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Improved electrical ideality and photoresponse

in near-infrared phototransistors realized
by bulk heterojunction channels

Ning Li," Yanlian Lei,"® Yangin Miao,"?** and Furong Zhu'*

SUMMARY

The factors that affect the electrical ideality and photoresponse in near-infrared
(NIR) organic phototransistors (OPTs) are still nebulous. Here, simultaneous in-
crease in electrical ideality and NIR response in the OPTs is realized by applying
a bulk heterojunction (BHJ) channel. The acceptor in the channel helps to trap the
undesirable injected electrons, avoiding the accumulation of the electrons at the
active channel/dielectric interface, and thereby improving the hole transporting.
Use of a BHJ channel also helps reducing the contact resistance in the OPTs. The
electrical stability is then improved with mitigated dependence of charge
mobility on gate voltage in the saturation region. The BHJ channel also offers
an improved photoresponse through enhanced exciton dissociation, leading to
more than one order of magnitude increase in responsivity than that in a control
OPT. The results are encouraging, which pave the way for the development of
high-performing NIR OPTs.

INTRODUCTION

The emerging organic semiconductors have attracted increasing attention for applications in a variety of
optoelectronic devices including solar cells, photodetectors, light-emitting diodes, and field-effect transis-
tors (FETs) due to their diverse electrical and optical properties (Benduhn et al., 2017; Fuentes-Hernandez
etal., 2020; Guo et al., 2021; Lan et al., 2020; Liu et al., 2020; Wang et al., 2020; Xie et al., 2020; Yokota et al.,
2020). The organic photosensitive FETs, also known as the organic phototransistors (OPTs), featuring highly
sensitive photoresponse characteristics and ease connection to the readout circuits, have advantages for
applications in health monitoring (Knobelspies et al., 2016; Xu et al., 2017), imaging (Hwang et al., 2016;
Pierre et al., 2017), gas sensing (Chen et al., 2017; Huo et al., 2015; Li et al., 2019b), and so on. Compared
to the traditional inorganic semiconductor materials, organic semiconductors can be prepared by solution-
fabrication process, usually enjoy their inherent merits like flexibility and large-area processability for novel
optoelectronics (Li et al., 2020; Li et al., 20213, 2021b). The rapid development of OPTs, benefited from the
new material innovation or device optimization, has attracted increasing interests for applications in
wearable sensors and high-resolution image sensing (Li et al., 2018, 2019b).

Near-infrared (NIR) OPTs have numerous advances due to figure of merits like ultra-low noise level (Wang
etal., 2018; Wei et al., 2018), ultra-high photoresponsivity (Lei et al., 2017; Sun et al., 2012; Xu et al., 20133,
2017), and nontoxicity as compared to other systems (Gil et al., 2021; Zheng et al., 2020). The active layer in
the NIR OPT plays the role as light absorber and charge transport media simultaneously. Thus, parameters
including the absorption coefficient (Li et al., 2017), exciton dissociation efficiency (Han et al., 2015; Xu
et al., 2013a), and carrier mobility (Kim et al., 2017; Lei et al., 2017; Li et al., 2017) would largely define
the performances of the NIR OPTs. Simultaneously, efficient charge photogeneration and charge transport
in the active channel are key factors to attain high-performing NIR OPTs (Kim et al., 2017; Lei et al., 2017; Li
et al., 2017).

To boost the photoresponse in organic semiconducting systems, photogenerated exciton dissociation
plays a key role in photon to charge conversion (Han et al., 2015; Xu et al., 2013a). One strategy is to build
an exciton dissociation interface by stacking two active layers forming heterojunction channel configura-
tions (Li et al., 2019¢; Park et al., 2009) in OPTs. The multiple-layer heterojunction configuration can be pro-
cessed by vacuum-based fabrications, but becomes difficult for solution-processed fabrications mainly due
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Figure 1. Material properties and device configuration

(A) The molecular structures of the p-type DPP-DTT polymer, and three n-type acceptor materials of PCxBM, PC;1BM, and ITIC.
(B) The normalized absorption spectra of the functional materials.

(C) The schematic energy level diagram of the donor and acceptor materials used in this work.

(D) The schematic cross-sectional view of the OPT with a bottom-gate top-contact configuration.

to the solvent damage by subsequent coating (Kim et al., 2019a; Liet al., 2019¢). An alternative strategy is to
prepare material blends where percolating interfaces are favorable for exciton dissociation and separation.
This method is well developed in high-performing organic solar cells where donors and acceptors are
blended forming a bulk heterojunction (BHJ) in the cells (Han et al., 2015; Xu et al., 2013a). The photogen-
erated exciton can be disassociated efficiently at the donor/acceptor (D/A) interface, which gives rise to
much enhanced photon to electron conversion (Heeger, 2014; Park et al., 2009; Scharber et al., 2006).

