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Abstra

The s n-fullerene acceptor (NFA) solar cells lies in their unique physical properties

M

beyond the extended absorption and suitable energy levels. The current study investigates the

I

morpholo oto physical behavior of PM6 donor blending with ITIC, 4TIC, and 6TIC acceptors.

Single crysta shows that the pi-pi stacking and side-chain interaction dictate molecular

assembly, an be carried to blended films, forming a multi-length-scale morphology.

N

Sponta generation is seen in ITIC, 4TIC and 6TIC neat films and their blended thin films

using PBDB- r, providing a new avenue of zero energy loss carrier formation. The molecular

UL

packing as with specific contacts and geometry is key in influencing the photo physics, as

demonst y the charge transfer and carrier lifetime results. We see the 2D layer of 6TIC that

A

This article is protected by copyright. All rights reserved.

2

35LI90| 7 SUOWILLIOD SAISID) 3|gedldde a4y Aq peusenoh ae Sajo1e YO ‘8sN Jo SN J0J AelqiT auljuO ASJIA UO (SUOIPUOI-PUR-SWLB)W0D A3 | 1M AleIq 1 U1 UO//:SANY) SUOIIPUOD PUe SIS | 8U} 39S *[€202/80/TE] UO ARIqITAUIIUO AS|IA ‘UOIIRWLIOJU| [ED1ULDS L PUY D1NUSIS JO 3110 AQ 2TE80TZ0Z eWPe/Z00T OT/10p/Wwod" A8 | Arelq 1jputjuo;/sdiy wouy papeojumoq ‘9T ‘2202 ‘S60vTZST



WILEY-VCH

facilitates the exciton to polaron conversion and obtains the largest photo-generated polaron yield.

The new mechanism in together with the highly efficient blending region carrier generation prospect

t

the funda advantage for NFA solar cells, from molecular assembly to thin film morphology.

[ |
1. Introdudgion

The nonffullerefe acceptor (NFA) bulk heterojunction (BHJ) organic photovoltaics (OPVs) display

G

visible-NIR ligh orption and low energy loss that deliver high open circuit voltage (Voc) and short

circuit curr

S

(U in solar cell devices.'*? An ideal BHJ thin film requires a bicontinuous network

morphology of tefis of nanometers domain size to ensure efficient exciton splitting and charge

G

3]

transport,' to improved fill factor (FF). The crystallization of NFA molecule and conjugated

[4,5]

I

polymer in plays an important role in determining the thin film morphology, ™ where the

pi-pi stackiflg i sidered as the primary driving force." This process results in crystallites buried in

d

donor- ture,"”? which significantly influences the optoelectronic process in OPV.

NFA ules crystallize through backbone and side-chain interactions. The classic fused ring

M

NFAs arouses great interest currently,” whose single crystal is taken as a platform to investigate the

I

specific in lar interactions that govern the crystallization. NFA molecules are much larger

compared ofventional organic semiconductors such as pentacene or its soluble analogues,

which lead re complicated conformers and interactions in solid-states to achieve a tight

H

packin blends, the mixing with donor polymer strongly affects the structure order of

t

L

NFAs, usu result in a multi-length-scale morphology with diversified carrier dynamics and charge
transfer ch ics. An important step in understanding the influence of the crystalline packing

on the o onic properties is to translate the NFA single crystal structure into thin film blends

A
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to find the key structure features that dictate the exciton and carrier behaviors. In this sense, a
detailed investigation on neat and blended thin film morphology is critical. Beyond that, powerful
tools su#ansient absorption (TA) spectroscopy are necessary, which help to capture the
transient s s excitons, polarons and charge transfer (CT) states, and their kinetics under
different. iw)gy framework is vital to support the discourse of the structure-property
reIationship:wh:' h are believed to be the intrinsic factors to dictate the performance of OPV

devices.

In this vmonducted a systematic research on understanding the NFA morphology in single
crystals an@s, and its influences on the optoelectronic process and device performance. It is
concluded packing motif in single crystals is dictated by the volume ratio of the backbone
to the side e energy constitution of the side-chain and the backbone that form the crystal.
ential molecular packing in single crystals is preserved in neat and blended thin

films wi i ion disorder that subjects to processing conditions of non-equilibrium film
formation na Structure models regarding the ordering preferences are built to show the

ordering process in NFA thin films. It is observed that NFA crystallites in blends undergo fast and

spontaneos carrier generation with moderate polaron yields, which works in parallel with the

convention n to charge separation (CS) mechanism, providing a new route to understand
high efficie ices. Such property can be managed by molecule packing and electronic structure.
EIectrqum‘escence (EL) and energy loss investigations reveal that the crystalline packing in low

dimensi“ayer of 6TIC) induced by polymer disturbance can increase CT state energy and

reduce recomEm5;’on and the distribution of CT emission, which, in couple with NFA molecule

energy levels, Sffsts that extending the long wavelength absorption and keeping a high CT state
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energy towards singlet exciton energy is a promising approach to reduce energy loss and to improve

device performances.

