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27 Abstract:

28

29 In this work, layer-by-layer (LbL) all-polymer solar cells (APSCs) are constructed with or
2(1) without the incorporation of a Pt complex F-Pt as an energy donor additive in the acceptor layer.
gg The power conversion efficiency (PCE) of LbL. APSCs can be enhanced from 15.86% to 17.14%
gg through introducing 0.2 wt% F-Pt in PY-IT layer, originating from the efficient energy transfer from
g? F-Pt to PM6 and PY-IT. The efficient energy transfer from F-Pt to PM6 and PY-IT can be well
gg confirmed from the spectral overlapping between photoluminescence (PL) spectra of F-Pt and
2(1) absorption spectra of PM6 and PY-IT, as well as the prolonged PL lifetime of PM6 and PY-IT
jé according to the transient time resolved PL spectra of blend and LbL films. The prolonged lifetime
2;1 of PM6 and PY-IT should be conducive to increase exciton diffuse length and exciton dissociation
2? in the LbL. APSCs doped F-Pt. The universality of F-Pt incorporation strategy can be further
22 confirmed from PBQx-TCI/PY-DT based LbL APSCs, the PCE can be increased from 17.57% to
g? 18.29% by incorporating F-Pt into PY-DT layer.

gg Introduction

gg Organic solar cells (OSCs) are considered as a suitable candidates for next generation energy-
g? harvesting devices due to their advantages of abundance of raw materials, low cost, mechanical
gg flexibility and ease of solution processing.!> The micro/nano-scale phase separation of active layers
60

plays an important role in photogenerated exciton dissociation and charge transport in the bulk
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heterojunction (BHJ) OSCs. In fact, there is great challenge to well optimize the molecular
arrangement and phases separation degree of donors and acceptors by employing blend solutions
with the same film-drying process. Layer-by-layer (LbL) active layers were prepared by sequential
spin-coating technology, which endows the active layer with favorable vertical composition
distribution, tunable D/A interfaces and high phase purity in donor or acceptor layer.5-!! The
efficient exciton dissociation in LbL all-polymer solar cells (APSCs) is a challenge due to the quite
limited exciton diffusion distance in organic materials and the relatively small donor/acceptor
interface in LbL devices.!?!> Some smart strategies of enhancing LbL exciton dissociation focus on
increasing the interface of donor layer and acceptor layer, such as enlarging component
interdiffusion between donor and acceptor layers by solvent additive, introducing dissociation
strengthening layer (DSL) or employing donor incorporation into acceptor layer (DIA) strategy.!6
22 1t is well known that exciton diffusion distance strongly depends on the exciton lifetime of donors
and acceptors, which should be prolonged by increased the exciton lifetime of donors and acceptors
through incorporating efficient triplet materials with long emission lifetime. Liao group reported
that delayed fluorescence (DF) material was incorporated to BHJ active layers for improving the
lifetime of excitons, leading to the PCE improvement.?* The energy transfer from donor to acceptor
also provides an additional path to improve the exciton dissociation efficiency, which was been
reported in the previous works.?*?7 Triplet materials always have strong PL emission in the visible
and near infrared light range, and efficient energy transfer from triplet materials to donors or
acceptors will be conducive to increase the performance of LbL. PSCs. Here, typical works on OPVs
with triplet material as donor, acceptor or additive are summarized in Table 1. In 2019, Peng et al.
proposed a new strategy of platinum(II) complexation and got a PCE of 16.35% by Pt-containing
donor Pt10 and micromolecular acceptor Y6.28 In this work, 17.1% or 18.2% efficiency can be
achieved from PM6/PY-IT or PBQx-TCI/PY-DT based LbL PSCs via incorporating 8',10'-difluoro-
4,6-dimethyl-6'A4,3A3,5'A4-spiro[ 1,3,4,5,6,2-dioxatriplatinine-2,6'-

benzo[c]pyrimido[1,2-][1,2,3,4,5] azatriplati-nole] (F-Pt).
Table 1. Typical works on BHJ OPVs with triplet material
JSC VOC FF PCE

Structure Materials mA-em?]  [V] [%] [%] Ref.
P3HT:ICBA 10.44 0.859 685 6.15

BHJ P3HT:ICBA:Ir(ppz); 12.4 0.855 66.7 7.08
PBDB-T:PCBM 10.68 086 723 6.67 _ 3
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PBDB-T:BFPTP 12.83 094 624 17.52
PTB7-Th:PC;;BM 14.98 0.81 651 792
PTB7-ThPt1.5:PC;,BM 16.21 0.8 65.01 845
P1-PTB71r0:PC;.BM 16.71 071 56 6.64
P1-PTB7Ir1:PC; BM 18.14 0.75 64 871
PTB7:PC;.BM 133 075 71.7 737
PTB7:Ir-Orange:PC;,BM 16.1 0.74 729 8.72
PTB7-Th:PC;,BM 14.98 0.81 651 792
PTB7-ThIr1:PC;;BM 16.6 0.8 69.36 9.19
eBz3Ir:L8-BO 15.51 0.83 50.39 6.46
e¢TBz3Ir:L8-BO 21.64 0.83 58.26 10.48
Pt0:Y6 25.1 0.8 649 13.03
Pt10:Y6 26.45 0.81 763 16.35
PM6:Y6 25.21 0.84 73.71 15.65
PM6Irl:Y6 26.16 0.85 7533 16.71
PM6Ir1:N3 26.13 0.84 74.11 1627
PM6Ir1:N3:ITIC-Th 26.53 0.86 7547 17.22
PM6/PY-IT 22.95 0.95 72.75 15.86
LbL PM6/PY-IT:F-Pt 24.42 0.95 73.87 17.14 This
PBQx-TCI/PY-DT 24.53 0.96 74.68 17.57 work
PBQx-TCl/PY-DT:F-Pt 24.79 0.96 76.53 18.29