Meanwhile, it is found that the introduction of n-type acceptor into the p-type channel in organic FETs
(OFETSs) helps to relieve the nonideality of the transfer curves. The carrier mobility of the OFETs in the satu-
ration region varies significantly with the gate voltage, known as the nonideality of the charge transport in
the OFETs (Bittle et al., 2016; Luo et al., 2014; Phan et al., 2015, 2017, 2018; Sirringhaus, 2014), is bringing
considerably attention because the nonideality will affect the device operation stability (Phan et al., 2017).
The nonideality of the OFET featuring “double slope” of the transfer curves may result in the overestima-
tion of carrier mobility, which deviates from the idealized model (Bittle et al., 2016). The reasons causing the
nonideality in OFETs include contact resistance, as well as the existence of traps at the silicon dioxide
dielectric/channel interface (Phan et al., 2017) that affects charge transport in the channel. However, the
effect of the acceptors in the BHJ channel on the electrical and photoresponse properties of the NIR
OPTs is still nebulous. The relation between material miscibility and film morphology is not clearly under-
stood yet.

In this work, we examined both the electrical ideality and optical response in NIR OPTs by analyzing the
current—voltage characteristics and studying the donor/acceptor interaction in the BHJ channel. The
use of a BHJ channel helps mitigating the gate-bias-dependent mobility, revealing an uninterrupted
charge transport near the channel/dielectric interface. The current-voltage characteristics in transistors
with improved ideality fit well with the theoretical model. It is also found that incorporation of an optimal
acceptor in the BHJ channel is essentially important not only to retain the good crystallinity of the donor
polymer but also to provide efficient photogenerated exciton dissociation, resulting in improved charge
photogeneration and collection, thus much higher photoresponse.

RESULTS AND DISCUSSION

The BHJ channels in the OPTs comprise the donor polymer diketopyrrolopyrrole-dithienylthieno[3,2-b]
thiophene (DPP-DTT) and fullerene derivatives of PCsBM, PC71BM, and non-fullerene acceptor ITIC.
The molecular structures of the materials are schematically illustrated in Figure TA. Their respective absorp-
tion spectra are shown in Figure 1B. It is clear that the DPP-DTT layer is sensitive to NIR light with a peak
absorption located at ~830 nm. DPP-DTT is also proven to be a high hole mobility polymer and is suitable
for high-performance FETs with a low subthreshold swing and a high on/off ratio (Lei et al., 2016a, 2016b; Li
etal., 2012). These promising optoelectronic characteristics of the DPP-DTT polymer are also attractive for
NIR detection and image sensing (Li et al., 2018).

In this study, three different BHJ channel layers of DPP-DTT:PC4BM, DPP-DTT:PC;:BM, and DPP-
DTT:ITIC, were used for making the NIR OPTs. The polymer donor and acceptor form type Il heterojunction
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Figure 2. The electrical characteristics of the OPTs

(A) The dark Ips—Vgs transfer curves and the corresponding Ips values. Vps was set at —30 V. The double-slope feature in
the semilogarithmic Ips—Vgs curves of the control OPT with a pristine DPP-DTT channel is denoted using two straight
solid lines.

(B) Calculated Vgs-dependent carrier mobility using the values presented in (A). The inset in (B) is the mobility variation
factor, a ratio of the peak mobility to the minimum mobility (at Vgs = —30 V) in the saturation region of the OPTs with
different channel layers.

(Osedach et al., 2010), as shown in Figure 1C, which is favorable for photogenerated exciton dissociation.
The NIR OPT is schematically shown in Figure 1D, in a bottom-gate top-contact structure. The OPTs with a
pristine DPP-DTT channel also were fabricated as control devices for comparison study.

The electrical characteristics of the phototransistor, e.g., transfer properties and mobility, were investi-
gated. In Figure 2A, the source-drain current (Ips) as a function of source-gate voltage (Vgs) of the OPTs
comprising different channels was shown and their corresponding v/Ips — Vs characteristics were pre-
sented as well. The source-drain voltage Vpswas set at —30V. These OPTs show good p-type transfer char-
acteristics with ~10° on—off ratios. To estimate the saturated mobility (usae) of carriers in the transistors, one

can employ the equation as described in Equation 1.

2L (8y/Tbs
Hsat = WC, aVGS

L and W are the channel length and width, C; is the capacitance per unit area of the gate dielectric. The
slope of /Ips against Vgs decides the carrier mobility. The model for the calculation of the saturated
mobility assumes the mobility is independent of Vgs (Phan et al., 2018). However, as shown in Figure 2A,
a double-slope behavior with a kink at Vgs = OV was observed in a control OPT with a pristine DPP-DTT
channel, resulting in non-stable carrier mobility in the saturation region. The mobility calculated from
low Visis higher than that from high Vssrange, which might cause overestimation in charge carrier mobility
(Bittle et al., 2016). The double-slope feature in v/Ips versus Vs plot is associated to the non-ideality in the
OFETs (Bittle et al., 2016; Phan et al., 2018). The non-stable mobility in the saturation region would give rise

(Equation 1)
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Figure 3. The comparison between measured electrical signal and theoretical model

(A) Ips—Vgs transfer curves measured for a control OPT with a pristine DPP-DTT channel and the ones calculated using different mobility values adopted in
the ideal model.

(B) V/Ips — Vgscharacteristics obtained using the measured and theoretical simulation results. In the calculation, three different mobility values of0.1, 1.0, and
3.0 em?s~ 'V were used.