{

2. Results ssions

2.1. Moﬁecular Packing in Single Crystals

Moleculgspi tals are held together by attractive and repulsive forces induced by the field of

surrounding moledliles, and the molecular packing are guided by the principle of maximizing density,

€

minimizing dge ume and packing energy."” Multiple packing motives are seen in selected NFAs

S

of a similar BackBone structure with slight changes of contour length (Fig. S1), which can be used to

investigate the igfluence of the pi-pi stacking and the side-chain interaction on the crystal

t]

1

structure.| e features lead to different crystalline structures and dictate the optoelectronic

1]

properties 0 s. Figure 1 shows the backbone-packing motives of ITIC, 4TIC, and 6TIC. ITIC

molecules g @ crystal that take an “end-to-end” packing (Fig. 1a) with two different sets of

d

confor , the carbon atoms in the backbones are marked in blue and yellow) to form a

“2D brick ructure™ (Fig. 1b). The blue conformer penetrates into the yellow conformers to

W

form the close pi-pi stacking, which gives transfer integral of 3.72 and 0.77 meV at different sites. A

[

close inters stance of 3.37 A is recorded. Thus, the pi-pi stacking confines ITIC molecules to

form 2D tn @ pathways. By taking the a-axis perspective, the “2D brickwork” layers assemble

into lamellae structure via the side-chain interactions (Fig. 1c). A zigzag molecular twisting is seen in

1

the “2 = that creates orthorhombic voids to host side-chains volume. The 4TIC molecules

{

that are rter in backbone length (27.6 A for ITIC and 25.1 A for 4TIC, Fig. S2, S6) pack in 3D

web structure viajthe end group pi-pi stacking. Two sets of conformers are seen in 4TIC crystal,

B

which constr sets of linear stackings with transfer integral of 21.82 meV and 32.86 meV (Fig.

A
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1d), respectively. Then, the two linear stackings overlay with a 50° twisting (Fig. 1e) through the end
group stacking to form a tight 3D web structure (X-assembly in the basic form) with smaller rhombic

voids (Fig. e 6TIC molecules fall out of the X-assembly packing motif due to the longer contour

length (28. in Fig. S9) and organize in a hierarchical manner. The 6TIC molecules in crystal
show four GITTerent sets of conformers. On the first hierarchy level, zigzag assembly is formed with
three conformers, They assemble with larger twisting angles (~ 137°) to reduce intermolecular voids

Qnd form linear extended primitive structure (Fig. 1g). Transfer integrals of 14.01

to pack in

meV and 69.56/m@aV are obtained at different zigzag contacts, and a high transport property is thus

$

expected. itive linear zigzag assemblies then interact with adjacent ones in parallel via

U

hydrogen to form a secondary level 2D assembly (Fig. 1h). Then the yellow conformers find

concaves ikbetween the 2D assembles (space in-between the hydrogen bonded layers) and pack

i)

with blue c rs via pi-pi stacking with a 44.63 meV transfer integral to form a 3D structure (the

d

third hierarchy I, Fig. 1i). It is seen from the ac plane that the blue conformers are even slightly

bended to such a complicated structure (Fig. 1j), which can be the results of the strong pi-pi

\

stackin e commented that NFA crystals are usually 3D, and that by forming more pi-pi

stacking to reduce system energy, NFA molecules can find their way to a tight packing structure, as

[

demonstrated in 4TIC and 6TIC. However, they do not always display 3D transport capabilities. In the

current cas @

4TIC and ¢ ofitain in 3D transport channels. Therefore, the carrier mobility would primarily

dependon W al habit.

C “2D brickwork” crystals can be in low transport across the lamellaes, and the

th

The detailed cOmformers and crystalline packing information are organized in Fig. S2-S12, where

U

the structures in different perspectives can be seen. The pi-pi stacking and the side-chain interaction

A
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are the two major intermolecular interactions that extend the crystal periodicity. Energy landscape
calculations are employed to estimate the packing nature of the selected NFAs, in which the surface
area of molecular conformers, the volume of molecular conformers, crystal density, crystal packing

coefficient

pi

ing energy density of the crystal supercell are considered (Table 1, the

caIcuIatE)n etail have been introduced in Table S1-S2). It is seen that 4TIC with a short backbone

£

length shows a erowded side-chain interaction in both space and energy. A ratio of the side-chain

C

volume to bone volume (Vsige-chian/Vbackbone) Of 1.146 is obtained. 4TIC yields a crystal density

of 1.197 gf€miya Bhcking energy density of -0.220 kJ/(mol-A%), and a crystal packing coefficient (Cy)

S

of 0.640. T of Cy is similar to simple aromatic molecules such as pentacene,“sl and the side-

U

chain of 4 d adopt a tight self-assembled conformation to reduce volume to support the

tight moleQular packing induced by pi-pi interactions, which retards the molecules to form the

)

conventio ngbone” packing.™ The ITIC molecule has a moderate steric interaction with a

d

Viide-chian/ Viachhond®8¥ 1.059, and the packing energy density is less pronounced (-0.213 kJ/(mol-A%). A

crystal den .085 g/cm?® and a crystal packing coefficient of 0.570 are recorded, which result

Y

from th bic voids between “2D brickwork”. Such a packing motif is similar to conjugated

polymers that side-chain interaction plays an important role to form the lamellae ordering (Fig. S5).