In this work, series of LbL APSCs were fabricated with a device structure of ITO/ Poly(3,4-
ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT:PSS)/ active layer/ Poly[(9,9-bis(3'-
(N,Ndimethylamino)propyl)-2,7-fluorene)-alt-5,5-bis(2,2'-thiophene)-2,6-naphthalene-1,4,5,8-
tetracaboxylic-N,N'-di(2-ethylhexyl)imide] (PNDIT-F3N)/ Ag, where the active layer is composed
of Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[ 1,2-b:4,5-b']dithiophene))-alt-
(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[ 1',2'-c:4',5'-c']dithiophene-4,8-dione)] (PM6)
layer and sequentially deposited Poly[2,2'-((2Z,2°Z)-((12,13-bis(2-octyldodecyl)-3,9-diundecyl-
12,13dihydro[1,2,5]thiadiazolo[3,4¢]thieno[2",3":4',5"thieno[2',3":4,5]pyrrolo[3,2-
g]thieno[2',3":4,5]thieno[3,2-b]-indole-2,10-diyl)bis(methanylylidene))bis(5-methyl-3-0xo0-2,3-
dihydro-1H-indene-2,1-diylidene)) dimalononitrile-co-2,5-thiophene] (PY-IT) layer with and
without F-Pt. The chemical structures and energy levels of PM6, PY-IT and F-Pt are displayed in
Figure 1a and Figure 1b, respectively.’® The normalized absorption spectra of neat PM6, PY-IT
and F-Pt films, as well as the normalized PL spectrum of F-Pt film are shown in Figure 1c. It is
apparent that neat F-Pt film has strong photon harvesting capability in the wavelength from 300 to
500 nm and exhibits strong photoluminescence (PL) emission covering from 550 to 750 nm. There
is large spectral overlapping between F-Pt PL spectrum and absorption spectra of PM6 and PY-IT,
which should be favored to the fluorescence resonance energy transfer (FRET) from F-Pt to PM6

or PY-IT.* It is well known that the intermolecular distance also influences the FRET efficiency,
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intermolecular compatibility of used materials was characterized by contact angle experiment. The
contact angles of PM6, PM6:F-Pt, PY-IT, PY-IT:F-Pt and F-Pt films are shown in Figure 1d and
the surface energy and interfacial energy calculated by contact angles are summarized in Table S1.
The surface energy values of neat PM6, PY-IT and F-Pt films are calculated to be 29.4, 34.4, and
37.9 mN-m!, respectively. The interfacial energy (yy.y) between PM6 and F-Pt is 2.64 mN-m! and
ypyar-rpds 1.41 mN-m!, which indicates that F-Pt has better compatibility with PY-IT. The similar
veus-pyir Of 0.48 mN-m™' and ypyss-pyir+rp of 0.49 mN-m! indicates that the wettability between
PM6 layer and PY-IT layer F-Pt is hardly influenced by incorporating small content F-Pt in PY-DT
layer. To further confirm the positive effect of F-Pt on performance improvement of LbL all-PSC,
the champion PCE of 18.29% is achieved from PBQx-TCI/PY-DT:F-Pt as the LbL active layers.
Over 8% or 4% PCE improvement can be obtained by incorporating appropriate F-Pt as energy
donor additive in PM6 or PBQx-TCI based LbL APSCs. This work provides a novel strategy to
improve the performance of LbL APSCs by incorporating appropriate triplet material as energy

donor additive to improve photon utilization efficiency.

=

(=)}

~
[
>

Energy level (eV)
&
Pt

40

° Wavgl?ngth (r?m) PM6+F-Pt PY-IT PY-IT+F-Pt F-Pt
Figure 1. a, b) Chemical structures and energy levels of PM6, PY-IT, and F-Pt. ¢) Absorption
spectra of PM6, PY-IT, F-Pt films and normalized PL spectrum of F-Pt. d) Images of contact angles
of neat and blend films.
Results and discussion

The current density-voltage (J-V) curves of LbL APSCs with or without F-Pt were measured

under simulated AM 1.5 G illumination, as depicted in Figure 2a. The detailed parameters of LbL