(C and D) Ips=Vgs transfer curves measured for an OPT with a DPP-DTT:PC4;BM-based BHJ channel and (D) /Ips — Vs characteristics obtained using the
measured and theoretical simulation results. Three different mobility values 0f 0.8, 1, and 1.3 cm?s~ 'V~ were used in the simulation. Vpg of =30V was used in
the measurements.

to unstable operation of the transistor. As a comparison, the transistors with different BHJ channel layers
exhibit much less double-slope phenomenon, especially in the transistors with a BHJ channel comprising
the fullerene acceptor and its derivatives. The Vgs-dependent mobility was calculated using Equation 1 and
the results were presented in Figure 2B.

The mobility in DPP-DTT transistors shows a clear plateau at around Vs = 5V, manifesting huge mobility
fluctuation in the saturation region. On the contrary, the mobility in transistors with BHJ channel comprising
different fullerene acceptors shows much mitigated variation in the saturation region. To compare the
change of mobility as a function of Vgs in the saturation region, the mobility variation factor, defined as
the ratio of peak mobility over the mobility at Vgs = —30V, for the OPTs with different channel layers
were plotted in the inset of Figure 2B. The variation in the charge carrier mobility of a control OPT with
a pristine DPP-DTT channel in the saturation region is 30 times larger than that of the OPTs with BHJ chan-
nels comprising fullerene derivative acceptors. It is thus clear that incorporation of an optimal amount of
the acceptor molecules in the DPP-DTT donor polymer helps mitigating the non-ideality of the mobility
in the OPTs.

To make a clear comparison between the measured transfer curves and the ideal ones calculated based on
the model, as described by Equation 1, we conducted the calculation by varying the carrier mobility to fit
the experimental data. The channel current Ips can be described as Equation 2, which is derived from
Equation 1.

9% .
IDS = #sathZ(VGS — Vth)z (Equatlon 2)

Ips-Vgs transfer curves measured for a control OPT with a pristine DPP-DTT channel and an OPT with a DPP-
DTT:PCs1BM-based BHJ channel are compared with the data calculated using Equation (2). From the Vs
dependent mobility provided in Figure 2B, the mobility values of a control OPT with a pristine DPP-DTT
channel are in the range of 0.1-3 cm?s~'V™", while the mobility values of the OPT with a DPP-
DTT:PCs1BM-based BHJ channel is more stable, ranging from 0.8 to 1.3 em?s~'V~". To fit the experimental
data, we plotted Ips—Vs curves calculated for the control OPT with a pristine DPP-DTT channel using three
different mobility values of 0.1, 1, and 3 cm?s~ "V~ and the ones calculated for the OPTs with a DPP-
DTT:PCs1BM BHJ channel using three different mobility values of 0.8, 1, and 1.3 cm?s~'V~". The other pa-
rameters in the model were kept the same in the fitting process. Ips—Vgs transfer curves and /Ips— Vis
characteristics obtained from experimental and modeling results are shown in Figure 3. The theoretical
simulation is consistent with the measured results, indicated by the slopes in the Ips—Vgs characteristics.
However, the instable mobility values in DPP-DTT OPTs lead to discrepancy between the measured
data and the model, as shown in Figures 3A and 3B. Three discrete lines were indicated in Figure 3B to
show the slope variation, which show the mobility instability at different Vgs. As a comparison, the results
measured for the OPT with a DPP-DTT:PC,4,BM-based BHJ channel fit better with the model, due to a small
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Figure 4. The molecular packaging and morphological properties of the channel films
(A-H)The XRD results measured for (A) DPP-DTT, (B) DPP-DTT:PC,,BM, (C) DPP-DTT:PC;4BM, and (D) DPP-DTT:ITIC thin films prepared on SiO,. The AFM
images measured for different thin films of (E) DPP-DTT, (F) DPP-DTT:PC,BM, (G) DPP-DTT:PC;41BM, and (H) DPP-DTT:ITIC.

variation in mobility, as shown in Figures 3C and 3D. These data clearly show the electrical non-ideality phe-
nomenon in DPP-DTT transistors, which also exists in different OFETs. The idea to incorporate a proper
acceptor to form BHJ for the channel in the transistor paves the way for improved electrical ideality, which
is meaningful in the design of stable transistors.

To investigate the effect of different acceptors on the molecular packing and morphology of the BHJ chan-
nel, X-ray diffraction (XRD) and atomic force microscopy (AFM) measurements were conducted. The
respective XRD patterns measured for the DPP-DTT, DPP-DTT:PC4,BM, DPP-DTT:PC,,BM, and DPP-
DTT:TIC films are presented in Figures 4A-4D, and all show the typical diffraction peak of the DPP-DTT
donor material. Compared to the XRD patterns measured for a pristine DPP-DTT layer, there is a negligible
change in the peak intensity of the XRD patterns measured for the layers prepared using the DPP-DTT
blended with different fullerene derivatives, indicating the DPP-DTT in the BHJ remained good crystallinity.
While in the DPP-DTT:ITIC blend film, the diffraction intensity decreased, indicating an obvious change in
the molecular packaging of DPP-DTT. The decrease in molecular packing of the donor material will lead to
deteriorated carrier mobility, affecting the photogenerated charge transport and collection. The reduced
XRD intensity also indicates a possible poor miscibility between DPP-DTT and ITIC.

