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ABSTRACT: Ternary copolymerization strategy is considered an effective method X R
to achieve high-performance photovoltaic conjugated polymers. Herein, a donor— '

acceptor] —donor—acceptor2-type random copolymer, named PBDTNS-TZ-BDD
(T1), containing one electron-rich unit alkylthionaphthyl-flanked benzo[1,2-b/4,5-
b'] di-thiophene (BDTNS) as D and two electron-deficient moieties benzo[1,2-¢/

4,5-c'|dithiophene-4,8-dione (BDD) and fluotinated benzotriazole as A, was s By
synthesized to investigate the excitonic dynamic effect. Also, the D—A-type S
alternating copolymer PBDTNS-BDD (P1) was also prepared for a clear & = &Y% 5. BX_ @b
comparison. Although the UV—Vis spectra and energy levels of P1 and T1 are n & ””.“&"*"'é;g“” o \ﬂ\\‘cso =0
similar, the power conversion efficiencies (PCEs) of the related devices are 11.50% ™ 2 7
(T1/ITIC) and 8.89% (P1/ITIC), respectively. The reason for this is systematically "‘ {_‘__‘ e { /
investigated and analyzed by theoretical calculation, photoluminescence, and pump- _":’_l' f}ftg-%:;%;" Sy

ield o .04%

probe transient absorption spectroscopy. The density functional theory (DFT) and
time-dependent density functional theory (TD-DFT) calculation results show that the terpolymer T1 with a lower exciton binding
energy and a longer lifetime of spontaneous luminescence can synergistically increase the number of excitons reaching the donot/
acceptor interface. The results of the pump-probe transient absotrption spectroscopy show that the yield of chatge separation of T1/
ITIC is higher than that of the P1/ITIC blend film, and improved PCE could be achieved via copolymerization strategies. Moreovet,
the fabrication of the T1-based device is also simple without any additive or postprocessing. Therefore, it provides a promising and
innovative method to design high-performance terpolymer materials.

KEYWORDS: copolymerization strategy, DFT and TD-DFT, photophysics, pump-probe transient absorption spectroscopy,
polymer solar cells

1. INTRODUCTION nating polymer PBDB-TF to improve the electron-withdrawing

The power conversion efficiency (PCE) of the polymer solar performance of host blocks, showing its great potential for

cells (PSCs) has increased from less than 1% to more than 16% development. The D—A1—D —A2 terpolymer was synthesized
using BDT as the D unit and benzothiadiazole (BT) and

diketopyrrolopyrrole (DPP) as the A unit, and a stable large-area
PSC with PCE of over 13% was realized.”' This strategy can

in recent decades.'”'" Over the years, alternating donor—
acceptor polymers have been primarily developed to expand the
absorption and harvest more solar energy.”~* Alot of effort has

been devoted to optimize the energy levels, absorbance, casily adjust the energy level and ab.sorpt.ior} spectrum  of
molecular stacking, adjusting solubility, and designing new terpolymer by controlling the D/A unit ratio in the polymer
donor (D) or acceptor (A) units.”””" Recently, random backbone.” Also, the crystallization and microphase separation
terpolymer strategy has been consideted to be an effective of the copolymer could be modulated by random copolymer
method without a complicated design to regulate spectral methods.” Furthermore, the fine-tuning solid-state packing of
absorption, energy level, and nanostructure and achieve the the photoactive layer could remarkably improve the photo-
morphological control of the active layer,zs_f For example, voltaic characteristics through side-chain engineering using
triblock copolymers are formed by inserting a D unit or an A
unit, which integrates the advantage of each unit.” Received:  November 9, 2019

Recently, the binary PSCs based on terpolymer with PCE of Accepted:  January 22, 2020
more than 15% were obtained by introducing an ester- Published: January 22,2020

substituted thiophene unitinto benzo[1,2-b/4,5-bdithiophene
BDT-benzo[1,2-¢/4,5-c'|dithiophene-4,8-dione (BDD) altet-
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random polymerization.* The copolymerization strategy shows
great potential to improve the photovoltaic performance and
practical application, so it is necessary to investigate it more
deeply.