O

For 6TIC, the Vechian/Vbackone iS 1.030, and the packing energy density is -0.202 kJ/(moI-A3). The
side-chain m i interactions induce 6TIC zigzag assembly, which tied by hydrogen bonds to
» And ancillary molecules (the 6TIC blue and yellow conformers) are needed to

assembly

induce the strycture. A crystal density of 1.016 g/cm® and a crystal packing coefficient of 0.535

th

are record are the smallest in the family. The lower crystal density of the selected NFAs,

le aromatic chemicals, indicates that the balance between side-chain interaction

U

compared

A
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and pi-pi stacking dictates the molecular packing motif. And judging from the packing energy

density, the side-chains could adopt varied geometries to provide cohesive forces. Molecules could

adjust theil etry by bending or twisting to increase the packing density and reduce the total
energy, as he ITIC wavy lamellae assembly, the 6TIC primitive zigzag assembly and the

higher Ordered Tamella assemblies. The effect of packing on the electronic properties of NFA

molecules should be studied from global calculations from different packing directions, and can be

simply exa specific transfer integrals.™*®!

5

2.2.ThinF hology Characterization

Crystalline morghology in thin film is an indicative factor that affects carrier transport. The single

u

crystal str be used as a good start to understand the crystalline order by analyzing the key

n

molecular . However, it should be noted that the non-equilibrium film formation process
and the crysta @ orientation issues can make this task difficult. NFA molecular packing in thin film
is exa zing incidence wide-angle x-ray scattering (GIWAXS). The basic principle in

analysis is major packing motif should be adopted in thin film due to the energetic

M

advantage. We identify the crystals’ orientation in thin film through the GIWAXS pattern simulation

(Fig. S14). With the crystal’s orientation, the simulation results can help us to label the crystal planes

F

on the m action spots of the 2D GIWAXS patterns from experiment. 1,8-diodoctane

&

(DIO)™*"# s as the additive to manipulate film formation and changed the morphology. It is

3

seen that DIO improves the ordering of NFA molecules, showing stronger GIWAXS diffraction

1

signals, ates from a slower drying or solvent vapor annealing for deposited thin films.

The crystal planes®f NFAs and the structure information of neat films present in the section 2.2, 2.3

Ul

of the Supporti formation. In ITIC as cast thin film, a broad pi-pi scattering halo is seen at 1.66 A"

A
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! summarizing the close intermolecular co-facial distances (Figure 2a). The occurrence of the (011)

and (01-1) planes in the out-of-plane (OOP) and in-plane (IP) directions suggests a tilted face-on

t

P

molecular Orientation in crystallites. The appearance of the (002) plane in the as cast thin film
indicates t w ITIC conformers take the initiative drive to order (ITIC as cast image in Fig.

2c). Wh%n IS used, the appearance of the (-133) and (020) planes (Fig. 2b) indicates improved

1

ordering thrgugh, the blue conformer reorganization, during which the pi-pi stacking is enhanced

C

(ITIC+ 1% e in Fig. 2c). 4TIC shows different crystallization behaviors in the thin films. In the

as cast thinlfilg, weak crystalline diffraction spots are seen, and the ordered molecules adopt tilted

S

face-on ori on the (01-1) plane (Fig. 2d). DIO processing that induces longer crystal growth

U

time leads gly enhanced crystallization where much sharper and stronger diffraction spots

are seen ( 2e). The strengthening of the (1-10), (10-2), (2-3-3), (3-2-3) and (3-3-2) planes and the

[

appearanc critical (10-1) plane lead to the enhanced close intermolecular packing. These

l

results indicate the cooperative ordering of the yellow and blue conformers by the pi-pi stacking

reorganiza he major drive to form the 3D web structure (Fig. 2f, Fig. 1f), which also indicate

Y

that th drying time with the presence of DIO additive is critical to induce crystal growth,

even though 4TIC packs tight and has a lower packing energy. 6TIC in as cast thin film shows slightly

I

distorted lattice parameters as carefully compared the thin film diffraction with the single crystal

diffraction @ dn pattern. In the as cast thin film, the (02-2) plane appears, which indicates the

formation drogen bond induced 2D layer. The appearance of the (110) plane indicates the

n

L

formation 2igzag 1D channel. The (1-20) plane correlates with the ordering of pi-pi stacking

formed by w and blue conformers. The slightly lower peak position of (1-20) plane indicates

U

that the di -between the 2D layers is larger compared with that in single crystal. In DIO

A
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processed thin film, the appearance of (11-1) plane and the higher peak position of the (1-20) plane
indicates that the 3D ordering is achieved, which is obtained through the reorganization of the
yellow contr rs via the strong pi-pi stacking to force the adjacent 2D layers to stack closer (Fig.

2i).

H I
We ther!gvestigated the BHJ thin film structure order and morphology. PBDBT is chosen as the

donor polyfaer folewing previous research."® In the GIWAXS patterns of the blended thin films (Fig.

