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ABSTRACT

It remains full of challenge for extending short-wave infrared (SWIR) spectral response and weak-light detection in the context of
broad spectral responses for phototransistor. In this work, a novel poly(2,5-bis(4-hexyldodecyl)-2,5-dihydro-3,6-di-2-thienyl-
pyrrolo[3,4-c]pyrrole-1,4-dione-alt-thiophene) (PDPPT3-HDO):COTIC-4F organic bulk-heterojunction is prepared as active layer
for bulk heterojunction phototransistors. PDPPT3-HDO serves as a hole transport material, while COTIC-4F enhances the
absorption of SWIR light to 1020 nm. As a result, smooth and connected PDPPT3-HDO film is fabricated by blade coating
method and exhibits high hole mobility up to 2.34 cm?*V'-s™" with a current on/off ratio of 4.72 x 10° in organic thin film
transistors. PDPPT3-HDO:COTIC-4F heterojunction phototransistors exhibit high responsivity of 2680 A-W-' to 900 nm and 815
A-W~" to 1020 nm, with fast response time (rise time ~ 20 ms and fall time ~ 100 ms). The photosensitivity of the heterojunction
phototransistor improves as the mass ratio of non-fullerene acceptors increases, resulting in an approximately two orders of
magnitude enhancement compared to the bare polymer phototransistor. Importantly, the phototransistor exhibits decent
responsivity even under ultra-weak light power of 43 pW-cm= to 1020 nm. This work represents a highly effective and general

strategy for fabricating efficient and sensitive SWIR light photodetectors.
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Introduction

For a variety of industrial and scientific applications such as
security systems, image sensing, communications, remote control,
and chemical/biological sensing, near infrared (NIR) and short-
wave infrared (SWIR) detection is required [1-4]. The typical
detectors based on Si-, GaN-, and InGaAs have the advantages of
high sensitivity, high quantum efficiency and high speed [5-7].
However, to achieve high detectivity for most inorganic-based
infrared detectors, extra cooling equipment is required to reduce
dark current, which fundamentally limits their wide application
scenarios. Besides, inorganic materials are inherently rigid, which
is unsuitable for flexible and wearable electronics era [8, 9].
Considering the limitations mentioned above, novel materials
are important factor driving innovation. Among the emerging
materials for optoelectronic devices, organic semiconductors have
gained significant attention [10-15]. In comparison to their
inorganic  counterparts, organic-based NIR and SWIR
photodetectors exhibit marked advantages of cooling-free system.
They also exhibit inherent flexible properties, light weight, low
price and low-temperature processability. Furthermore, the
absorption window of organic materials can be fine-tuned by
tailoring the chemical structure. Thus, they have great potential for
application in wearable electronics and real-time human health
monitoring [16,17]. In the past few decades, more and more

novel polymers with high mobility and small molecules with
narrow optical bandgaps materials have been exploited for the use
as active layer. Polymer, poly(2,5-bis(4-hexyldodecyl)-2,5-dihydro-
3,6-di-2-thienyl-pyrrolo[3,4-c]pyrrole-1,4-dione-alt-thiophene)
(PDPPT3-HDO), with high hole mobility 9.24 cm*V s has been
reported [18]. Non-fullerene acceptors (NFAs) with narrow
bandgaps, tunable energy levels and crystallinity exhibit great
performance in organic photodetectors and organic photovoltaics
(OPVs) [19-21]. COTIC-4F, a typical NFA with narrow bandgap
as low as 1.10 eV, has been reported to exhibit power conversion
efficiencies of up to 9.0% when blending with PTB7-Th in OPV
[22]. In general, exciton dissociation in organic semiconductors is
difficult due to their small dielectric constant and high exciton
binding energy [23]. However, in bulk heterojunction, the
interface between donor and acceptor promotes efficient exciton
dissociation and transfer of photogenerated carriers. This strategy
has been pursed to achieve highperformance photodetectors [24,
25]. Consequently, heterostructure phototransistors (OPTs) have
been employed for photodetection [26]. Literature has reported
the integration of organic ternary bulk heterojunction as
photosensitive layer, with responsivity of 6.1 x 10° A-W™ for 850
nm [27]. In,O,/PTPBT-ET hybrid phototransistors show high
responsivity of 200 A-W™, and specific detectivity of 1.2 x 10”
Jones of 810 nm NIR light [28]. OPTs possess several advantages
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over photodiode, including extremely low noise current,
exceptionally high responsivity and photoconductive gain. High
mobility materials such as graphene and In,O; are used as electron
transport channel. Generally, the performance of organic
phototransistor is restricted by absorption window of active layer
and mobility for carrier transport.