Herein, a terpolymer named PBDTNS-TZ-BDD (hereinafter
referred to as T1) was synthesized by introducing the
fluorinated-benzotriazole (FBTA) acceptor building block unit
into the alternating polymer PBDTNS-BDD (hereinafter
referred to as P1) (Figure 12).”” The PCE of PSC-based

()

Pd,(bda)y,P(o-tolyl);

toluene

Figure 1. (a) Chemical structure for P1. (b) Synthetic routes of the
random copolymer T1.

PBDTNS-BDD/ITICis 8.89%. Sutprisingly, the terpolymer T'1
is very easy to dissolve in most common solvents, and the PCE of
the PSCs based on T1/ITIC exceeds 11% without any post-
treatments (additives or thermal annealing). The reason is
systematically investigated and analyzed by theoretical calcu-
lation, photoluminescence (PL), and pump-probe transient
absorption spectroscopy (T'As). The calculated reforsults of
density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) suggest that T1 with a smaller
exciton binding energy (Ey) is favorable to exciton split and a
longer lifetime of spontaneous luminescence that could
synergistically increase the number of excitons reaching the
donot/acceptor interface. The measurements of TAs show that
the yields of chatge separation (CS) are higher in T1/ITIC than
thatin the P1/ITIC blend film. The introduction of FBTA could
break the periodic ordering of the main chain of polymers to
optimize the solubility and miscibility with ITIC and obtain a
better morphology.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. P1 wassynthesized

according to previous WOIk,}Z and the synthetic route of
terpolymer T1 is shown in Figure 1b. The detailed synthesis

8476

process and characterization are exhibited in the Supporting
Information. The numbet-average molecular weights (M,,,) and
polydispersity indexes (PDIs) of P1 and T1 are 27 and 25 kDa
and 1.90 and 2.10, respectively (Table 1). T1 shows good

Table 1. Molecular Weights and Optical and Electrical
Characteristic

M, A Fope HOMO  LUMO

polymers  (kDa) PDI (nm) [eV] V) (eV)
P1 27 1.90 624 1.84 —5.32 —3.48
T1 25 2.10 596 1.86 —5.40 —3.54

"E;’P‘ = 1240/

onset*

thermal stability and a decomposition temperature (Ty) higher
than 360 °C (Figure S1). The absorption spectra of the pure
polymers and D/A blend films were recorded (Figures 2a and
S2). The maximum absorption peaks for P1 and T1 are 624 and
596 nm, respectively. Also, the two polymers have the same E™

(~1.85 V). The Epono (enetgy level of the highest occupied
molecular orbital) and Ejpyo (enetgy level of the lowest
unoccupied molecular orbital) levels of P1 and T1 have been
studied by cyclic voltammetry method. After incorporating
FBTA into the polymer backbone, the Egono and Eyyyo were
pulled down as a whole. Also, the deeper HOMO of the random
copolymer T1 would be beneficial to achieving a higher open-
citcuit voltage (Vo).

2.2. Photovoltaic Characteristics. For a more in-depth
study of the performance of random polymers, the PSCs based
on P1 and T1 were fabricated without any additive or
postprocessing. Their current density—voltage (J—V) cutves
and the photovoltaic characteristic parameters are given in
Figure 2c and Table 2. The Vo, Jsc, fill factor (FF), and PCE for
the PSC (P1/ITIC) are 0.940 V, 14.99 mA cm ™, 63.12%, and
8.89%, resE)ectively, which are close to the values reported in the
literature.” The PSC based on T1/TTIC shows better
performance (Voc = 0952V, Jsc = 16.80 mA cm 2 FF =
71.91%, and PCE = 11.50%) than that based on PXThe [, 0f1/
ITIC. In the wavelength range of 500—700 nm (Figure 2b), the
external quantum efficiency (EQE) of PSCs (T1/ITIC) is
higher than that of PSCs (P1/ITIC), which is consistent with
the higher Jsc of PSCs (T1/ITIC).