$19), the diffraction patterns of the as cast blended thin films are dominated by the PBDBT

I, which is because the rigid polymer chains are easier to precipitate out from
solution and enjofa longer crystallization. DIO additive improves the ordering of NFA as well as

PBDBT by tg the thin film drying to induce NFA crystallization in BHJ mixture, which induces

dual cryst in BHJ mixture.”” The nucleation and growth of NFAs are not solely surface

directed, sduced orientation order of NFA crystallites, leaving 6TIC as an exception. In DIO

ded thin film, the strong (02-2) diffraction peak is seen in-plane direction (Figure

d surface nucleation process to form primitive zigzag assemblies (Fig. 1g). The
disappearance of the (11-1) diffraction in 6TIC blends indicates that the molecules adopt a 2D face-
on assembs and cannot form the 3D crystal packing as that seen in the neat thin film (Fig. 2 h-i). This
isduetot chical assembly nature of 6TIC that the 2D zigzag assembly is first formed, which
is separate polymer matrix to lose one directional order. The phase separation in BHJ blends
is studied !the resonant soft x-ray scattering (RSoXS) with results shown in Fig. 3d-f, the center-to-

center Mstance) and the correlation length (§) are summarized in Table S5. In DIO

processed tEm ?5;, ITIC blends show a large center-to-center distance of 151 nm which increases

by about 60 % ci)ared with that in the as cast thin film, and a correlation length of 23.5 nm. Such
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feature is ascribed to the strong ITIC aggregation upon DIO processing. 4TIC and 6TIC are less prone

to aggregate under DIO processing, and thus the center-to-center distances and the correlation

t

lengths ar ar in as cast and DIO processed thin films (Fig. 3 e-f). We ascribe this feature in 4TIC

and 6TIC b confinement of polymer fibrils in dictating the BHJ morphology. In the case of

ITIC blend e ITIC crystallization and agglomeration can break up the fibril network and form

£

larger domaigs (the black region represents the NFA agglomerates in TEM images, Fig. $S20). The NFA

C

crystallites its domain can serve as electron transporting highway and help to improve the

device performiandes (mobility data in Fig. S67, Table 515)***2. The Guinier-Porod method and the

S

correlation ethod fitting of RSoXS profiles[B] are conducted to yield Porod constant (Table

U

S5). The va orod constant elevates under DIO processing. Specifically, it increases from ITIC to

4TIC and 6TIC in blends, indicating sharpened interfaces. The sharpened interfaces indicate a

a

narrower t zone width in phase-separated morphology, which can be beneficial to charge

d

separation rgy loss. These blended thin films are crystallization induced phase separation,

and we e the phase purity calculation to compare the different features for blended thin

W

films. It DIO helps to increase the phase purity of ITIC and 4TIC blend films, and that the

)[24,25]

phase purity of 6TIC blended thin films remains similar upon DIO processing (Fig. S24

[

2.3. Transi rption spectroscopy and charge generation dynamics

G

Photolumi ence (PL) spectra of the neat and blended thin films which are excited by a light

with a wa ngth of 550 nm or 700 nm (the bandgap of PBDB-T is 660 nm, Fig. S60) are conducted

1

to esti io of charge transfer to PL emission. When they are excited at 550 nm, the

L

quenching efficien@y of three series have similar values and trends (Fig. S27). However, when they

Ul

are excited at nm, the quenching efficiency reduces from ITIC to 4TIC, and to 6TIC in as cast

A
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blended thin films (Fig. S25, quenching efficiency is shown in Table S6). DIO processed blended thin
films show lower quenching efficiencies, which is due to the enhanced demixing in BHJ blends

induced b rial crystallization. Femtosecond transient absorption (fs-TA) spectroscopy is used to

Dit

investigate kinetics and carrier generation, in which the excitation is set to NFA moieties

and thd"N 0 PBDBT hole transfer is focused. The exciton and polaron species for different

]

materials argfirst labeled with characteristic spectroscopic features. The TA spectra of the neat films

C

and their si alue decomposition (SVD) analysis are presented in section 3.2 of the Supporting

Informatiofl. M€anWhile the singular’s lifetime fitting present in Fig. S45, S51 and S57, their value are

$

listed in T A spectra of ITIC as cast neat film shows a sharp ESA (excited state absorption)

U

feature of t around 955 nm (Fig. S32a), which decays with a lifetime of 5.09 ps (exciton in

Table S7). The ESA of polaron is seen at 1335 nm, generated within the instrumental resolution along

f

with single ing with a lifetime of 473.62 ps (black line in Figure 4b). In DIO processed ITIC

d

neat film, sifg ecay time is 0.6 ps and the polaron lifetime is 939.7 ps. The quicker decay of

singlet excl the longer lifetime of polaron can be the result of enhanced thin film crystallinity,

Y

which | resting exciton to polaron transitions without the presence of donor-acceptor

interfaces. 4TIC and 6TIC neat thin films show a similar trend to ITIC at different time scales (Table

[

S7). The concurrence of singlets and polarons under photon excitation and the dominance of

polaronic @ at longer time scale in NFA neat thin films indicate a quick and spontaneous

generatio ons and holes that is eventually the results of the direct dissociation of photon

n

generated excitons,in NFA molecules.”*# |n singular value decomposition (SVD) analysis,”” we see

L

that the d citons matches with the rise of polarons, which further confirms such transition

U

(ITIC: Fig. 4TIC: Fig. S35-S36, 6TIC: Fig. S38-S39). This property provides an extra channel of