Herein, we demonstrate a high-performance short-wave
infrared  phototransistor, employing bulk heterojunction,
combining high mobility p-type polymer and a wide optical
absorption spectra non-fullerene acceptor, as photosensitive layer.
As a result, our PDPPT3-HDO:COTIC-4F heterojunction
phototransistors exhibit high responsivity of 2680 A-W™ to 900
nm and 815 A-W™ to 1020 nm, with fast response time (rise time
~ 20 ms and fall time ~ 100 ms). Furthermore, we find that the
photoresponse improves as the concentration of non-fullerene
acceptors increases. Importantly, the phototransistors exhibit
decent photoresponse even under ultra-weak light intensity of 43
uW-cm™. Overall, the performance of the organic phototransistors
is superior to the most reported organic infrared phototransistors.
This strategy provides an effective method for the fabrication of
low-cost and high-performance infrared optoelectronic devices.

2 Results and discussion

2.1 Optical absorption and energetics

As shown in Fig. 1(a), PDPPT3-HDO and COTIC-4F are blended
in 1,2-dichlorobenzene (0-DCB) solution. The molecular
structures of PDPPT3-HDO and COTIC-4F are displayed in Fig.
1(b). Long alkyl group between branching point and backbone in
PDPPT3-HDO molecule can reduce steric hindrance and facilitate
close cofacial m—m stacking. COTIC-4F is a narrow bandgap NFA
molecule with an electron-rich internal core and acceptor units as
termini. As shown in Fig. 1(c), PDPPT3-HDO is a typical narrow
optical bandgap polymer with strong absorption from 400 to 984
nm, absorption of COTIC-4F film is from 400 to 1250 nm.
COTIC-4F in the PDPPT3-HDO:COTIC-4F helps to broaden the
optical absorption spectra. The optical bandgaps (E,) of PDPPT3-
HDO and COTIC-4F are estimated to be 1.29 and 0.99 eV from
the adsorption onset, respectively. Therefore, PDPPT3-HDO film
can absorb most visible and NIR photons (400-984 nm), while
organic bulk heterojunction (BHJ) film can efficiently utilize NIR
and SWIR light (400-1250 nm). The heterojunction film
significantly extends SWIR spectral response compared with
PDPPT3-HDO film.

The energy levels of PDPPT3-HDO and COTIC-4F are
analyzed using ultraviolet photoelectron spectroscopy (UPS). The
highest occupied molecular orbital (HOMO) levels are obtained
by the valence band edges and the secondary electron cutoff (Figs.
1(d) and 1(e), and Fig.S1 in the Electronic Supplementary
Material (ESM)). The HOMO levels of the PDPPT3-HDO and
COTIC-4F are —4.76 and —5.14 eV (Table 1), respectively, and the
lowest unoccupied molecular orbital (LUMO) levels are
determined by combining the optical bandgap values obtained
from the ultraviolet-visible (UV-vis) absorption spectra (Fig. 1(c))
with the HOMO levels. The LUMO levels of PDPPT3-HDO and
COTIC-4F are —3.98 and —4.15 eV (Table 1), respectively. Figure
S2 in the ESM shows the cyclic voltammograms (CV) of PDPPT3-
HDO, COTIC-4F and the ferrocene standard redox couple.
According to the onset potentials of oxidation, the HOMO energy
levels of PDPPT3-HDO and COTIC-4F are estimated to be —5.27
and —5.21 eV, respectively. We have identified a type II band
alignment between PDPPT3-HDO and COTIC-4F. The energy
alignment in a type-II heterojunction forms a staggered gap. The
highest occupied molecular orbital and lowest unoccupied
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molecular orbital of PDPPT3-HDO are higher than the
corresponding energy levels of COTIC-4F in heterojunction. This
type of band alignment could substantially reduce the electron
concentration within the heterojunction, leading to a reduction in
charge recombination at the interface of donor and acceptor.
Moreover, the type of heterojunction promotes the extraction of
hole into the PDPPT3-HDO layer due to the band bending [29,
30]. Due to the low LUMO energy levels of COTIC-4F, it is
expected that NFAs will efficiently generate charge in blended
film. Their energy offset is enough to separate the electron-hole
pairs (Fig. 1(f))