Further, the AFM measurements were conducted to test the morphology change after the incorporation of
different acceptors. The results are shown in Figures 4E-4H. The root-mean-square roughness measured
for the DPP-DTT, DPP-DTT:PC4BM, DPP-DTT:PC7BM, and DPP-DTT:ITIC films are 1.1, 1.3, 1.0, and
1.5 nm, respectively. The BHJ film comprising PC71BM has a much less change in morphology as compared
to the pristine DPP-DTT film, indicating a good miscibility between the donor polymer and acceptor. The
DPP-DTT and ITIC materials are not well mixture in the precursor solution, which is probably the reason for
relatively poor electrical ideality in the transistor with a DPP-DTT:ITIC BHJ channel, due to their poor misci-
bility. Overall, mixing with fullerene derivative acceptors has less impact on the molecular packing and
morphology properties of the DPP-DTT polymer.

The reasons of nonideality in a transistor are still not fully understood (Phan et al., 2018). The improved ide-
ality of the OPTs with a BHJ channel having fullerene derivative is mainly due to its electrical properties. We
have evaluated the contact resistance (R¢) of the OPTs made with different channel layers. The results are
shown in Figure S1. The contact resistance obtained for a control OPT with a pristine DPP-DTT channel
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layer, and the OPTs with three different BHJ channel layers of DPP-DTT:PC4BM, DPP-DTT:PC71BM, and
DPP-DTT:ITIC are 0.9, 0.74, 0.45, 0.8 mega-ohms, respectively. Obviously, the contact resistance in a con-
trol OPT with a pristine DPP-DTT channel is slightly higher than the ones in the OPTs with a BHJ channel.
Our results support the previous observation in showing that a higher contact resistance is also responsible
for the electrical nonideality in the OPTs, because incorporation of the acceptor molecules in the channel
reduced the contact resistance and thus mitigates the fluctuation of the gate-voltage-dependent mobility
in the saturation region.

The contact resistance in a transistor is an important factor affecting the electrical ideality of the transistor
(Bittle et al., 2016; Liu et al., 2017; McCulloch et al., 2016). A 10-fold overestimation in mobility of the tran-
sistor can be occurred if a Schottky contact exists at the electrode/channel interface (Liu et al., 2017),
agreeing with the variation of the mobility we have observed in the control OPT with a pristine DPP-DTT
channel, as shown in Figure 2B. The existence of the contact resistance disturbs the charge injection at a
low gate voltage region, causing a discrepancy in the estimation of the charge mobility using standard
MOSFET models (Bittle et al., 2016). In a practical perspective, detailed modeling complying the real sit-
uation is required for accurate determination of the mobility (McCulloch et al., 2016). The contact resistance
often results in a gradually downward in the transfer curves (Braga and Horowitz, 2009; Phan et al., 2018).
However, it is not easy to distinguish the downward-sloping features and double-slope characteristics
because they are fairly similar (Phan et al., 2018). As a result, itis more appropriate to discuss the nonideality
in electrical properties in an OFET considering all the possible causes.

Another hypothesis to interpret the electrical nonideality is the electron trapping at the channel/dielectric
interface. It has been reported that the presence of moisture or oxygen at the SiO; surface would affect the
charge transport in the channel (Bobbert et al., 2012; Nikolka et al., 2017), because the transfer of the
charges basically takes place near the vicinity of the dielectric/channel interface (Kim et al., 2013). Although
the surface of the SiO; dielectric layer was modified with trichloro(octadecyl)silane in our case, the surface
probably still has some residual electron trap states, such as silanol groups (SiOH) (Chua et al., 2005), which
would capture and trap the injected electrons. Most of the double-slope nonideality of the electrical prop-
erties in OFETs occurs in devices having a SiO, dielectric layer, even after self-assembled monolayer treat-
ment (Phan et al., 2017). The electron trapping at the dielectric surface (Aguirre et al., 2009; Chua et al.,
2005) would lead to the electrical instability featuring double-slope phenomenon (Phan et al., 2015, 2017).

Polymers with the donor—acceptor (D-A) structural units usually have a lowest unoccupied molecular orbital
(LUMO) below —3.5 eV, which potentially allows electron injection and transport (Newman et al., 2004),
leading to ambipolar charge transport (Zaumseil and Sirringhaus, 2007). The DPP-DTT polymer used in
this work has a D-A configuration with an LUMO of —3.5 eV, which potentially allows electron injection
and transport. We do observe n-type charge transport in our OFETs from the transfer curves at large pos-
itive Vs. The narrow bandgap of the p-type polymer is vulnerable to electron injection. We then performed
the electron current decay under bias-stress (electron accumulation region with positive Vss). The results
are shown in Figure S2. It is clear that the electron current decay in the OFET with a DPP-DTT channel is
more significant, indicating a more serious electron trapping at the channel/dielectric interface (Phan
et al., 2015, 2018).