To further understand the photocurrent behavior, the
relationship between effective voltage (V. g) and photocurrent
(Jon) was also investigated (Figure 2d).7*J . of PSCs (T1/
ITIC) is larger than that of PSCs (P1/ITIC). The chatge
dissociation probability (P(E,T)) can be obtained by P(E,T) =
Jon/ Jor The P(E,T) of the T1-based device is mote than 98%
under the short-circuit condition, indicating that it has excellent
charge dissociation probability. To understand charge transport
properties, the hole (M) and electron (M) mobilities were
calculated by the space-charge-limited (SCLC) method (as
shown in Figure 85).4”743 The values of My and J. of T1-based
devices are 2.03 x 107* and 1.94 x 107* cm? V17!,
respectively. However, the values of Y, and Y. of Pl-based
devices are 3.51 X 10 *and h. = 1.73 % 10 * em?* V7' 57},
respectively, with the former having higher mobility than the
latter. Inaddition, T1-based devices have amore balanced W,/ M,
which is beneficial to carrier trans}_:)ort.44’45 The recombination
properties of electrons and holes with one another in their
mutual Coulombic field are critical for the carrier losses and
eventual photocur]fent.d'(”47 Generally, the actual recombination

https://dx.doi.org/10.1021/acsami.9b20364
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Figure 2. (a) Absorbance of the pure P1 and T1 films. (b) EQE and (¢) J—V curves. Inset is the energy level diagram (eV) of P1,T1, and ITIC. (d) Jou—
Vg curves of the P1/ITIC (1:1)- and T1/ITIC (1:1)-based PSCs.

Table 2. Photovoltaic Characteristic of PSCs

devices Voc[V] Jsc [mA cm™2] FF [%] PCE" [%] Rs(Q cm?) Rsu (Q cm?)
P1/ITIC 0.940 (£0.01) 14.99 (£0.35) 63.12 (£0.47) 8.89 (+0.25) 853 1484.78
T1/ITIC 0.952 (£0.01) 16.80 (£0.28) 71.91 (£0.31) 11.50 (£0.33) 4.92 1760.03

“Average values from 15 devices.
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Figure 3. (a) DOS of copolymers P1 and T1. (b) Optimized structure of the molecular simplified model of copolymer T1. (c, d) Molecular wave
function distributions of the frontier orbits of T1.

coefficient (B) in bulk heterojunction PSCs could be ascribed as K = -4 ¢ + u )

eq 146,48 L €0t e h 3)
y = B/K, ) where Mgoubie, Me, and My are the effective, electron, and hole
mobilities of the double-carrier device;“’w qis t'he basic charge;
whete K} is the Langevin rate constant and Y is a dimensionless and &, is the dielectric constant of the blend films. The K for
parameter.mv can be obtained by eq 2 T1- and P1-based devices could be calculated as 3.16 x 10~ !°
and2.39 X 10~ "em s ™!, respectively, under eq 3. According to

161 Lty the W of single- and double-carrier devices (Figure S6), the Y
Y=g X2 2 values were extracted to be 3.57 x 10~"and 1.07 x 10~ for the
Howvte = (2t + 11y) @ P1-and T1-based PSCs, respectively. The 3 of T1-based devices
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Table 3. Calculated AEy;_; , First Singlet Excitation Energy (Es;), Binding Energy (E,), Composition, Main Transition
Contribution (%), Absorption Wavelength (A), and Oscillator Strength (f) of the Molecules for P1and T'1

molecule AEy_;. (eV) Eq (eV) E, (V) Eif(cm™) state composition” Ainax (nm) f
P1 2.270 1.997 0.491 16 112,538 So=> S H to L (84.33%) 620.36 3.755
Si>Ss Hto L + 2 (67.99%) 0.362
T1 2.330 2.072 0.244 16 708.582 So=> S H to L (91.42%) 598.50 3.189
So>Ss Hto L +2(79.77%) 0.091
"H represents HOMO, L represents LUMO.
10
5
E
£l 0o E

Figure 4. AFM height images of (a) P1/1TIC and (b) T1/ITIC blend films. Corresponding TEM images of () P1/ITIC and (d) T1/1TIC blend films

(the scale bar represents 200 nm).