2.2 Film processing, optimization, and morphology

In order to understand the influence of the different acceptor
concentrations on the thin film morphology, solutions of various
ratio PDPPT3-HDO:COTIC-4F blends dissolved in o-DCB are
blade-coated on Si/SiO, substrates at various temperatures.
Characterization of PDPPT3-HDO:COTIC-4F blended films
shows that all films with different ratios display favorable phase
separation of PDPPT3-HDO and COTIC-4F. Well phase
separation facilitates to balanced transport of carriers in
interconnected network, shortened distance of exciton diffusion
and enhanced excitons dissociation [31]. The thicknesses of blade
coated PDPPT3-HDO:COTIC-4F films ranged from ~ 40 to 70
nm, as shown in the height profiles from atomic force microscopy
(AFM) images (Fig.2(a) and Fig.S3 in the ESM). The surface
smoothness of the PDPPT3-HDO:COTIC-4F films is relatively
smooth, with low surface roughness root mean square (RMS)
values raging from ~ 92 to 287 nm. The smooth surface
morphology is beneficial to suppress surface scattering, increase
light absorption and reduce the generation of trap states [32].

In view of the distribution of the two components in the
blended films, a surface-sensitive technique, X-ray photoelectron
spectroscopy (XPS) is used to provide a more comprehensive
chemical picture. As shown in Fig. 2(b), the peaks at 284.8 and
286.43 eV obtained by peak fitting suggest the C-C and C=N
bonding formation of sp*-C atoms and sp>-C atoms with nitrogen
atoms, respectively [33-36]. Compared with the pristine PDPPT3-
HDO, there is considerable COTIC-4F in W-1.5, W-3 as
evidenced by the appearance of the new C 1s binding peaks at
approximately 285.51 and 285.78 eV. The C-N peak positions of
W-1.5 and W-3 shift to higher binding energy compared with the
corresponding peak of PDPPT3-HDO. According to Cls XPS
spectra, the peak area ratio of compositions of C=N to C-N and
C=C keeps increasing (from 7.0% to 10.6%) with an increasing
amount of COTIC-4F in W-1.5 and W-3. XPS survey confirms
the present of the C, S and N elements in PDPPT3-HDO and
COTIC-4F (Fig. $4 in the ESM).

Next, we compared the UV-vis absorption changes of bare
PDPPT3-HDO film and hybrid films with the addition of various
concentration of COTIC-4F, as shown in Fig.2(c). The results
reveal that an increase in the mass ratio of COTIC-4F correlates
with a rise in absorption in the short-wave infrared region. It is
highly expected to achieve a high photocurrent output under
SWIR light. In addition, grazing-incidence X-ray diffraction
(GIXRD) of the films show that the PDPPT3-HDO films exhibit
higher crystallinity compared to the blended PDPPT3-
HDO:COTIC-4F films (Fig.2(d)). Interestingly, we observe
distinct differences in the peak intensity of the X-ray diffraction
patterns, which is indicative of the spatial number density of the
crystallites. Specifically, the blend films show lower peak intensity
suggesting the entropy-driven disorder caused by the addition of
COTIC-4F [37, 38].

Materials with high mobility allow photogeneration carriers to
recirculate in channel before recombination with electrons
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Figure1 (a) The mimetic diagram of PDPPT3-HDO and COTIC-4F in 0-DCB solution. (b) Molecular structures of PDPPT3-HDO and COTIC-4F. (c) UV-vis
absorption spectra of PDPPT3-HDO film, COTIC-4F film, and PDPPT3-HDO/COTIC-4F blended film (W-3). UPS spectra of the valence band region and the
secondary electron cutoff region of (d) PDPPT3-HDO and (e) COTIC-4F. (f) Band alignment of PDPPT3-HDO and COTIC-4F heterojunction, which is type-II
heterojunction and beneficial to exciton dissociation and transportation

Table1 Electronic properties of PDPPT3-HDO and COTIC-4F HDO film fabrication with blade coating method. During solution
Sample (eV) Cutoff tail Fermi tail HOMO HOMO(CV) LUMO E, shearing, OSC solution is across a heated substrate and solution
8 . e .
PDPPTS.HDO 1693 01 —a7e o327 398 129 shearing COIldJ.tIOHS cbange.ﬂle molecular péflell’lg of poly'mer
[39]. The polarized optical microscopy (POM) images at polarized
COTIC4F  16.80 072  -514  -510  —4.15 0.99

angle of 45° of PDPPT3-HDO films prepared at substrate
temperature of 60 °C, show constant brightness; however, the
trapped in COTIC-4F. Consequently, promoting mobility of brightness of PDPPT3-HDO films prepared at substrate
PDPPT3-HDO is facilitated to enhance the photosensitivity. temperature of 80-120 °C is extinguished (Fig. S6 in the ESM).