APSCs are summarized in Table 2. It is apparent that open circuit voltage (¥o¢) of LbL APSCs can
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be kept constant with or without F-Pt incorporation in PY-IT layer. The PCE of the control LbL
APSCs without F-Pt is 15.86% with a Js¢c 0of 22.95 mA/cm? and FF of 72.75%, which is close to the
reported values of the same materials based LbL APSCs.!7 The Jsc and FF of LbL APSCs can be
slightly increased and then decreased along with more F-Pt incorporated content in PY-IT layers. A
champion PCE of 17.17% is achieved from the LbL. APSCs with 0.2 wt% F-Pt content in PY-IT
layer, contributing from the optimized Jsc 0f 24.42 mA-cm? and FF of 73.87%. To better understand
the FF variation dependence on F-Pt content in PY-IT layer, shunt resistance (Rsy) and series
resistance (Rg) of APSCs are calculated according to the corresponding J-V curves and are listed in
Table 2. The optimized LbL APSCs show the lowest Rgof 2.58 Q-cm?and the highest Rgy of 1135
Q-cm?, which is conducive to charge transport in the LbL active layers for achieving a relatively
high FF. The PCE of the LbL APSCs with 0.2 wt% F-Pt in donor layer is 14.42% with a Jg¢ of
21.49 mA/cm? and FF of 70.64%. The decreased Jgc and FF of LbL. APSCs with F-Pt in PM6 layer
is caused by the poor hole transport in donor layer with large isolated hole traps, which could be
proofed by the energy level of F-Pt and PM6. External quantum efficiency (EQE) spectra of LbL
APSCs were measured and are depicted in Figure 2b. The calculated Jscs are obtained by
integrating the corresponding EQE spectra, which are slightly lower than the measured Js¢ due to
the attenuation of the unpackaged cells for EQE measurement in the air conditions. It should be
highlighted that the EQE of LbL APSCs with F-Pt incorporation are increased in the wavelength
range from 350 nm to 850 nm, which can be confirmed from the EQE spectral difference (AEQE)

between the optimized LbL APSCs with F-Pt incorporation and the control LbL APSCs, as

displayed in Figure 2b.
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Figure 2. a) J-V curves and b) EQE spectra of PM6/PY-IT based LbLL. APSCs with or without F-Pt

incorporation and AEQE between the control cells and the optimized cells.
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Table 2. Parameters of PM6/PY-IT based LbL devices.

F-Pt content Jsc Cal. Js¢ Voc FF PCE (Ave. £Dev.) Rg Rgy
[wt%o] [mA-cm?] [mA-cm?] [V] [%] [%] [Q-cm?] [Q-cm?]

0 22.95 21.82 0.95 72.75 15.86 (15.74+0.10) 2.85 906

0.1 23.78 22.60 0.95 73.78 16.66 (16.55+0.09) 2.69 1078
0.2 24.42 23.74 0.95 73.87 17.14 (16.96+0.15) 2.58 1135

0.5 24.24 23.17 0.95 71.83 16.54 (16.34+0.17) 3.15 1024
0.22 21.49 -- 0.95 70.64 14.42 (14.28+0.14) 3.42 853

a) 0.2 wt% F-Pt was incorporated in donor layer.

To clarify the underlying reason of increased EQE values, PL spectra of neat PM6 and PY-IT
films, blend PM6:F-Pt and PY-IT:F-Pt films were measured under 375 nm light excitation, as shown
in Figure 3a. The PL emission intensity of PM6 and PY-IT can be increased in the blend films with
0.5 wt% F-Pt incorporation, resulting from the energy transfer from F-Pt to PM6 or PY-IT. The
increased PL emission intensity of PM6 and PY-IT indicates that more excitons will be
photogenerated in PM6 and PY-IT in the blend films, which should be conducive to generate more
charge carrier after exciton dissociation. To further confirm the energy transfer from F-Pt to PY-IT,
the time resolved PL spectra (TRPL) of neat F-Pt and PY-IT:F-Pt films were measured under 375
nm light excitation and probing the 630 nm emission from PY-IT, as exhibited in Figure 3b. The
lifetime of PL emission of F-Pt can be markedly decreased from 33.9 ns to 1.12 ns by incorporating
F-Pt into PY-IT, indicating that PL emission of F-Pt can be quenched through energy transfer from
F-Pt to PY-IT. The TRPL spectra of neat PM6 film, blend PM6:F-Pt film, LbL. PM6/PY-IT and
PM6/PY-IT:F-Pt films were measured under 500 nm light excitation and probing 690 nm emission
from PM6, as exhibited in Figure 3c. The PL emission lifetime of PM6 is increased from 65 ps to
134 ps for the PM6/PY-IT layer by incorporating F-Pt into PY-IT layer. Meanwhile, the PL emission
lifetime of PM6 is increased from 220 ps to 265 ps by incorporating F-Pt into PM6 layer. The
prolonged PL emission lifetime of PM6 should be attributed to the energy transfer from F-Pt to
PM6. The similar phenomenon is also observed from the TRPL spectra of PY-IT and PM6/PY-IT
films by probing 830 nm emission of PY-IT under 700 nm light excitation, as displayed in Figure
3d. The PL emission lifetime of PY-IT is increased from 644 ps to 1034 ps by incorporating 0.2
wt% F-Pt into PY-IT layer. Meanwhile, the PL emission lifetime of PY-IT is increased from 381 ps
to 484 ps for the PM6/PY-IT films by incorporating F-Pt into PY-IT layer. It is well known that the
increased lifetime of excitons on PM6 and PY-IT should be conducive to enhance exciton diffuse

distance, more excitons will be dissociated into charge carriers at the interface between PM6 and