A
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carrier generation that is free of charge transfer states. In fact, the spontaneous carrier generation
happens in a faster time scale (the polaron appears within 1 ps timescale in the line-cut profiles of
the neaWpectra, as seen from Fig. S32-S33, Fig. S35-S36 and Fig. $38-539) compared with
exciton to eneration process in BHJ blends (the vanishing of the singlet state in the
bIende(Ffilqgslsaout 10 ps, as seen from Fig. S45, Fig. S51 and Fig. S57), and thus would be of

kinetic adv@The polaron yield (PY) is evaluated by calculating np0|amn/nexciton,[3°] where Npolaron

and Neyciton ectively the number of polarons and singlets at the 0 fs delayed signal intensity

normalizerwbsorption cross-section of the NFA molecules (section 3.4 in the Sl). The negative

polaron (egields in NFA neat thin films are around 4.4%-16.6% (Table S8). DIO processing
d

leads to polaron yields, which indicates that the improved thin film crystallinity is

beneficial ! the direct exciton-to-polaron transitions. It has been suggested that the 2D assembly of

6TIC havemtive advantage of acquiring large intramolecular polarization volume (optical

frequency functions)®". Moreover, the intermolecular polarization volume can be directly
correlate egree and structure of the molecular packing,®*? which can be greatly enhanced
for the iaghighly ordered states exhibiting large orbital overlap among molecules in excited

states. Thus, those molecular and crystalline characteristics can be reasonably correlated to the

spontaneous charge generation observed in this research. The interesting characteristic (i.e., the 2D

assembly can ease the columbic binding force in singlet excitons, making NFA blends
different f entional exciton to charge separation process in fullerene acceptor based BH)J
bIends.ﬁcharges could then be stabilized in NFA crystalline domain whose energetic
disorder isﬂ‘” showing a long lifetime during which efficient diffusion and carrier extraction

can be ac

<C

mong all the investigated series, 6TIC polarons show an interesting lifetime
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behavior, with a decay kinetic fitted lifetime of 482 ps and a broad flat region (more than 1000 ps) in
high optical density normalized by excitation laser flux (flat region in Fig. 4f), indicating the existence
of long Iife! olarons. Such feature is ascribed to the unique coupling between charged species

and the 2D ssembly of 6TIC that could best host free carriers.

H I
fs-TA spStra on BHJ thin films are carried out with the exclusive excitation of NFAs to probe the

charge trag8fer an@ carrier dynamics. Photoexcitation at 750 nm in PBDBT:ITIC blends (without DIO)

leads to the quick generation of ITIC singlets and negative polarons (electron belongs to NFA). The

oG

peak assig tgfformation comes from the SVD analysis results of the neat and blended films (Fig.

S32b,c and Fig. S4%b,c) and the fluence-dependence decay kinetics of the blend film (Fig. S42). The

Ul

decay of ITI s (964 nm, a lifetime of 1.6 ps) leads to the hole transfer to PBDBT* (573 nm, a

1

lifetime of nd the additional formation of ITIC polarons (1315 nm, a lifetime of 864.3 ps).

The lifetimg i tion is listed in Table S9 and the fitting results are presented in Fig. S45. Adding

d

DIO in film process leads to quicker singlet decay (0.6 ps) and hole-transfer (0.1 ps). In

addition, a slo ative polaron decaying profile is recorded (a lifetime of 974.7 ps, see blue line in

Fig. 4b). Furthermore, the negative polaron (electron) yield shows a slightly increase with the
addition oslo (ITIC in Fig. 4g, negative PY in Table S12). 4TIC and 6TIC in blends show similar trends
(Fig. 4 c-f, Fi 57, Table S9, Table S12). The negative PY of 6TIC blended thin films at O fs delay
increases to % (without DIO) and to 31.6% (with DIO), which is the highest in the series and it is
doubled c&paring to that in 6TIC neat film (as cast: 13.99%, DIO: 15.98%, Table S12). The positive

poIaronM at O fs delay is obtained by the three processes. First, we measured the cross

section of ho!e p5ron by doping the NFA solution with PBDB-T. Second, the TA spectra profiles at 0

fs delay of the Ef and blended thin films were normalized by their absorption coefficient. Then,
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the TA spectra of the blended thin films minus that of the neat film to afford a clean profile to
estimate the positive polaron generation. Third, dividing the number of holes by the number of
excitonshtain the positive PY (section 3.4 in the Sl). The positive polaron (hole ~ 573 nm)
yields is ar f the negative PYs (Table S12). These results indicate that the D/A interface
mediat&d ;g%ngeneration and the spontaneous polaron formation generates carriers collectively
to contributgto the current. The donor-acceptor mixing leads to lower energy state as seen from the
red shift in

pectrum comparing to that in the neat thin films (Fig. 5 g-i), which helps the NFA

molecules ing region to undergo ultrafast hole-transfer®* to give rise to high polaron yields.

SC

The spont rrier generation is thus believed to take place in crystalline region. A scheme

U

summarizi ptoelectronic process is shown in Fig. 4h, from which the advantages of NFA OPV

can be see

2.4. Photoyol vice characteristics

dll

The device performances are evaluated using conventional device structure and the

results are ized in Table 2. It is seen that the power conversion efficiency (PCE) increases

Vi

from ITIC to 4TIC and to 6TIC, owning to gradually extended absorption (Fig. S60) and thus enhancing

short circui§current (Jsc). DIO processing increases thin film crystallinity and gives rise to improved

]

fill factor ( is in good agreement with the above-discussed morphology and photo physical

&,

process disc above. The open circuit voltage (Voc) in solar cells is dictated by the thin film

P

bandgap aRd the CT state energy (CTE), which is not linearly correlated with the analyzed results