Figure S5 in the ESM shows a schematic diagram of PDPPT3- This result demonstrates that high substrate temperature facilitates
(b) PDPPT3.HDO Ax._ C1s
” c=c
- 26438V 34.80 eV
3
=
2
g
C=N
£ ‘g W-3 285.78 eV
Hitht = 70 nm 4 - 26753 ey \
Rgq=18.2 nm N i
Height sensor 295 290 285 280

Bind energy (eV)

¢ »(d)2.5x 102

(5) 101 pHDng”( ) ~——PDPPT3-HDO

2 W-03 2.0 x 10 W-0.6

g 041 W06 3 — w2

3 064 Wiz E15x107] W-3

5 —

g 04 —coTjic-4F 2 1.0 x 10

> 2

E 021 £ 5.0x10'

g *0 v T T r — 0.0 Bncom o sn
400 600 800 100012001400 2 4 6 8 10 12 14

Wavelength (nm) 26 (°)

Figure 2 Film morphology and phase separation. (a) Typical tapping-mode AFM height image of PDPPT3-HDO:COTIC-4F thin blade-coating films at substrate
temperatures of 120 °C. (b) C 1s high-resolution XPS spectra of PDPPT3-HDO and W-1.5, W-3 blended films. (c) UV-vis absorption spectra of various blended films.
(d) GIXRD spectra of PDPPT3-HDO, W-0.6, W-2 and W-3 films.
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the formation of highly aligned and highly ordered polymer films.
AFM is used to characterize the surface morphology of the thin
films. Figure S7 in the ESM depicts the AFM topographical images
of films casted with solution concentration of 2, 4 and 6 mg-mL”,
respectively. The thin films casted by solution of 2 and 4 mg-mL™
do not form well-connected films (Figs. S7(a)-S7(d) in the ESM).
The poor connection between domains potentially results in low
charge carrier mobility. Conversely, films casted with solution
concentration of 6 mg-mL™ formed smooth and connected films
(Fig. S7(e) in the ESM). GIXRD was performed on the polymer
thin films for more insight into the structure. PDPPT3-HDO
exhibits small full width at half maximum (FWHM) of 0.057,
indicating a high level of molecular ordering (Fig. S8 in the ESM)
[40,41]. Ordered molecular arrangement facilitates electronic
overlap between molecules, which can increase the carrier
mobility. Thus, PDPPT3-HDO film is highly anticipated to
achieve a high mobility.

2.3 Field-effect transistor (FET) and phototransistor
measurements

The electronic properties of PDPPT3-HDO thin-film as a solution-
processed semiconductor layer are evaluated using a bottom-gate,
top-contact FET configuration which is schematically illustrated in
Fig. 3(a). The active layer of PDPPT3-HDO is blade-coated on
octadecyltrchlorosilane (OTS) modified Si/SiO, substrates, with a
concentration of 6 mg-mL™ in 0-DCB. More details are described
in the Experimental section. Figures 3(b) and 3(c) show the typical
transfer and output curves. The transfer characteristics show a
typical p-type semiconductor behavior, threshold voltage as small
as 4.2 V and the optimized mobility of 2.34 cm*V™'s* with a
current on/off ratio of 4.72 x 10°. The output behaviors exhibit
good saturation and no observable contact resistance. Figure 3(d)
illustrates the mobility distribution of PDPPT3-HDO film-based
organic field-effect transistors (OFETSs). Substrate temperatures,
solution concentration and blade speed influence the electronic
properties of polymer as well. Mobility of PDPPT3-HDO exhibits
a significant enhancement at elevated with substrate temperature.
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As shown in Fig.S9 in the ESM, the highest mobilities are
achieved at substrate temperatures of 80 °C (1.15 cm*V™"s™), 100
°C (1.05 cm*V™s™), and 120 °C (2.14 cm*V™s™), respectively. If
substrate temperature is further increased, the PDPPT3-HDO
films exhibit poor connection domain, hindering the hole
transport in films.