ACS Paragon Plus Environment

Page 6 of 22



Page 7 of 22 ACS Materials Letters

1
2
3
4 PY-IT.40-41
5 (@[ PM6  “Pump @375nm (d)1.0f ——F-pt 339ns
6 _CF— owt% - PY-IT +0.2 wt% F-Pt 1.12ns
7 e
& - &
8 > [—v— Owt"/: o6}
B3 05 Wt ‘® o8 Pump @ 375 nm
9 < c
10 2,1 S04 Probe @ 630 nm
£ £ )
11 d 1 10 d 021 N\M
12 0 Lcsssnes m 0.0f ) <
13 60OWaveI7(g|(')1gth (r??r(l)) %000 Ij?ecay times (ns)1 2
14 (ch.o PM6 (dh.o PYAT
15 - ——Owt%F-Pt 220ps | _ || ——Owt%F-Pt 644 ps
16 So8 | 0.2wt% F-Pt 265ps | 308\ 0.2 wt% F-Pt 1034 ps
8 PM6/PY-IT 8 \ PM6/PY-IT
17 206 ——O0wt%F-Pt  65ps | >gg|| ——O0wt%F-Pt  381ps
1 8 g —o—0.2 wt% F-Pt 134 ps 5 \ ——0.2 wt% F-Pt 484 ps
=
19 g 04 Pump @ 500 nm g 04 \\ Pump @ 700 nm
= Probe @ 690 nm = Probe @ 830 nm
20 i 0.2 d 0.2 S
21 0.0 e R 0.0 . : .
22 00 02 _04 06 08 10 00 05 10 15 20
Decay times (ns) Decay times (ns)
23
24 Figure 3. a) The PL spectra of PM6 and PY-IT films with or without F-Pt under 375 nm light
25
26 excitation. b) TRPL spectra of neat F-Pt and PY-IT:F-Pt films. ¢) TRPL spectra of PM6, PM6:F-Pt,
27
28 PM6/PY-IT and PM6/PY-IT:F-Pt films. d) The TRPL spectra of PY-IT, PY-IT:F-Pt, PM6/PY-IT
29
30 and PM6/PY-IT:F-Pt films.
31 (a)**'[pme ; (b)°' [pPm6 + 0.2 wt% F-Pt | (Ac)m . PMS 121 ps
gg y Pump@ 400 rini B ,3, B . Pu @ 400"'" | M ;:’M < PM6+0.2wt%F-Pt 471ps
34 ; ; 0.01 / ——0.1ps g 0.6
35 & oot L :?5 ps [ B i Pump @ 400 nm
36 b S . % 04 Probe @ 620 nm
002 10 ps
37 iee | Eoa
38 -0.03 =z
-0.03 500 00 700 500 00 700 05 ) m ) m 100
39 Wavelength (nm) Wavelength (nm) Time (ps)
40 (d)g o, [Py YT+ 02 Wit F-P Orof oyt 217 ps
41 Pump @ 400 nm .02 )Pump @ 400 nm 5 © PY-IT +0.2 wt% F-Pt 829 ps
42 0.01 Gos
=000k - = > 0.00 ks 5&" ] g
43 i w : ——0.1ps T
44 -0.01 | ! —05ps ﬁ Pump @ 400 nm
—1ps = Probe @ 878 nm
45 0.02 I ——3ps g
46 0.03 =T i :gop:s S e
47 1ns z 5o o]
-0.04L— . b s . . -0.06 L— . - v L 0.0 . . . .
48 500 600 700 900 1000 1100 1200 500 600 700 900 1000 1100 1200 [] 20 40 60 80 100
49 Wavelength (nm) Wavelength (nm) Time (ps)
50 Figure 4. The TA spectra of a) neat PM6, b) PM6:F-Pt, ¢) neat PY-IT, and d) PY-IT:F-Pt. The
g p
51
[¥) decay curve of €) PM6 and PM6:F-Pt films at 620 nm, f) PY-IT and PY-IT:F-Pt films at 878 nm.
53
54 To further confirm the energy transfer from F-Pt to PM6 and PY-IT, the transient absorption
55
56 (TA) spectra of PM6, PM6:F-Pt, PY-IT as well as PY-IT:F-Pt films were measured under 400 nm
57
58 light excitation and shown in Figure 4. TA spectra consist of two main features: negative signature
59 C . .. - .
60 originating from ground state bleac and stimulated emission , and positive signature
ting fi d state bleach (GSB) and stimulated SE d t t

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Materials Letters

originating from excited state absorption (ESA).#> The TA spectra of neat PM6 and PM6:F-Pt films
show an obvious GSB peak at about 620 nm, which can reflect the excited state decay dynamics of
PM6. The decay dynamics of the GSB peak at 620 nm is fitted and shown in Figure 4¢. The decay
time constant of GSB peak of PM6 is increased from 121 ps to 471 ps, which should be caused by
energy transfer from F-Pt to PM6. A similar phenomenon can be observed in the TA spectra of PY-
IT and PY-IT:F-Pt films. The ESA peak of PY-IT at 878 nm is fitted, as exhibited in Figure 4f. The
decay time constant of ESA peak of PY-IT is increased from 217 ps to 819 ps by incorporating 0.2
wt% F-Pt. The energy transfer from F-Pt to PM6 and PY-IT can be further confirmed from the
decreased decay time constant of GSB peak of PM6 and increased decay time constant of ESA peak
of PY-IT by incorporating F-Pt.

increased exciton diffuse distance by incorporating F-Pt in PY-IT layers, J-V curves of APSCs
with the same thickness of PM6 layer were measured by producing PY-IT or PY-IT:F-Pt with
graded spin-coating speed, as exhibited in Figure S1. The normalized PCEs and FFs of APSCs with
different thick acceptor layers are displayed in Figure 5. It is apparent that the PCEs and FFs of
APSCs with F-Pt incorporating are larger than those of APSCs without F-Pt, which should be due
to the prolonged exciton diffuse distance by incorporating F-Pt in PY-IT layers. Meanwhile, APSCs
with F-Pt incorporation show a relatively slow decreasing trend of PCE and FF with acceptor layer
thickness increasing.