L

followin hod.* The CTE is deduced by the crossover of the CT state absorption and the

CT state emissiongpectra following Marcus theory fitting (Fig. $62-564).“*?. Both the static and

Ul

dynamic disor ibrational) contribute to the line-shape and the reorganization energy (A) of EL

A
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spectra, whose determination needs temperature dependent measurements, which is however
beyond the scope of the current work."® The validity of the electro-optical reciprocity relation
betweerh, and EL (Fig. S65) enable us to validate the line broadening originated from
thermally lecular motion." The dynamic disorder can be tracked by the Huang-Rhys
factor (5, !MO leads to line broadening. The Stokes shift (difference between the PL peak and
the EL peak) ispmainly attributed to the low frequency (intermolecular) reorganization, which
summarize rational disorder.*” In this sense, the reorganization energy obtained from
Marcus fitting/i§ a fombination of disorder and the real reorganization energy. A steady decrease of

CTE from ;TIC and to 6TIC is seen, and the energy gap between the bandgap and CTE

gradually er, which indicates that the driving force decreases linearly (Table 2, A value in

Figure 5 a 1 The crystallization of NFAs in blends, excluding the ITIC blends, slightly improves the

bandgap a es the distribution of CT emission which is proportional to square root of A (A
value in Ta , Eq. 7 in section 4.2.1). We then investigated the energy loss (E,..) of the OPV
devices. T ics and characterization methods are summarized in the section 4.2.2 of the SI. The
non-ra y loss (AVyg) is the major Ei sector that can be manipulated through material

and morpl]lology optimization.””! The 6TIC blends give the lowest AVyg value, and thus result in a
smallest value of the energy loss (AV,,, in Table S13). This result agrees with the E, - CTE trends and

reveals tha @ lying CT states with respective to bandgap is less likely to trap emissive species
but possib e singlet-CT hybridzation.[48'49] EL spectra have been presented in Fig. 5 g-i. ITIC
as cast ﬁﬁm shows an emission peak at 1.580 eV, with a shoulder peak at 1.496 eV. The
emission rﬂc neat film processed with DIO shows 38 meV blueshift, indicating that improved

structure

<C
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redshift to 1.19 eV, due to the formation of the CT state that has a large reorganization energy (Fig.
5g, Table S13, A ~ 0.3 eV). The emission peak in EL spectra of 4TIC neat film processed with DIO
shows 45 meV blueshift compared with that in the as cast neat film. Meanwhile, its blended film
processed @ws 43 meV blueshift compared with that in the as cast blended thin films. No
apparer* Ig?energy shoulder is seen in the EL spectra, which suggests a low CT population or the
phenomenog that the CT emission is shaded by the 4TIC emission (Fig. 5h). In 6TIC neat thin film, the
as cast anucessed neat films show quite similar EL spectra (14 meV blueshift for the DIO
processed wcompared with that in the as cast thin film), indicating that the 2D layer assembly
dictates t onic transitions and that layer-by-layer 3D assembly has a lower energetic
disorder. T ectra in 6TIC blended films are only blue-shifted slightly (25 meV), suggesting that

the CT sta!s is less pronounced in dictating the electronic process (Fig. 5i). The comparison of EL-

EQE saturme yields quantitative information on the non-radiative energy losses (Eq. 15 in
is'Se

the Sl). It at the EL-EQE saturation value of ITIC, 4TIC blended thin films are one order of
magnitude han that in the neat thin films (Fig. S66). Such strong quenching, which is generally
observ lends, originates from the relatively lower oscillator strength of CT states

compared with singlet excitons®®. Surprisingly, the 6TIC blended films show a similar (as cast) or

even higher (DIO processed) EL-EQE saturation value compared with that in the neat films. The

feature is &
from thﬂintermolecular vibration-lattice interactions in 3D lamellae assembly. Thus, the
CT state cqi e oi/ in density and high in energy. In this case, it is more easily to form CT-singlet

hybridizatiﬁanwhile, the carrier injection and transport are less affected by the low energy

o the 2D layer assembly of 6TIC in its blends, which reduces the EL quenching

[52] S

<C
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transient photo-current (TPC) measurement show that 6TIC has the smallest recombination rate

coefficient and the largest electron mobility and charge density (Fig. S67-S68, Table S15).

{

Donor-a close interaction in mixing region is examined by molecular dynamic (MD)
simulation e contact mode of CT state. Models are built by representing PBDB-T repeat
H I

unit with P& and PB segments and representing NFAs with center C and end-group D segments (Fig.

S69). RadidlPdistrfutions are calculated based on segmental distances, with results shown in Fig.

C

570.5% It is seep_that NFA end group (D) has a stronger and closer contact with PBDB-T due to

S

electronic ligg! In ITIC case, it is seen that the NFA center (C) to PBDB-T contact is strong, which

accounts for the g energy CT state in blends. The low CT population in 6TIC blends should also find

Gl

a molecular, ion origin. It is believed that the 2D zigzag assembly in 6TIC literally is a 2D nano

n

sheet with ins protruding outside, which can reduce donor-acceptor backbone interaction

to reduce tion, making such hierarchical molecular assembly be of unique advantages in

a

photov tions.