In order to investigate the photoresponses of bare PDPPT3-
HDO film based devices to NIR light, light illumination with
wavelength of 900 and 1020 nm at various power density is
applied on devices, and the transfer curves are shown in Fig. 4(a)
and Fig. S10 in the ESM, respectively. Light source (A = 900 and
1020 nm) is carried with Zolix MLED4-3. Power intensity was
calibrated in situ with a PM100 digital power meter. As shown in
Fig.4(a), PDPPT3-HDO phototransistor exhibits off-current
increase under light illumination of 900 nm. Meanwhile, Fig. 4(d)
displays the dependence of responsivity (R) and specific
photodetectivity (D*) values on gate voltage. As the light power
changing, the max values of R and D* are achieved to ~ 61 A-W™
and 2.7 x 107 Jones. In regards to photoresponse to 1020 nm, the
PDPPT3-HDO phototransistor exhibits no significant change in
transfer characteristics under light illumination of 1020 nm, which
is due to the large bandgap of PDPPT3-HDO (1.29 eV) (Fig. S10
in the ESM).

As for the electronic properties of PDPPT3-HDO:COTIC-4F
heterojunction transistor, the field-effect mobility extracted at gate
voltage (V;) of —40 V in saturated region shows that the
heterojunction phototransistor has a significantly reduced mobility
of ~ 0.1 cm*V™s™ as compared to the PDPPT3-HDO transistor
(2.34 cm*Vs™). It can be attributed to that the incorporation of
COTIC-4F forms the scattering centers of hole and hinders holes
transport in the channel. The dark off-current increases with the
enhanced COTIC-4F concentration.

24 SWIR photodetection

The PDPPT3-HDO:COTIC-4F phototransistor shows significant
negative Viy shifts together with off-current increase under light
illumination of 900 and 1020 nm, indicating the strong SWIR and
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Figure3 (a) Schematic representation of device structure of the PDPPT3-HDO film transistor. (b) Typical transfer and (c) output characteristics of OFET devices
based on PDPPT3-HDO blade-coating film from 0-DCB solution in parallel direction. The substrate temperature is set to 120 °C, with a blade speed of 0.67 mm-s, an
angle of 25° between the scraper and substrate. (d) The mobility distribution of PDPPT3-HDO film OFETs.
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Figure4 Phototransistor in dark and under illumination: (a) PDPPT3-HDO film phototransistor in dark and under 900 nm, (b) W-3 phototransistor in dark and
under 900 nm and (c) W-3 phototransistor in dark and under 1020 nm. Dependence of P and R on the gate voltage with (d) PDPPT3-HDO film phototransistor
under 7690 pW-cm™ illumination of 900 nm (source-drain voltage Vp,s = —50 V), (e) W-3 phototransistor under 235 pW-cm™ illumination of 900 nm (Vg = —50 V)

and (f) W-3 phototransistor under 43 yW-cm illumination of 1020 nm (Vpg=-50 V).

NIR photoresponse. To evaluate the performance of
heterojunction phototransistors, we examined the photoresponse
at various power density ranging from 0 to 235 uW-cm™ of 900
nm and ranging from 0 to 43 uW-cm™ of 1020 nm. Figures 4(b)
and 4(c) display the typical transfer characteristics of a
phototransistor based on the W-3 blend film, which exhibits a
typical p-type behavior. Here, V; is swept from 20 to =50 V while
keeping V7, fixed at =50 V. Upon light absorption, electron-hole
pairs are generated in the PDPPT3-HDO:COTIC-4F blended
film. Holes transfers to polymer with high mobility, contributing
to the photocurrent. Simultaneously, the electrons are trapped by
NFAs, which effectively delays the recombination of
photogenerated charge carriers. The short transit time for carriers,
along with long recombination time of photogeneration carriers, is
benefit to gain large photogain [42,43]. It is obvious that source-
drain current (Ips) shows a noticeable increase with light
illumination power increase with both 900 and 1020 nm
wavelengths, indicating that the photoactive layer efficiently
generates free-charge carriers. Furthermore, the threshold voltage
(Vi) exhibits a positive shift, which is attributed to the
photogating effect induced by the trapping of photoelectrons in
COTIC-4F.

The photodetection characteristics of the PDPPT3-
HDO:COTIC-4F heterojunction phototransistor are
systematically evaluated. Phototransistors are named as W-0.3, W-
0.6, W-0.9, W-12, W-2, and W-3, which are prepared with
PDPPT3-HDO:COTIC-4F blend films with weight ratio of 1:0.3,
1:0.6, 1:0.9, 1:1.2, 1:2 and 1:3, respectively. In order to investigate
the influence of mass ratio of COTIC-4F on photoresponse of
phototransistor, we further increased the concentration of COTIC-
4F in blended film. As the illustration of Figs. S11 and S12 in the
ESM, with the mass ratio mppppr3 Hpoycoric4r) increasing from
1:0.6 to 1:3, dark current (I,) increases. Specifically, W-0.6
presents the lowest I, of 1.12 x 10 A, while I, increases to 1.6
x 10 A in W-3. The dark current in organic bulk heterojunction
photodetectors is mainly influenced by charge injection barrier
and spatial distribution of donors and acceptors. Here, we used
unmodified electrodes without an electron blocking layer, which
makes charge injection from electrodes to COTIC-4F phase
relatively easy [44, 45]. The absence of an electron-blocking layer
allows electron injection, which contributing to a high dark
current. High concentration COTIC-4F based phototransistors