To confirm the increased exciton diffuse distance by incorporating F-Pt in PY-IT layers, J-V
curves of APSCs with the same thickness of PM6 layer were measured by producing PY-IT or PY-
IT:F-Pt with graded spin-coating speed, as exhibited in Figure S1. The normalized PCEs and FFs
of APSCs with different thick acceptor layers are displayed in Figure 5. It is apparent that the PCEs
and FFs of APSCs with F-Pt incorporating are larger than those of APSCs without F-Pt, which
should be due to the prolonged exciton diffuse distance by incorporating F-Pt in PY-IT layers.
Meanwhile, APSCs with F-Pt incorporation show a relatively slow decreasing trend of PCE and FF

with acceptor layer thickness increasing.

ACS Paragon Plus Environment

Page 8 of 22



Page 9 of 22

oNOYTULT D WN =

ACS Materials Letters

(a)1.00 —@— without F-Pt (b)1.00 —@— without F-Pt
Q —@— with 0.2 wt% F-Pt | — —@— with 0.2 wt% F-Pt
< X
=
(u; 0.95} o
o [T
k-]
k-] 0.95
g 0.00f S with
= 3000 14.84 16.48 © 3000 69.21 70.87
£ 2500 14.33 16.16 g 2500| 68.04 70.07
< 0.85F o000 13.79 15.86 o 2000( 66.63 69.41
S 1500| 1333 15.61 3 1500| 65.36 68.83
1000 1259 14.99 090 1000| 64.35 67.32
0.80 I " " " " " 1 " " "
3000 2500 2000 1500 1000 3000 2500 2000 1500 1000
Spin-coating speed (rpm) Spin-coating speed (rpm)

Figure 5. LbL all-PSCs with the same thickness of PM6 and different thick PY-IT layers: a)
normalized PCEs and b) normalized FFs dependence on spin-coating speed of PY-IT layers.

The photocurrent density (J,;) as a function of the effective voltage (V) curves were
investigated and are displayed in Figure 6a. The J,;, is defined as: Jp, = J;, — Jp, where J; is current
density under AM 1.5G simulated solar with 100 mW-cm light intensity and Jj, is current density
in dark conditions. The V.4 is defined as: Vorr = Voc — Vgpp, where V,,, is the bias voltage. J,;, has
three key nodes called saturation photocurrent density (Ji,), short-circuit photocurrent density (J,;,")
and maximum output current density (J,;,%). The exciton dissociation efficiency (#p) and the charge
collection efficiency (5¢) can be evaluated according to the equations: Np = Jpn/Jsqc and ¢ = J g‘h/
Jsat, respectively. >4 As listed in Table S2, for the LbL. APSCs with 0.2 wt% F-Pt incorporation,
the #p value is increased from 94.49% to 95.11% and the #¢ value is increased from 83.48% to
85.05%, indicating that the exciton dissociation and charge extraction efficiency of all-PSC can be

slightly increased by incorporating appropriate F-Pt in PY-IT layers.
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Figure 6. a) J,;—V .y curves of PM6/PY-IT based LbL devices. b) Jsc—Pjign and Voc—Pigi: curves of
PM6/PY-IT based LbL devices.

The J-V curves of APSCs were measured under different light intensity to investigate the effect
of F-Pt on the recombination dynamic process in the LbL active layers, as displayed in Figure S2.
The Jsc- Pjigie and Voc-Piign curves of LbL APSCs are displayed in Figure 6b. The bimolecular
recombination in the active layer can be evaluated by the dependence of Jsc values on Pjg

expressed as:
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Jsc % Plight
The fitting parameter (n) reflects the bimolecular recombination degree in the LbL active layers, the
bimolecular recombination can be efficiently suppressed when n is close to 1.'% 4647 The n value
arrives to 0.977 when the F-Pt incorporating ratio is 0.2 wt% in PY-IT layer, indicated the
bimolecular recombination can be efficiently suppressed by incorporating appropriate F-Pt. The
dependence of V¢ values on Py, can be expressed as:

Voc x s(KT/q@)In (Pignt)

where K, T and ¢ represent the Boltzmann constant, absolute temperature and elementary charge,
respectively.*® The fitting parameter (s) reflects the Shockley-Read-Hall recombination degree in
the LbL active layers. When s value approaches 1, indicating the decreased Shockley-Read-Hall
recombination degree.* It is apparent that bimolecular recombination and Shockley-Read-Hall
recombination can be simultaneously decreased by incorporating 0.2 wt% F-Pt in PY-IT layer,
resulting in the relatively large FF of 73.87%.

