity (Pm).
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Figure 4. (a) Photoresponsivity as a function of drain voltage (Vp) for P(NDI2OD-T2)-only and
PTB7:P(NDI20OD-T2) phototransistors at different levels of light intensity (Pw). (b)
Photoresponsivity as a function of light intensity (Pw) for P(NDI20D-T2)-only and
PTB7:P(NDI20D-T2) phototransistors. Note that the Rc values were obtained from the output
curves in Figure 3a, which were measured at Vp and Vg = 40 V. (c¢) Photoresponsivity as a
function of gate voltage (Vg) for P(NDI20D-T2)-only and PTB7:P(NDI20D-T2)
phototransistors at different levels of light intensity (Pw). (d) Photoresponsivity as a function of
light intensity (Piv) for P(NDI20OD-T2)-only and PTB7:P(NDI20OD-T2) phototransistors. Note
that the Rc values were obtained from the transfer curves for more than five devices with two
sub-cells per each device.
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Figure 6. (a) 3D-height and phase mode AFM images, and (b) TEM images of pristine PTB7
(top), PTB7:P(NDI20OD-T2) BHJ (middle), and pristine P(NDI20OD-T2) (bottom) thin films
coated on glass substrates.
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Figure 7. (a) 2D GIXD images and (b) 1D profiles in the OOP and IP directions for pristine
PTB7, PTB7:P(NDI20OD-T2), and pristine P(NDI2OD-T2) thin films coated on glass substrates.
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