(1.29 x 107" em™s7") is lower than that of P1-based devices
(2.57 x 10" em™?s™"), which indicates that the recombination
degree and carrier loss are less in T'1-based solar cells.

2.3. DFT Calculations. For a morte in-depth understanding
of P1 and terpolymers T'1, DFT calculations were employed to
optimize structures, simulate the electron spectrum, and
calculate exciting energies and oscillator strengths of the two
molecules, as displayed in Figures 3 and S4. To better simulate
the physical and chemical properties of the terpolymers T1, a
D—A1-D—A2 simplified model was chosen. Furthermore, a
D—A—D—Asimplified model for P1is also evaluated. Also, the
solvent effect (chlorobenzene, the solvent used in the experi-
ment) was described with a nonequilibrium implementation of
the conductor-like polarizable continuum model (C-PCM) to
simulate the actual environment of the molecule.”’ The
geometries of P1 and T1 were optimized at the B3LYP-
D3(BJ)/6-31G(d) level.”””* The optimization geometry and
the density of states (DOS) curve can help us better understand
the electronic properties of two polymers, as shown in Figure 3a.
The energy gap values are 2.26 ¢V (P1) and 2.32 eV (T1),
respectively, and the increasing trend from P1 to T1 is highly
consistent with the experimental data. The calculated maximum
absorption peaks of P1 and T1 are 620.36 and 598.50 nm,
respectively, which agree well with the experimental data (Figure

8478

2a); this is consistent with the Sy = S transition that mainly
comes from a single one-electron excitation from HOMO(H)
- LUMO(). In the two molecules, the relative lower-energy
absorption band and the wave function distributions of the
frontier orbits are TT—Tr* type (Figure 3c,d), indicating there
exists an obvious intramolecular charge transfer (ICT) effect.

According to the basic physical mechanism of photovoltaic
devices, excitons are generated in the blend film by absorbance
of light by donor or acceptor materials (here we focus more on
donor materials), diffusion, and dissociation at the donor/
acceptor interface. The exciton binding energy (Ep) is an
important basic parameter determining the photoelectric
properties of photovoltaic materials and devices.”™* Also, the
hole—electron pairs do not directly splitinto free charge carriers,
as they are bound by Coulombic attraction, which results in a
large exciton binding energy (Ey).

E, is the energy bartier that charges have to overcome to
escape from the D/A interface and migtrate toward the electrode
and is directly related to the charge separation in PSCs. In

55
general, E}, can be expressed as4

Ep = AEy-L— Ess 4

where AE;_y is the offset between HOMO and LUMO energy
levels at the Sy state and Eg, is the energy of the first singlet

https://dx.doi.org/10.1021/acsami.9b20364
ACS Appl. Mater. Interfaces 2020, 12, 8475—8484
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excitation for the molecules; these can be obtained by the
B3LYP/6-31G(d) and TD-PBEOQ/6-31G(d) levels, respectively.
The results of DFT calculation are summarized in Table 3. T1
with a smaller Ey, is mote likely to split exciton than P1,
increasing the possibility of free carriers. In addition, the exciton
diffusion ability is related to its diffusion length (Lp).”* A longer
Lp will be beneficial to the higher exciton diffusion efficiency,
which requires a longer exciton lifetime T (ns).” Here, T value is
close to the lifetime of spontaneous radiation, which can be
assessed by the Einstein spontaneous emission relationship5” "

=149 —
fx E ®)

where fis the oscillator strength and Eis the excitation energy in
cm™". The T of T1 (1.68 ns) is longer than P1 (1.53 ns), so the
longer lifetime of spontaneous emission will increase the Lpand
thenincrease the number of excitons reaching the D/ Ainterface.