The electrochemical impedance spectroscopy (EIS) measurements were carried out to gain
more insight on charge dynamic process in LbL. APSCs. The Nyquist plots of LbL. APSCs are
displayed in Figure 7a and the fitting parameters are listed in Table S3. Rcr is associated with
charge transfer resistance, Rpg represents parasitic series resistance.’%->2 The nonideal behaviors of
capacitor is described by constant phase element (CPE), and the value CPEp reflect the degree of

interface defect.53-5° The time constant (z) is related to charge transfer, which can be expressed by:

T = Rcp X CPE7.17-50 The APSCs incorporating 0.2 wt% F-Pt exhibits the lowest Rc7 of 34.5 Q and

Rosof 29.6 Q, indicating the most efficient charge transport in LbL. PM6/PY-IT:F-Pt layers. The

CPEp values of APSCs increased from 0.965 to 0.978 with F-Pt content in PY-IT layer up to 0.2
wt%, and then decreased to 0.948 with more F-Pt. The closest to 1 of CPEp for the optimal APSCs
suggests fewer defects at the interface due to the appropriate F-Pt incorporation in PY-IT layer. The
APSCs with 0.2 wt% F-Pt shows the lowest 7 value of 258 ns, which signifies inhibited charge
recombination in the active layer. The transient photovoltage (TPV) curves of APSCs were
measured under open-circuit conditions to further explore charge recombination degree in the active

layer, as displayed in Figure 7b. The 7, value of LbL devices is raised from 14.86 us to 27.81 us

by doping 0.2 wt% of F-Pt, which means a lower carrier recombination caused by F-Pt incorporating.
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56-58 Transient photocurrent (TPC) decay curves of APSCs were measured under short-circuit
conditions, as displayed in Figure 7¢. 7., shown in the figure is charge extraction time constant,
which is fitted by TPC curve.>-%3 The lowest z,,, of 0.23 ps in the LbL all-PSC with 0.2 wt% F-Pt
means the most efficient charge collection, as confirmed from the relatively high FF of 78.87%. The
experimental results of TPV, TPC and EIS show that the decreased recombination degree and more
efficient charge collection can be simultaneously achieved from all-PSC with 0.2 wt% F-Pt

incorporation, leading to the Jsc, FF and PCE improvement.

(@) [F-Ptcontent . L3 (b)1.0 F-Pt content Tyno(1S)
B 0wt% T - owt% 14.86
151 ® 0.1 wt% - 3

o
)

2 0.1 wt% 21.40
0.2 wt%
v 0.5wt%

0.2wt% 27.81

HHH

s
c S o6} 0.5 wt%
N 10 S
]
_? Qo4
8
5} 9]
202t
o
0 0'0- i i " "
40 50 60 70 80 0 20 40 60 80
Rez (Q) Time (us)
(c).o F-Pt content  Tey (1S) @ E-Pt content 1 (cm>V7'-s™)
- —— O0wt% 0.288 [ 2.5 —e— Owt% 8.60x10°
go_s —— 01wit% 0.242 g ——0.1wt% 9.03x10°
& —— 02wt% 0227 | & 20 ——0.2wWt% 9.41x10°
- 0,
< 0.6 —— 05wth 0297 | £ —e—0.5Wt% 6.83x10°
= = 1.5}
304 )
8 ‘.5' 1.0},
9]
202t 9
o =05 el
o Ramp Rate =90 V-ms
0.0} £
R R " T 00 R
0.0 0.5 1.0 1.5 0 2 4 6 8 10 12 14 16
Time (us) Times (us)

Figure 7. LbL APSCs with or without F-Pt incorporation in PY-IT layer: a) Nyquist plots and the
equivalent circuit, the line is fitted curves; b) Transient photovoltage curves; ¢) transient
photocurrent curves; d) Photo-CELIV curves.

The photo-induced charge carrier extraction in linearly increasing voltage (photo-CELIV)
curves of APSCs were measured to further explain the promotion of charge extraction, as shown in
Figure 7d. The calculated p is increased from 8.60x105 cm?-V-''s'! t0 9.41x107 ¢cm? V-!'s! and
then decreased to 6.83x107 cm?-V-!-s! with the increasing of F-Pt content from 0 wt% to 0.5 wt%,
which is consistent with the previous analysis on charge collection efficiency dependence on F-Pt
content. The charge mobility of PM6/PY-IT:F-Pt and PY-IT:F-Pt films were measured by using
space charge limit current (SCLC) method based on the single carrier-only device structures of
ITO/ZnO/Donor/Acceptor/PNDIT-F3N/Ag,  ITO/PEDOT:PSS/Donor/Acceptor/MoOs/Ag  or
ITO/ZnO/Acceptor/Ag.%4%7 The In(Jd?/V?)-(Vid)*> curves of LBL devices and single acceptor

layers based devices are displayed in Figure S3, respectively. The calculated election mobility (i)
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and hole mobility (i) in the corresponding active layers are listed in Table S4. The . in the LbL
active layers can be slightly increased from 4.06x10* cm?-V-1-S! to 7.33x104 cm?-V-!-S-! along
with more F-Pt incorporation in PY-IT layer, the x4, in the LbL active layers is slightly decreased
from 6.37x10* cm?-V-1-S! to 4.26x10* cm?-V-1-S-! along with more F-Pt incorporation in PY-IT
layer. The increased . in the LbL active layers can be further confirmed from the . variation in
PY-IT from 4.42x10-3 cm?- V1S to 6.07x10 cm?-V-1-S-! with the incorporating of F-Pt. The ratio
of up/u. of LbL active layers with PY-IT doped with 0.2 wt% F-Pt is closer to 1, indicating the more
balanced charge transport in the LbL active layer. The more balanced charge transport well explains

the relatively large FF of LbL APSCs with 0.2 wt% F-Pt in PY-IT layer.
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Figure 8. The 2D-GIWAXS patterns of a) PM6, b) PY-IT, ¢) F-Pt, d) PY-IT:F-Pt single films and
e-h) PM6/PY-IT LbL films with or without F-Pt in acceptor layer. i-j) The in-plane (IP, black line)
and out-of-plane (OOP, red line) profiles abstracted from 2D-GIWAXS patterns corresponding
single films and LbL films.