exhibit high Vy; and high dark current, which could be attributed
to the facilitated injection of electrons into active layer by COTIC-
4F. Additionally, the phase separation of donors and acceptors
may insufficient, it can lead to inefficient charge transport and
increased carrier recombination, resulting in a high dark current
[46]. The photosensitivity (Iyoto/Igato P) of the phototransistor is
studied as a function of Vg for varying light power. Generally,
Lnoto/laarc in the off-state is higher than that in the on-state.
Because the charge carriers in the phototransistors are mainly
modulated by the incident light at the turn-off gate voltage, where
the maximum /Iy is observed. The maximum Ioo/Tgak
obtained fromW-3 is 4.16 with incident light power of 235
pW-cm™ of 900 nm (Table 2, and Fig. S12 and Table S1 in the
ESM).

R of other phototransistors is similar, while R of the
phototransistors are obviously different related with concentration
of COTIC-4 (Fig. S12 in the ESM). R indicates the electrical signal
that a device reaches under a certain illumination power. Besides,
the increase in R with V;; can be attributed to the influence of the
vertical electric field on enhancing the efficiency of exciton
dissociation [47]. Therefore, photosensitivity can be effectively
adjusted by both the incident light power and gate voltage. The
calculated responsivity shows an increasing trend with increasing
of COTIC-4F. The highest R for W-0.6, W-2 and W-3 are about
754, 932 and 2680 A-W™, respectively. According to the report, R
is also influenced by W/L value, with a high W/L value resulting in
a high R. In this study, we maintain the W/L value at 8, which is
lower compared to Ref. [48]. The present of COTIC-4F trapped
electrons and induced band bending at the interface, which
enhances hole injection from the external circuit [49]. Therefore,
the increased R value of the phototransistors in this work is
attributed to the increase in the number of photogenerated
carriers. The peak of D* for W-0.6, W-2 and W-3 under
irradiation is above 10° Jones. Substrate temperature also
influences the phototransistor performance. We find that
compared with active layer of W-3 prepared at 80 and 100 °C,
active layer prepared at 120 °C exhibits the best photosensitivity
performance. As shown in Fig. S11 in the ESM, the specific
photodetectivities of W-3 with active layer prepared at 80, 100 and
120 °C are 892, 1511 and 2680 Jones, respectively. Photoresponse
of W-0.6 and W-2 phototransistor with active layer prepared at
different substrate temperatures is listed in Table S1 in the ESM.
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Table2 The maximum value of mobility, sensitivity, responsibility and
detectivity of 900 nm obtained from PDPPT3-HDO, W-0.6, W-2, and W-3
phototransistor prepared with substrate temperature of 120 °C

Samples Mobility (cm*V™s") P R(A-W™) D* (Jones)
PDPPT3-HDO 2.34 556 61.78 2.68 x 107
W-0.6 0.34 1.61 754.1 2.33 x 10°
W-2 0.17 6.89 932.0 3.58 x 10°
W-3 0.24 4.16 2680 1.14 x 10°

Higher temperature of substrate enables polymer chains to adjust
their conformation during film formation, leading to enhanced
polymer crystallinity and forming domain of small size, which
facilitates exciton dissociation [50]. The mobilities of blended film
prepared at different temperature are similar.

25 Weak SWIR light detection

Detection of weak light is critical to many applications.
Heterojunction phototransistors with the low mobility and high
dark off-current achieve well photoresponse to weak light
detection. As shown in Figs. 4(c) and 4(f), and Fig. S13 in the
ESM, the R of the phototransistor based on W-0.3, W-0.6, W-0.9,
W-1.2, W-2 and W-3 is 107, 499, 374, 15, 209 and 815 A-W,
respectively, with incident light power of 43 yW-cm™ at 1020 nm.
Blended films with large ratio of NFAs forms well phase
separation, offering extensive donor-acceptor interfaces to
decrease hole-electron recombination and enhance effective
hole-electron pair dissociation [51]. As a result, W-3
phototransistor has a maximum responsivity of 815 A-W™ and D*
of 2.45 x 10° Jones, which exhibits outstanding photodetection
characteristics under weak light illumination of 43 uW-cm™. D* is
influenced by R and Iy, and R is influenced by Iy, — o where
Iigy is the current under illumination. Iy, changes slightly when
the gate voltage is less than —35 V, the tendency of D* increase can
be attributed to Iy, which is not saturated under the weak power
(043 uW-cm™) at 1020 nm. The trend of D* decreasing and then
increasing is mainly influenced by the term (g — Igan) (Tgan) ™
which is strongly influenced by the change of I,y (20 V > V5 > -4
V). T4 gains a lowest value when phototransistor is at the off
state, resulting in the highest value of D*at20 V> V5> —4V.