Different approaches were proposed to resolve the double-slope nonideality in the OFETs, for example,
creating an ohmic contact between the channel and channel through eliminating the contact resistance us-
ing an energy level matching buffer layer. The other way is to diminish electron trapping at the channel/
dielectric interface. Methods such as using a highly hydrophobic polymer dielectric, to eliminate the traps
at the dielectric/channel interface (Phan et al., 2015) were also reported. Incorporation of different accep-
tors with a high electron affinity in the channel to trap the electrons, injected from the source-drain elec-
trodes, is an effective way to avoid electron trapping near the dielectric (Phan et al., 2017). In this work,
we show that the use of a BHJ channel helps improving the electrical ideality of the OPTs through the com-
bined advantages of (1) reduced contact resistance and (2) suppression of the electron trapping at the
channel/dielectric interface.

The use of a BHJ channel in the OPTs not only improves the electrical ideality but also enhances the optical

photoresponse. The transfer curves measured for the OPTs without and under NIR light illumination were
presented in Figures 5A-5D. The source-drain voltage Vpswas fixed at —30 V while the gate-source voltage
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Figure 5. NIR (850 nm) photoresponse of the OPTs with different channels

(A-L)The transfer curves measured for (A) a control OPT with a pristine DPP-DTT channel, and the OPTs with different BHJ channel layers of (B) DPP-
DTT:PC1BM, (C) DPP-DTT:PC74BM, and (D) DPP-DTT:ITIC in the dark and under illumination with different NIR light intensities. The photoresponsivity
measured for (E) a control OPT with a pristine DPP-DTT channel, and the OPTs with different BHJ channel layers of (F) DPP-DTT:PC,:BM, (G) DPP-
DTT:PC71BM, and (H) DPP-DTT:ITIC. The photosensitivity results measured for (1) a control OPT with a pristine DPP-DTT channel, and the OPTs with different
BHJ channel layers of (J) DPP-DTT:PC,:BM, (K) DPP-DTT:PC741BM, and (L) DPP-DTT:ITIC. Vps of —30 V was used in the measurements.

Vs was scanned from 30V to —30 V. Charge photogeneration occurs under NIR light illumination, which
increases the carrier density in the OPT channel, resulting in the increment of Ips. From the transfer curves,
the OPTs with three different BHJ-based channels show a better photoresponse as compared to that of a
control OPT with a pristine DPP-DTT channel. Photoresponsivity (R) defined as R = Ighoto/ Pincident, Where
Iohoto @Nd Pincident are the photocurrent and incident light power, respectively, is one of the key factors
to evaluate the photoresponse performance. Clearly in Figures 5E-5H, the OPTs with different BHJ chan-
nels show higher photoresponsivity than that in a control OPT with a pristine DPP-DTT channel layer. Under
the NIR light intensity of 89uW/cm?, the best photoresponsivity of the OPTs with three different BHJ chan-
nels of DPP-DTT:PC41BM, DPP-DTT:PC;:BM, and DPP-DTT:ITIC were 38, 104, and 26 A/W, which is higher
than that observed for a control OPT with a pristine DPP-DTT channel (13 A/W).

From the photoresponsivity plots, it is also observed that there is a clear saturation feature or even reduced R as |
Vsl increases in the OPTs, with different channel layers of DPP-DTT and DPP-DTT:ITIC, in the saturation region,

iScience 25, 103711, January 21, 2022 7
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which is most probably due to the mobility decrease as |Vgg| gets higher as shown in Figure 2B. This phenom-
enon was also observed in different OPTs with a single-component channel layer in literatures (Guo et al., 2009,
Liuetal, 2014; Yuetal,, 2013; Zhu et al., 2016). The nonideality in the electrical property of the transistor would be
one of the most probable reasons. The relation between electrical ideality and photoresponsivity is close as
observed in this work, but there are few reports in literature so far. The results in this work would be of great
importance for the design of stable and high-performing optical OPTs.

The light-intensity-dependent photoresponsivity in the phototransistors is usually associated with
the presence of trap states (Kim et al., 2019b), the inherent characteristics of the low disordered functional
materials. The long lifetime of the deep traps is the main reason enabling the photoconductive gain in a
phototransistor. However, under high light intensity, the phototransistor has a relatively reduced gain,
and thereby a lower photoresponsivity, due to the saturation of the deep traps filled by the large amount
of the photogenerated charges in the active layer.

Another important characteristic for a detector is the specific detectivity (D*), which represents the detec-
tion limits. It is defined as D* = R\/E/Sm where Ris the photoresponsivity, A is the active area, and S,, is the
noise spectral density. The unit for D*is cm+v/Hz/W, or Jones whileA/v/Hz is the unit for S,.. Once the noise
current is dominated by dark charge injection, the main noise source in a detector becomes shot noise,
which stems from dark current. The noise can be expressed in S, = 2gy/Iga, where g is the elementary
charge and |y, is the dark current of the detector. In Figure S3, the D* for the control OPT with a pristine
DPP-DTT channel and the OPTs with different BHJ channel layers is presented. The photoresponsivity and
dark current are from Figure 5. The NIR light intensity is 89 pW/cm?. The D*is dependent on light intensity
and bias. Higher photoresponsivity and lower noise current are essential factors for attaining a higher D*.
Clearly, the D* of the OPT with a DPP-DTT:PC;1BM-based BHJ channel layer is higher, exceeding 10'?
Jones, which is mainly due to a much higher photoresponsivity.