Table 3. The diffraction vector (g) values of diffraction peaks and crystal coherence length (CCL)

values in LbL films.

F-Pt -1 (100)

content q d-spacing FWHM CCL q d-spacing FWHM CCL
[wi%] A [A] [A1]  [A]  [A1] [A] [A1] [A]
0 1.623 3.872 0314 18.02 0.286 21.97 0.0927 61.03
0.1 1.625 3.866 0308 1834  0.299 21.01 0.0799  70.75
0.2 1.626 3.865 0.284 19.89 0301 20.88 0.0796 71.03
0.5 1.643 3.442 0323 17.52  0.302 20.79 0.0739  76.49

ACS Paragon Plus Environment

Page 12 of 22



Page 13 of 22

oNOYTULT D WN =

ACS Materials Letters

Grazing incidence wide-angle scattering (GIWAXS) characterization was carried out to
investigate the effect of F-Pt incorporation on the crystallinity and molecular orientation in films.
The 2D-GIWAXS images and 1D diffraction profiles along in-plane (IP) and out-of-plane (OOP)
directions of neat and LbL films are displayed in Figure 8. The crystal coherence length (CCL) and
d-spacing of m-m stacking of neat films and LbL films are shown in Table S5 and Table 3,
respectively. The PM6 possesses 3D molecular orientation, as evidenced by obvious (100)
diffraction peaks and discernable (010) diffraction peaks in both OOP and IP directions of PM6
films. The OOP (010) and IP (100) diffraction peaks can be synchronously perceived from the
profiles of neat PY-IT films, manifesting the preferred face-on orientation of PY-IT. It should be
highlighted that the neat F-Pt films display multiple strong and narrow diffraction peaks ranging
from 0.60 A-! to 1.85 A-! in OOP and IP direction, indicating the long-range ordered and highly
crystalline molecular packing of F-Pt. The highly crystalline nature of F-Pt may induce it as
crystallinity agent for ameliorating molecular packing of host materials, and similar phenomenon
has been reported in the literature.®- % When incorporating 0.2 wt% F-Pt into PY-IT films, the face-
on orientation of PY-IT is more ordered for effective electron transport in films, which can be well
supported by apparently elevated OOP (010) and IP (100) diffraction intensity of PY-IT:F-Pt films.
The OOP (010) and IP (100) diffraction peaks for PM6/PY-IT films are located at 1.623 A and
0.286 A, which is close to the position of neat PY-IT and PM6 films, manifesting that the n-n
stacking and lamellar stacking in LbL films is largely determined by PY-IT and PM6, respectively.
The d-spacing of n-w stacking in LbL films can be gradually decreased along with the incorporation
of F-Pt, resulting in tighter molecular stacking of PY-IT for effective electron transport, which can
be supported by the gradually redshifted OOP (010) diffraction peak induced by F-Pt. The CCL
values of m-m stacking in LbL films can be increased from 61.03 A to 76.49 A along with the
incorporation of F-Pt, manifesting the higher crystallinity degree of PY-IT caused by F-Pt.
Meanwhile, with the incorporation of F-Pt, the characteristic signal at 0.40 A originated from
lamellar stacking of PY-IT is gradually distinguishable in LbL films together with more intense n-
© stacking intensity, indicating the formation of more ordered face-on orientation of PY-IT induced
by F-Pt. The more ordered face-on orientation and increased crystallinity degree of PY-IT should
be conductive to electron transport along the normal direction of substrate, which well accords with

the u, improvement of LbL films by incorporating F-Pt.
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Storage stability of APSCs was investigated for the cells stored in N, filled globe box. The
evolution plots of normalized PCE and normalized FF with storage time are displayed in Figure
S4. The optimal LbL. APSCs retain more than 85% of the initial PCE after 1296 h storage, only
about 81% of initial PCE can be kept for the PM6/PY-IT based APSCs after the same storage time.
Meanwhile, the FFs of optimized LbL. APSCs can be well kept with over 92% of initial value after
1296 h storage. The storage stability of LbL. APSCs can be improved by incorporating appropriate

F-Pt as additive in acceptor layer.
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Figure 9. a) Chemical structures of PBQx-TCI and PY-DT. b) Absorption spectra of PBQx-TCl,
PY-DT, F-Pt films and normalized PL spectrum of F-Pt. ¢) /- curves and d) EQE spectra of PBQx-

TCI/PY-DT based LbL. APSCs with or without F-Pt incorporation and AEQE between the control

cells and the optimized cells.

Table 4. Parameters of PBQx-TCI/PY-DT based LbL. APSCs.

F-Pt content Jsc Cal. Jy¢ Voc FF PCE (Ave. £Dev.) Rg Rgy
[wt%] [mA-cm?] [mA-cm?] [V] [%] [%] [Q-cm?] [Q-cm?]