Figure S14 in the ESM shows the relationship between the Viy
and the incident light power with incident wavelength of 1020 nm
for heterojunction phototransistors based on blended films. As the
incident light power increases, the Vi shifts towards positive
voltage. The relatively slight small shift is due to the small increase
of the incident light power. The Vi shift in p-type
phototransistors, is attributed to the higher carrier density under
incident light, and further enhanced by electrons trapping in
acceptor.

In order to investigate the optical on/off modulation of the
phototransistors under the incident light, the channel current was
mentioned. The drain current of W-0.3, W-0.6, W-0.9, W-1.2, W-
2, and W-3 phototransistors at Vg = Vg = —10 V exhibits a higher
response to the incident light power of 43 uW-cm? than 28
pW-cm?  (Fig.S15 in the ESM). Besides, persistent
photoconductivity is observed in heterojunction phototransistors.
Drain current of phototransistor sustains for a while after
illumination. Some novel applications are based on the persistent
photoconductivity for memory and imaging [52,53]. Persistent
photoconductivity is caused by defects which trap the photo-
generated carriers at the interface. Besides, the active functional
groups (-OH, -NH,, -COOH, etc.) in polymers can also trap the
photogenerated carriers [54, 55]. Persistent photoconductivity is
also observed in PDPPT3-HDO:COTIC-4F heterojunction
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phototransistor, which is caused by abundant grain boundaries
and traps caused by introduction of NFAs. By comparing our
results with the literatures, we have found that our PDPPT3-
HDO:COTIC-4F heterojunction phototransistors exhibit higher
responsivity and faster raise time (Table S3 in the ESM).

Figure S16 in the ESM presents the short-term photocurrent
signals of W-0.3, W-0.6, W-09, W-12, W-2, and W-3
heterojunction phototransistors under the 1020 nm light.
According to the Ips—t curves, the rise and decay times for the W-
0.3 phototransistor are determined to be 029 and 0.10 s,
respectively. The rise time for the W-0.6, W-0.9, W-1.2, W-2, and
W-3 heterojunction transistors ranges from 0.025 to 0.051 s, while
the decay times range from 0.07 to 0.13 s. It is worth noting that
the rise time of films blended with large ratio of NFAs is lower
than W-0.3 by an order of magnitude. Response speeds of
PDPPT3-HDO:COTIC-4F  heterojunction  phototransistor is
relatively fast compared to Refs. [32, 56].

3 Conclusions

In conclusion, an effective method to obtain a wide spectrum
response of the polymer:non-fullerene acceptors phototransistor is
proposed by integration of high-mobility polymer PDPPT3-HDO
and narrow band acceptor COTIC-4F as active layer for organic
heterojunction phototransistor. Mobility of polymer PDPPT3-
HDO reaches 2.34 cm*V™s™. The heterojunction films extend
photoresponse of the phototransistor to 1020 nm. The influence of
substrate temperature and mass ratio on the photoresponse are
investigated. The maximum responsivity of PDPPT3-
HDO:COTIC-4F heterojunction (W-3) phototransistor is
obtained at substrate temperature of 120 °C is 2680 A-W™ (900
nm) and 815 A-W™ (1020 nm). With mass ratio increasing,
responsivity and specific detectivity of infrared light are enhanced.
Finally, the introduction of COTIC-4F exhibits outstanding
photoresponse for the SWIR weak light detection (43 pW-cm™) to
1020 nm, with responsivity of 815 A-W and specific detectivity of
245 x 10° Jones. The present study is expected to make a
significant contribution to the development of high-sensitivity
heterojunction  phototransistors ~ for  short-wave infrared
photodetection.