The photosensitivity (P) is defined as P = Iohoto/ ldark Where Iphoto represents the photocurrent and Iy, is the
dark current. The photosensitivity of a detector represents the capability in identifying signal from noise.
The photosensitivity of the OPTs is presented in Figures 5|-5L. Consistent with the photoresponsivity,
the photosensitivity of the OPT with a DPP-DTT:PC;,BM-based BHJ channel layer is highest, which is
more than one order of magnitude larger than that of the control OPT with a pristine DPP-DTT channel
layer. This is again due to a much-enhanced photocurrent generation in the BHJ under NIR light.

The photoresponse of a detector relies on a number of parameters, e.g., light absorption, photogenerated
exciton dissociation, and photogenerated charge collection. The enhanced NIR photoresponse in the
OPTs with a BHJ channel layer, especially in the DPP-DTT polymer channel incorporating PC71BM, is mainly
attributed to the better exciton dissociation and charge separation at the donor/acceptor interface and
stable charge mobility in the saturation region. In the DPP-DTT:PC;1BM BHJ, the good crystallinity of
the donor polymer remains and the morphological change is negligible as compared to the pristine donor
thin film, indicating a good miscibility between the polymer donor and the fullerene acceptor. In such a sit-
uation, the hole transport in the polymer domain will not be affected by the acceptor material. To unravel
the improved photoresponse in the DPP-DTT:PC51BM PT, the exciton dissociation at the D/A interface was
studied by analyzing the photoluminescence (PL) characteristics of the BHJ film.

The steady-state PL spectrum of a PC71BM layer as a function of wavelength was measured. The PL peak
was located at 710 nm as shown in Figure 6A. The time-resolved PL was then conducted for PC;1BM film
and DPP-DTT:PC7:BM BHJ film by illuminating 325 nm light onto the films and recording signals at
710 nm. The results are shown in Figure 6B. Because the activation laser is at 325 nm, the activation light
is supposed to be mostly absorbed by the acceptor materials because the DPP-DTT donor has a negligible
absorption at such wavelength, as shown in Figure 1B. The time-resolved PL signal was fitted using the
exponential equation (Qian et al., 2018; Shen et al., 2016) in the form of F(t‘)oce’t/T (Li et al., 2019a;
Pham et al.,, 2017), where 7 represents the PL lifetime of the charge carriers. The PL lifetime calculated
for PC74BM and DPP-DTT:PC;:BM blend was 0.33 and 0.21 ns, respectively. The PL results reveal an effi-
cient exciton dissociation and charge separate at the D/A interface in the OPTs with a DPP-
DTT:PC;1BM-based channel. The photogenerated excitons disassociate at the D/A interface and the holes
generated in the acceptor phase tend to transfer from the acceptor to the donor; therefore, the emissive
recombination in the acceptor was suppressed and the PL lifetime was shortened (Qian et al., 2018).
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Figure 6. Photoluminescence characteristics

(A and B) The steady-state PL spectrum measured for a 40 nm thick PC71BM layer, with a PL peak located at 710 nm. The
time-resolved PL spectra measured for (B) a 40 nm thick PC741BM layer and a 50 nm thick DPP-DTT:PC;,BM blend layer.
The PL signal was collected at 710 nm. The solid lines represent the fitting data.

Based on these results, the high performance in DPP-DTT:PC;:BM NIR OPTs can be attributed to efficient pho-
togenerated exciton dissociation and stable channel mobility for the transportation and collection of photogen-
erated charges. The schematic illustration showing the mechanisms were shown in Figure S4. Under NIR light
illumination, photogenerated excitons are formed in the donor material through absorption. The excitons get
dissociated and separated efficiently at the D/A interface in the DPP-DTT:PC;,BM BHJ as schematically illus-
trated in Figure S4A. PC71BM has a high electron affinity as compared to other acceptor materials, such that
the photogenerated electrons can be attracted and trapped in the acceptor domain, allowing multiple hole
collection through the crystalline DPP-DTT domain (Yu et al., 2016), as shown in Figure S4B. The slow de-trapping
of photogenerated electrons in the PC71BM domain and fast and stable hole transport in the crystalline DPP-DTT
domain are responsible for the high NIR light detection capability in the OPT with a DPP-DTT:PC;,BM-based
BHJ channel. In such a mechanism, photomultiplication gain is readily achieved, manifesting external quantum
efficiency (EQE) higher than 100% (gain>1). The EQE can be calculated byEQE = R« hv, where hv is the incident
photon energy in eV. In this work, a photoresponsivity of 104 A/W and an EQE of 15,184% were obtained for the
NIR OPT with a DPP-DTT:PC;4BM channel layer.