The iscussed above show the fundamental importance of NFA crystallization in the

M

morphology and optoelectronic processes. The pi-pi stacking and side-chain interaction in
combinati the NFA molecular assembly. The side-chain interaction and the volume ratio of

the backbg e side-chain are important factors that need to be considered in understanding

Qr

molecular The side-chain interaction works with pi-pi stacking to secure the tight packing,

as reve

h

acking transition from a tight X-assembly to a moderate lamellae assembly and

|

to a loose®hierarchical assembly, yielding crystal packing coefficient from 0.640 to 0.535. In a

J

bicontinuous BHJ fletwork morphology, the additive induced NFA crystallization plays an important

role in mo y. The long chain polymer in film preparation is more likely to aggregate and

A
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crystallize to form a fibril network structure.® NFA molecules crystallize in mixing region, resulting
in a multi-length-scale morphology. NFA crystallites can serve as the transport highway and the
carrier gmnes, which lead to less recombination. In mixing region, the NFA packing strength
and the th ic interactions are considered as the guiding parameters that correlate with
donor-a%cegwermixing behaviors, resulting in BHJ blends of different CT state characters and

populations:NF:crystallize in blends can be different from that in neat thin films, but primitive

stable self- should be preserved due to a favorable energy landscape. As seen in 6TIC case,

which showe-level hierarchical assembly, can only retain the primitive zigzag assembly in

blends du;polymer chain isolation of 2D assemblies of 6TIC. The 2D assembly brings in
exciting p sical properties, such as large electron mobility and charge density and higher

saturation glue of the EL-EQE profiles, which contribute to small recombination rate coefficient and

energy los n these observations, we come up with a morphology scheme shown in Figure
6a, where NFA allites in mixing matrix are highlighted. The structural features of NFAs molecular
crystal in er with the unique spectroscopic behaviors, forming singlets and polarons
simulta retaining a long polaron lifetime, change the BHJ thin film working mechanism

fundamentally. Morphology manipulating handles, like additive, enhance NFA crystallization and

increase polaron yield. These results suggest that the mixing region in as cast film can be overloaded

with acceA crystallization precipitates excessive NFAs and leads to more favorable
morphc;ﬂetic-wise, the multi-length-scale morphology displays enhanced transport and
reduced recombination, which help to improve the FF and Jsc of the devices. A fundamental reason
behind is t improved NFA ordering and a more favorable mixing region composition lead to

higher pol and narrowed the distribution of CT emission which lead to the blue-shifted EL

<C
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emission peak. An energy landscape scheme covering important photo physical processes is shown

in Fig. 6b, providing new insights in understanding the photo physical process in NFA solar cells.

{

3. Conclusi

To co.nclude the current work reports the NFA thin film ordering features and double channel

|

carrier gen rocess in NFA solar cells. The spontaneous carrier generation in NFA crystalline

3

region conffibutesfto the Js in devices, and it is free from the CT state mediated charge generation.

C

The molecuylar in of NFA crystallization is proposed, which is coupled with new photo physical

S

process. T hology of the blended thin film is examined, in which the multi-length-scale

nanostructure suit§jthe highly efficient charge generation and carrier transport. It is also noticed that

U

raising the energy close to the singlet state energy is an advantageous action to suppress

I

energy loss: ely low driving forces and efficient devices are obtained, which can be the results

of the hi e cy of exciton to polaron conversion. These results provide new insights to

d

unders ndamental advantages of non-fullerene solar cells, revealing morphology

perspective oto physical properties that are highly correlated with NFA molecular packing, of

\Y

which the development of new materials can reference.
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Figure 1. The single crystal structure of ITIC, 4TIC and 6TIC. (The carbon atoms in the backbones
marked in different colors represent different sets of molecular conformers) (a) ITIC molecular “end-
to-end”Mng; (b) ITIC “2D brickwork” packing; (c) “2D brickwork” layers lamellae packing,
viewing fr pective of a-axis; (d) two sets of 4TIC conformers form the two pi-pi linear
stacking-s, r—sspecwely; (e) the two sets of linear stackings overlay to form the X-assembly; (f) 4TIC
3D web strugcture, viewing from the perspective of a-axis; (g) three sets of 6TIC conformers form the
zigzag asse d extending to 1D channel; (h) the green and light blue conformers in zigzag
assembly f@rnm¥dolible hydrogen bonding, and extending to a 2D layer; (i) the yellow conformers

connect th n bonded 2D layers through pi-pi stacking. (j) 3D structure of 6TIC.

C
(O
=
. -
®,
L
e
-
<

This article is protected by copyright. All rights reserved.

28

8518017 SUOWIWIOD AI81D 3(qeotidde 8y} Aq peusnob ae saolie O ‘8sN JO S9N 10} ALeiq1 8UIIUO 81 UO (SUOIIPUOD-PU-SWISYWI00" A8 | IM A fe.q1 U UO//:SANY) SUORIPUOD PUe SLLB | 8L} 88S *[€202/80/TE] U0 Akiq1TauliuO AB]IM ‘UOITLLIOJU| [EDIUYDS L PUY DNUBIDS JO 8010 Aq TE80TZ0Z BWIPe/Z00T 0T/I0p/W00 A8 1M Akeiq1jeut|uoy/sdily Wo pepeojumod ‘9T ‘220 'S60vT2ST