4 Experiment

4.1 Materials

All reagents and chemicals were obtained from commercial
sources and used without further purification. COTIC-4F was
purchased from Nanjing Zhiyan Technology Co., Ltd. PDPPT3-
HDO was synthesized by us. OTS (CAS:112-04-9(8113), 95%) was
purchased from Macklin. o-DCB (99%) and
octadecyltrichlorosilane (95%) were purchased from Beijing
InnoChem Science & Technology Co., Ltd. Si/SiO, (300 nm)
substrates were purchased from 46th Research Institute affiliated
with China Electronics Technology Group Corporation. Gold
(purity of 99.999%) was purchased from ZhongNuo Advanced
Material (Beijing) Technology Co., Ltd.

4.2 Device fabrication

Before fabrication, the Si/SiO, substrates were precleaned by in an
ultrasonic bath of water, acetone, isopropanol, acetone, and
isopropanol (each sonicated for 10 min). Afterwards, the
substrates were dried with N, flow. Following the cleaning step,
the substrates were cleaned under O, plasma with power of 80 W
for 10 min. This was followed by a modification process with
monolayer OTS. The purpose of the OTS modification was to
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minimize the presence of traps and water molecules on the surface
of substrates [57-59]. The semiconductor layer was deposited by
blade coating using an o-DCB solution at a concentration of 6.0
mg-mL™ at a speed of 0.67 cm-s™. To fabricate bulk heterojunction
films, PDPPT3-HDO:COTIC-4F blend solution with weight ratio
of 1:0.3, 1:0.6, 1:0.9, 1:1.2, 1:2 and 1:3 at 6 mg-mL" in 0-DCB was
blade-coated on the substrate. Subsequently, the films were
thermally annealed for 3 h at 90 °C in nitrogen atmosphere. Then,
Au (30 nm) was vacuum-evaporated on the films as source and
drain electrodes with an interdigitated electrode pattern.
Phototransistors were named as W-0.3, W-0.6, W-0.9, W-1.2, W-
2, and W-3, which were prepared with PDPPT3-HDO:COTIC-4F
blend films with weight ratio of 1:0.3, 1:0.6, 1:0.9, 1:1.2, 1:2 and 1:3,
respectively.

4.3 Characterization of materials and electric properties

Optical and cross-polarized light microscope images were
acquired using a Nikon Eclipse Ci-POL polarizing optical
microscope. X-ray diffraction (XRD) and grazing incidence X-ray
diffraction measurements were performed in reflection mode at 45
kV and 200 mA with monochromatic Cu Ka radiation utilizing a
Rigaku Smartlab diffractometer. AFM was performed in
intelligent mode with a Bruker Dimension Icon microscope. The
UV-vis spectra were measured by a SHZMADZU UV-3600 Plus
spectrophotometer. XPS and UPS measurements were conducted
on a Thermo Scientific Escalab 250Xi ultra photoelectron
spectrometer. He I photo source (hv = 21.22 eV) was used as
measurement. The electrical characteristics were measured by a
Keithley 4200-SCS semiconductor parameter analyzer connected
at room temperature. CV measurements were performed on a
CHI600A electrochemical workstation with a three-electrode cell
in 0.1 molL" tetrabutylammonium hexafluorophosphate (n-
Bu,NPF,) acetonitrile solution. Ferrocene/ferrocenium redox
couple was used as an internal standard at a scan rate of 50 mV-s™.
The Ag/Ag' electrode, a platinum wire and an indium tin oxide
(ITO) was used as the reference electrode, counter electrode, and
working electrode, respectively. FETs were measured in air and at
room temperature using a Keithley 4200-SCS. A TTPX Cryogenic
probe station was used. Here, the mobility (¢) of devices was
calculated with the equation: Ig = (W/2L)Cu(Vg — Vi)', where L
and W were the channel length and width respectively, C; was the
oxide capacitance of 10 nF-cm™?, Vg was the drain to source bias
[60-62]. Light source (A = 900 and 1020 nm) was carried with
Zolix MLED4-3. Power intensity was calibrated in situ with a
PM100 digital power meter.

4.4 Essential parameters for phototransistor

Essential parameters including responsivity (R), specific detectivity
and photosensitivity were figure-of-merit of photodetector [32].
The responsivity indicates the electrical signal under a certain
illumination power. According to the equation: R = (I,
= Lind/PA = I4/PA, where Iy, and Iy were the device output
current without and with illumination, respectively, A refered to
the area of channel, P was the light intensity [32, 63]. Photocurrent
I;, was defined as device current under illumination with absolute
value, which was calculated as Iy, = |Tigy, — Igun- Specific detectivity
(D*) is an essential parameter for weak light detection. When the
only current noise origins from dark current, D* can be expressed
as D*= RA"(2ql4,4) ", where q was the element charge [64, 65].
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