In Figure 7, the transient photoresponses of the OPTs with different channel layers are presented. The NIR
light signal (850 nm) was chopped at a frequency of ~0.5 Hz. The NIR light intensity was set at 100 u\W/cm?.
The Vgs and Vps were fixed at —=5.0 V and =30V, respectively, in the measurements. As a comparison, the
NIR OPT with a DPP-DTT:PC;1BM-based BHJ channel is evidently more sensitive than that of the OPTs with
a pristine DPP-DTT channel and two different BHJ channels of DPP-DTT:PC4:BM and DPP-DTT:ITIC. The
rise and fall time estimated for the OPT with a DPP-DTT:PC;1BM BHJ channel are 20 ms and 350 ms, respec-
tively, which are faster than that of the control OPT with a pristine DPP-DTT channel (Lei et al., 2017), due to
the fast charge separation in the BHJ channel. The fall time is much slower than the rise time, which is mostly
due to the slow detrapping process caused by the electron traps (Xu et al., 2013b).

There is a shiftin the dark current of different OPTs, as presented in Figure 7. This change in the dark current
is related to the bias stress (Ng et al., 2007; Rim et al., 2015a). Organic semiconductors are more disordered
as compared to the inorganic semiconductors, with plenty of inherent charge traps. The change in the dark
currentin the OPTs is closely associated with the presence of the charge traps in the active layer. The reduc-
tion in the number of the mobile carriers, trapped either at the dielectric/semiconductor interface or inside
the active layer, in an OPT operated under a bias is responsible for the reduced device current. It is also
possible that new traps can be created during the operation (Ng et al., 2007). The proper interfacial engi-
neering and optimal device fabrication processes are required, including dedicated channel/dielectric
modification, oxygen and humidity control, and so on.

The stability and reproducibility of the NIR OPTs prepared in this work have been examined. The DPP-DTT
polymer is pretty stable in air with oxygen and humidity. It is printable in ambient atmosphere with com-
parable electrical performance to that processed in inert atmosphere (Lei et al., 2016b). In this work, the
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Figure 7. Transient photoresponses of the NIR OPTs
(A-D)The transient response measured for the NIR OPTs with different channel layers of (A) DPP-DTT, (B) DPP-DTT:PC,;BM, (C) DPP-DTT:PC;1BM, and (D)
DPP-DTTITIC. Vgs of =5V, Vps of =30V, and an NIR (850 nm) light intensity of 100 uW/cm? were used in the measurements.

blend layer with a ratio of DPP-DTT to acceptor of 2:1 was used for making the BHJ channel layer in the
OPTs. The lower ratio of the acceptor in the BHJ layer allows the acceptor molecules being wrapped
and protected by the air stable DPP-DTT molecules. In our previous study, we observed that the hydropho-
bic surface of the DPP-DTT polymer (Li et al., 2019¢) has the advantage of retarding the permeation of
oxygen and moisture to the channel in the OPTs.

The durability of the NIR OPTs has been analyzed through monitoring both the dark current and photocur-
rent of the OPTs over a period of 10 days. The devices were stored in a dry box in the air without any encap-
sulation. As shown in the Figure S5, there is no obvious change in the electrical and optical properties in the
control OPT with a pristine DPP-DTT channel and the OPT with a DPP-DTT:PC,,BM-based BHJ channel.
The photoresponsivity in the OPT with a DPP-DTT:PC7:BM BHJ channel dropped about 10% from its initial
value, which is most probably due to the fact that PC;1BM is sensitive to oxygen and humidity, which can be
minimized using a proper encapsulation.

The performance repeatability of the OPTs demonstrated in this work is very encouraging. The dark transfer
curves and photoresponsivity characteristics measured for the control OPT with a pristine DPP-DTT channel
and the OPT with a DPP-DTT:PC;,BM-based BHJ channel are presented in Figure Sé. The error bars donate
the distribution of the standard deviation from the measurements of 9 devices. There is a very small variation
in the performance of the OPTs prepared in different batches, especially the OPTs with a DPP-DTT:PC;,BM-
based BHJ channel have a very reliable performance reproducibility. The photoresponse of the NIR OPTs
was measured under the illumination with an NIR (850 nm) light intensity of 89 p\W/cm?.

The use of a BHJ channel in an OPT is essential for charge photogeneration, thus improving the overall
photodetection performances (Han et al.,, 2015; Nam et al., 2016; Xu et al., 2013b, 2016). However, the
sense of seeking a proper donor/acceptor heterostructure to simultaneously improve the electrical ideality
and optical response is not well established. We report here that miscibility of the donor and acceptor, and
morphology of the channel are key factors that impact on the electrical ideality and optical response of the
OPTs. Incorporation of nanostructures, e.g., photonic structures and quantum dots, in the photoactive
layer would help to achieve absorption enhancement in OPTs, thereby improving the sensitivity of the
NIR detection. Itis anticipated that a combination of theoretical simulation and experimental optimization
will offer a facile approach toward achieving high-performance solution-processable NIR OPTs.