2.4. Morphological Analysis. The fine morphology of the
film is a critical condition to achieve high-performance PSCs.
Atomic force microscopy (AFM) with the tapping mode and
transmission electron microscopy (TEM) were employed to
investigate the surficial and internal morphologies of P1- and
T1-based blend films. As shown in Figure 4, although the
surfaces of the two polymer blend films are quite uniform, the
root-mean-square roughness (RMS) of the P1/ITIC blend film
(4.026 nm) is higher than that of the T1/ITIC blend film (2.024
nm), which might be due to the high crystallization tendency of
P1. The TEM images maintain a high degree of consistency with
the AFM results. The T1/ITIC blend film displays moderate
aggregation and desirable morphologies, which can enhance
exciton dissociation efficiencies. The blend films were well
mixed without any obvious self-aggregation, this good
miscibility is favorable for forming appropriate phase separation
and thus leads to higher FF.

2.5. Photophysical Property. For a more in-depth
understanding of the magnitude of intermixing in polymers/
ITIC (D/A = 1:1) blend films, the PL measurements were
employed to probe the PL of neat P1 and T1 films and PL
quenching (PLQ) in their blend films. PLQ was calculated as6™

PLQ =1 — PLyjend/PLneat ©)

The exciton diffusion distance L can be estimated by the degree
of the PLQ in blend films, which can be calculated by eq 77"

L =Le(1 - PLQ)Y? ™

where L., is the exciton diffusion length in pure film, and its
typical value for neat narrow band gap polymers was usually
assumed to be 10 nm.”’ Here, we only give the relative
expression of L occurring in the blend films. To analyze the
mixed system more closely, the finite size of the exciton was
neglected.” We also assume efficient quenching when a polymer
exciton arrived at I'TIC molecules. As shown in Figure 5, the
emission of P1 and T1 in polymers/ITIC blends is highly
quenched (92.23% for P1 and 98.78% for T'1 compared to their
respective neat materials). According to eq 7, the exciton
diffusion distance L between P1 and T'1 in the blend films can be
estimated to be 2.78 and 1.10 nm, respectively. Such short
diffusion distances indicate a high degree of ITIC mixing in the
polymer-rich regions.”’ So, a smaller L of the T1/ITIC blend
film may suggest a better mixture, which is also consistent with
the results observed in AFM and TEM. The excitons generated
by polymer could be more effective and directly adjacent to an
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Figure 5. Steady-state PL of pure P1 and pure T1 and their respective
blend films (D/A = 1:1) excited under 600 nm.

ITIC molecule in the T1/ITIC blend film. Therefore, the
introduction of FBTA unit can break the periodic order of the
polymer skeleton, which could be beneficial to optimize the
solubility and miscibility with ITIC while maintaining the
electrical properties and polymer packing in sold state.””
Apartfrom the above tests, the exciton and polaron kinetics of
the ground and excited states of pure and blend films with ITIC
were studied using TAs. The TA spectra customarily have two
main features: GSB (ground-state bleach) and ESA (excited-
state absorption signal) characteristics. First, the pure P1 and T'1
films were studied by ultrafast TAs, as shown in Figure 6. The
ultrafast TAs of pure polymer films P1 and T1 exhibited negative
GSB signals in the range of 500—640 nm, which is consistent
with the polymers’ static electronic spectra and could be
identified as a singlet exciton transition. The ESA bands of P1
and T1 scattered among 640—750 nm with panning polaron
absorption (PA) range of 850—1000 nm were singlet exciton
induced. Under the circumstance of neat film P1 at ~0.1 ps, the
GSB intensity is neatly 17 mOD and the homologous ESA and
PA are ~5 mOD and ~3 mOD. Meanwhile, the pure T1 film
exhibited the GSB signal with ~36 mOD, where the equivalents

ESA and PA characteristics are ~28 mOD and ~17 mOD. The
corresponding characteristic peak intensity of T1 is higher than

that of the counterpart (neat P1 and T1 films were measured
with a uniform thickness). Based on the above discussion, it can
be inferred that the exciton yield of primary TA signals was
higher in T1, which corresponds well with that of PL signals in
pure polymers (as shown in Figure 5).

We further used TA measurements to investigate the electron
transfer (ET) process in P1/TTIC and T1/TTIC blend films."