0 24.53 23.37 0.96 74.68 17.57 (17.39+0.15) 3.28 887

0.1 24.62 23.65 0.96 75.19 17.84 (17.72+0.10) 2.83 1057
0.2 24.79 23.76 0.96 76.53 18.29 (18.14+0.11) 2.81 1091
0.5 24.04 2291 0.96 75.41 17.41 (17.21+£0.19) 3.05 1049

The efficient donor Poly[9-(5-{4,8-bis[4-chloro-5-(2-ethylhexyl)thiophen-2-yl1]-6-
methylthieno[2',3":4,5]benzo[b]thiophen-2-yl}-4-(2-butyloctyl)thiophen-2-yl)-6-[4-(2-butyloctyl)-
5-methylthiophen-2-yl]dithieno[3,2-f:2',3'-h]quinoxaline] (PBQx-TCI) and acceptor Poly[2-{2-

[(E)-[3,9-bis(2-butyloctyl)-12,13-bis(2-decyltetradecyl)-10-{[(2E)-1-(dicyanomethylidene)-5-(5-
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methylthiophen-2-yl)-3-0x0-2,3-dihydro-1H-inden-2-ylidene Jmethyl}-3a,4b,7b,8a,11a,12,13,13b-
octahydro[1,2,5]thiadiazolo[4,3-e]thieno[2',3":4,5]thieno[3,2-b]thieno[2",3":4',5']thieno[2',3":4,5]
pyrrolo[3,2-glindol-2-ylJmethylidene]-5-methyl-3-0x0-2,3-dihydro-1H-indenylidene}
propanedinitrile] (PY-DT) were selected to verify the universality of F-Pt incorporation on the PCE
improvement. The chemical structures of PBQx-TCIl and PY-DT are displayed in Figure 9a. The
absorption spectra of PBQx-TCI, PY-DT, F-Pt films and normalized PL spectrum of F-Pt films are
shown in Figure 9b. There are two absorption peaks at 535 nm and 570 nm of PBQx-TCI films,
which are less than the PL emission peak at 635 nm of F-Pt films. Although there is some spectral
overlapping between the absorption spectrum of PBQx-TCIl and PL spectrum of F-Pt, the energy
transfer from F-Pt to PBQx-TCI should be insufficient due to the relatively low energy of PL
emission of F-Pt. Meanwhile, the energy transfer from F-Pt to PY-DT should be efficient due to the
large spectral overlapping and relatively large energy of F-Pt emission in comparison with the
energy of PY-DT absorption. The J-V curves of the PBQx-TCI/PY-DT based APSCs were measured
under simulated AM 1.5 G illumination and are shown in Figure 9¢. The corresponding parameters
of LbL APSCs with or without F-Pt incorporation in PY-DT layer are listed in Table 4. After
incorporating 0.2 wt% F-Pt, the PCE increases from 17.57% to 18.29% with elevated Jg¢ (from

24.53 mA-cm 2 to 24.79 mA-cm2) and improved FF (from 74.68% to 76.53%). The EQE values
of the optimized APSCs are significantly increased in the spectral range from 650 nm ~ 800 nm, as

shown in Figure 9d. The increased EQE values in this wavelength range should be attributed to the

energy transfer from F-Pt to PY-DT and the prolonged exciton lifetime of PY-DT. The relatively
low EQE improvement in the spectral range from 500 nm ~ 600 nm can be observed from the AEQE

spectrum, as shown in Figure 9d, which should be attributed to insufficient energy transfer from F-
Pt to PBQx-TCI caused by the relatively low emission energy of F-Pt. The spectral overlapping
between PL spectrum of F-Pt and absorption spectrum of PBQx-TCI is rather small in the
wavelength range of absorption edge of PBQx-TCI. According to the two series of experimental
results on PM6/PY-IT or PBQx-TCI/PY-DT, the performance of LbL APSCs can be efficiently
enhanced by incorporating triplet material with long lifetime. The exciton diffuse distance can be
prolonged through energy transfer process, which should play a vital role in enhancing the exciton

dissociation efficiency, especially in this kind of LbL PSCs. This work indicates that Pt complex
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incorporation should be an efficient strategy for improving the performance of LbL PSCs.
Conclusions

In summary, series of APSCs were fabricated by employing layer-by-layer deposition method
with donors PM6 or PBQx-TCI and the acceptors PY-IT or PY-DT. The triplet materials F-Pt was
incorporated into acceptor layer as energy donor additive, which can transfer its energy to donors
or acceptors. Such energy transfer can be confirmed from the corresponding PL spectra and TRPL
spectra of neat, blend and LbL films. Additionally, it is found that the incorporation of F-Pt into the
PY-IT layer can improve the m—m stacking of acceptor molecules and increasing the electron
mobility of PY-IT layer. A champion PCE of 17.14% was achieved in LbL APSCs with PM6/PY-
IT:F-Pt as active layer benefiting from the enhanced Jgc 0f 24.42 mA-cm2 and FF of 73.87%, which
is higher than 15.86% PCE of PM6/PY-IT APSCs. For the PBQx-TCI/PY-DT based LbL APSCs,
a high PCE-of 18.29% was achieved when 0.2 wt% F-Pt is introduced into PY-DT layer. This work
provides an effective way to enhance the performance of LbL APSCs by incorporating Pt complex
through improving the exciton utilization efficiency.
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