To compare the performance of NIR OPTs with a BHJ channel layer, a detailed summary is prepared in Ta-
ble S1. Beside the BHJ channel, it shows that a high mobility channel combined with a light-sensitive BHJ
absorber is another useful method to boost the detection performance in OPTs by separating the charge
transport and charge photogeneration (Kim et al., 2019a; Li et al., 2027; Rim et al., 2015a). However, there
are limitations in such structures, e.g., the solution erosion on the underlying film during the bilayer channel
fabrication, and complex fabrication that would increase the cost. As shown in Table S1, the NIR OPTs with
a DPP-DTT:PC,;BM-based BHJ channel exhibits very good charge mobility (~1 cm?V~"s™"), which is essen-
tial for fast charge collection. The hole mobility is one of the highest among NIR OPTs with a BHJ channel.
Decent photoresponsivity, specific detectivity, and response speed are also achieved, which can be further
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improved by engineering the channel length and width and/or incorporate photonic structures in the PT
(Lan et al., 2018; Li et al., 2019a).

DISCUSSION

In summary, the effect of acceptors on the electrical and optical properties of the NIR OPTs with an NIR
absorbing BHJ channel layer has been systematically investigated. The introduction of a proper n-type
acceptor into the p-type polymer channel would simultaneously improve the electrical ideality and photo-
response of the OPTs. The acceptor domain inside the BHJ not only reduces the contact resistance but also
is capable of trapping the injected electrons, which avoids the electrons being trapped at the SiO,/channel
interface, leading to mitigated nonideality of the charge transport. Meanwhile, the donor/acceptor inter-
face in the BHJ largely facilitates the photogenerated exciton dissociation and charge separation, resulting
in enhanced NIR light responsivity and sensitivity in the OPTs. The results of this work provide an effect
approach for improving the electrical ideality in NIR OPTs, enabling high-performance NIR detectors for
practical applications.

Limitations of the study

Though the OPT devices showed a stable characteristic in ambient air, storing the devices in a dry box or a
glovebox with inert atmosphere is preferred to keep the device performances.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

DPP-DTT Ossila CAS No.1260685-66-2

PC41BM Sigma Aldrich CAS No. 160848-22-6

PC,1BM Sigma Aldrich CAS No. 609771-63-3

ITIC Solarmer http://www.solarmer-materials.com/index.

php?_m%20=%20mod_product&_a%20=%
20view&p_id%20=%20989

1, 2-Dichlorobenzene Sigma Aldrich CAS No. 95-50-1

Software and algorithms

MATLAB R2019b This paper https://www.mathworks.com/products/

matlab-home.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Yangin Miao (miaoyanqin@tyut.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
® Any data reported will be shared by the lead contact upon request.

® Any code used for data analysis will be provided by the lead contact upon request.

® Any additional information required to reanalyze the data is available from the lead contact upon
request.

METHOD DETAILS

Material preparation

The polymer diketopyrrolopyrrole-dithienylthieno[3,2-blthiophene (DPP-DTT, from Ossila) was selected as the
NIR donor with a peak absorption at 820 nm (Li et al., 2012). The acceptor materials, [6,6]-Phenyl-Cé1-butyric
acid methyl ester (PC41BM), [6,6]-Phenyl-C71-butyric acid methyl ester (PC71BM) were purchased from Sigma
Aldrich, and  3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-di-
thieno[2,3-d:2,3'-d']-s-indacenol[1,2-b:5,6-b’|dithiophene (ITIC) was ordered from Solarmer. The BHJ solutions
were prepared by mixing 4 mg/mL DPP-DTT polymer and 2 mg/mL acceptor material in 1, 2-Dichlorobenzene.
The donor/acceptor mixture solutions were kept stirring and heating at 60°C overnight before use.

Device fabrication

Heavily p-doped silicon substrates with a 300 nm thick thermally grown SiO, layer were ultrasonically
cleaned in deionized water, acetone and isopropyl alcohol respectively and then dried in oven. The capac-
itance per unit area of the SiO, gate dielectric layer C;is ~10 nF/cm?.

The surface of the SiO; layer was first treated with trichloro(octadecyl)silane to passivate the surface defects
(Leietal., 2015, 2017). This self-assembled monolayer formation method is a silylation process via solution
treatment. After sonification cleaning, the SiO, substrates are immersed in a dilute solution of the silylating
agent, followed by solvent rinsing and air drying.
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The spin coating was performed in a glovebox with O, and H,O levels below 0.1 ppm. The active layers
were ~50 nm in thickness. After spin coating, the organic semiconductor thin films were annealed at
180°C for 10 min in the glovebox to improve the molecular packing. A ~40 nm thick gold (Au) top contact
was deposited using thermal evaporation in vacuum using a shadow mask, which also defines a channel
length of 80 um and width of 1500 um.

Device characterization

The photoresponse characteristics for the NIR OPTs were measured in ambient without encapsulation. An
NIR LED with a peak emission of 850 nm was used as the NIR light source in the measurement. The light
intensity was controlled by optical filters (Thorlabs) and calibrated by optical power meters (Thorlabs).
The voltage applied to the OPT was provided by a Keithley sourcemeter (2636B), where the current was
simultaneously recorded. The PL characteristics of the NIR channel layers used in the OPTs were measured
under a pulsed 325 nm laser in ambient. The PL signal was amplified before it was recorded.
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