The GSB signals of two films covered a range of 500—740 nm,
and the AA /A spectra exhibit the characteristics of neat P1 and
T1 films pumped at 400 nm, for At > 1 ps (as displayed in the
Supporting Information, Figure S7). The measured TA spectra
are shown in Figure S8, and the GSB peak is 710 nm. The new
features are attributed to the GSB of ITIC, suggesting that both
blends have efficient ET processing.“Also, for the near-infrared
region with ESA signature, which could be attributed to the
charge-transfer (CT) state and charge-separated (CS) state.”!
The underlying exciton decay dynamics of the binary system
could be studied with singular value decomposition (SVD)
fitting method from the ovetlapped TA spectra. The SVD-fitted
TA spectra of binary blends are shown in Figure 7c,d. Figure 7d
shows species-associated difference spectra of T'1, and the SVD
fitting results extracted three components with a lifetime of 1.55
ps (black), 23.30 ps (red), and 677 ps (blue), respectively. We
noted that in this 23.30 ps component, the spectral character-
istics of a negative bleach at ~600 nm are different from those in
the pure P1 film (as shown in Figure 6), which is a signature

https://dx.doi.org/10.1021/acsami.9b20364
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Figure 6. (a, ¢) TA spectra of neat P1 films. (b, d) TA spectra of neat T1 films. All the films are pumped at 400 nm.
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feature of the intermediate CT state where the holes are not
directly injected into the HOMO energy level of P1."° The

1.55 ps component was denoted for hole transfer to T'1 directly
from the photoexcitation in I'TIC leads to the formation of the
interfacial CT state. The CS state produced by intermolecular

8480

exciton splitting (or charge transfer) was probed in the T1/ITIC
blend film with a weak Coulombic binding force at the D/A
interface, as shown in Figure 8a,b. A new feature of the bleach
character appeared at 560 nm in the spectrum signal of the CS
state cotresponding with CT/photoinduced exciton (EX)

https://dx.doi.org/10.1021/acsami.9b20364
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Figure 8. (a) Analyzed target model of charge generated. (b)
Schematics of charge transportation pathways in binary blend film.

occurs, that paired well with the GSB character of the pure T1,
indicating an efficient splitting of h—e pairs. Also, similar
processes have been probed in the P1/TTIC blend film, and the
lifetimes of the three components were extracted as 0.67 ps
(black), 14.62 ps (red), and 705 ps (blue), respectively. The
target analysis model and exciton dissociation model in the
polymer/ITIC blend are shown in Figure 8a,b. As shown in
Table S1, the evolution of the corresponding amplitude for each
component was summarized, and the yields of CS states could
be easily calculated by8”’

®)
The yield of CS (electron) in the T1/ITIC blend film is 55.04%,
which is much higher than that of P1/ITIC (48.05%),
confirming the fact that a better PCE was achieved in T1/
ITIC-based devices. These dynamic studies strongly support the
fact that ternary copolymerization strategies could enhance the
CS yields and then produce a better FF and a higher Jsc global
performance of the devices under the same situation.

Des = Apxer X Actocs T Aexocs

3. CONCLUSIONS

A random terpolymer T1 was synthesized using ternary
copolymerization strategies by introducing FBTA into the
PBDTNS polymer, and Jsc and Ve of PSCs were improved
synchronously and 11.50% PCE was obtained. The calculated
results of DFT and TD-DFT show the terpolymer T'1 with a
lower exciton binding energy and a longer lifetime of
spontaneous luminescence, which could synergistically increase
the number of excitons reaching the donor/acceptor interface.
Pump-probe technology was employed to unveil the excitonic
dynamics of the two polymers. The exciton concentration of the
initial transient signal was higher in neat T1 film, and the
production of a chatge-separated (CS) in the T1/ITIC blend
film was higher than that in the P1/ITIC film, which could
produce more charges. Moreover, the fabrication of the T1-
based device is also simple without any additive or
postprocessing. The fine morphology of blend film could be
beneficial for a higher PCE. Thetefore, it provides a promising
and innovative strategy to design high-performance terpolymer.

4. EXPERIMENTAL SECTION

Experiment material, synthesis, fabrications of device, and measure-
ments are provided in the Supporting Information.
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