WILEY-VCH

(a) ITIC as cast (b) ITIC +1% DIO (c) ITIC as cast
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Figure 2. The GIWAXS patterns and crystallization models for the neat thin films. (a-b) the GIWAXS

patterns of{TIC neat thin films processed without and with DIO; (c) the ordering procedure of ITIC

[

without an O; (d-e) the GIWAXS patterns of 4TIC neat thin films processed without and with

O

DIO; (f) the 0 ng procedure of 4TIC without and with DIO; (g-h) the GIWAXS patterns of 6TIC neat

h

thin films pocessed without and with DIO; (i) the ordering procedure of 6TIC without and with DIO.
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Figure 3. Gine—cut profiles and RSoXS profiles of the blended thin films. (a-c) GIWAXS in-
plane (dasm and out-of-plane (solid line) line-cut profiles of ITIC, 4TIC, 6TIC based BHJ thin
films; ( ofiles of ITIC, 4TIC, 6TIC BHJ thin films. € is the correlation length.

M

Author

WILEY-VCH

This article is protected by copyright. All rights reserved.

30

85U90|7 SUOWIWOD SARERID 3|qedl|dde ayy Aq peusenoh aJe 9 fe YO ‘88N JO S3|NJ 104 AriqiT BUIIUO AB|IM UO (SUOHIPUOD-PU-SWIBHW0D A8 | IM AIq U1 UO//:SHNY) SUORIPUOD PUe SWIS | 8U3 39S *[£202/80/TE] UO ARIqITBUIIUO AB|IM ‘UOIRWIOJU| [ED1UYDD L PUY dHILBIOS JO 30110 Aq LTE0TZ0Z BWPe/Z00T OT/I0p/wod" Ao |m" Aelq1jputjuo//sdny woy pepeojumod ‘9T ‘2202 ‘S60vTZST



967 nm, singlet

20
10 1317 nm, polaron
Q
Q 9
g —— PBDB-T:ITIC (1.0 % DIO) (@ 200 fs)

—PBDB-T:ITIC (1.0 % DIO) (@ 1 ps)
— PBDB-T:ITIC (1.0 % DIO) (@ 140 ps)
Static Abs. (PBDB-T (1.0 % DIO))

Static Abs. (ITIC (1.0 % DIO))
—— Static Abs. (PBDB-T:ITIC (1.0 % DI0))

500 600 700 800 900 10001100 12001300 1400 1500
Wavelength (nm)

30
() 955 nm, singlet
20
o 10 1100 nm, polaron
o .
5 ——PBDB-T:4TIC (1.0 % DIO) (@ 350 fs)

— PBDB-T:4TIC (1.0 % DIO) (@ 1 ps)

—— PBDB-T:4TIC (1.0 % DIO) (@ 110 ps)
Static Abs. (PBDB-T (1.0 % DIO))

20 Static Abs. (4TIC (1.0 % DIO))

— Static Abs. (PBDB-T:4TIC (1.0 % DIO))

500 600 700 800 900 1000 11001200 1300 1400 1500
Wavelength (nm)

(e) 30
20 1022 nm, singlet
= 1250 nm, polaron
a
Q o
IS T’ 0t ;#""—PBDB-Tstlc (1.0 % DIO) (@ 600 fs)
< 10} — PBDB-T:6TIC (1.0 % DIO) (@ 1.1 ps)
—— PBDB-T:6TIC (1.0 % DIO) (@ 90 ps)
Static Abs. (PBDB-T (1.0 % DIO))
201 Static Abs. (6TIC (1.0 % DIO))
— Static Abs. (PBDB-T:6TIC (1.0 % DIO))

500 600 700 800 900 1000 1100 1200 1300 1400 1500
Wavelength (nm)

=)
e

Il Neat

0 Neat (DIO)
B Blend
I Blend (DIO) 26.83%

31.69%
29.27%

Polaron yield (%)
] 8

i
o

ITIC 4TIC 6TIC
e

{

Figure 4.

lifetime and nega

L

WILEY-VCH

(b)
—ITIC (@ 1335 nm)
0.010} —— PBDB-T:ITIC (@ 1315 nm)
s ——PBDB-T:ITIC (1.0 % DIO) (@ 1317 nm)
A gt R
]
0.005f i lifetime: 473 ps
'.1 ".‘.-f.'f‘..:‘ ":‘ ‘.-.
i lifetime: 864 ps * it
0.000 E- L 1 L .
10" 10° 10' 10° 10°
Pump-Probe Delay (ps)
(d) —4TIC (@ 1110 nm)
0.015} ——PBDB-T:4TIC (@ 1093 nm)
——PBDB-T:4TIC (1.0 % DIO) (@ 1100 nm)
lifetime: 1198 ps
g 00101 5 &8 ., . lifetime: 565 ps
< _. ! Qi *
o.005f 7 Neig
& lifetime: 100 ps -
0.000 L& . . .
10" 10° 10’ 10° 10°
Pump-Probe Delay (ps)
(£)0.015
—6TIC (@ 1247 nm)
o ——PBDB-T:6TIC (@ 1244 nm)
W8 -7 —PBDB-T:6TIC (1.0 % DIO) (@ 1250 nm)
0.010¢ SR - lifetime: 642 ps
a e TR S, .
(e} S e R
<
0.005} 3l
: " lifetime: 482 ps Potrabyp B -
0 s flat region ™" ===---=-= =" 2
RRETIE 10° 10' 102 10°

Pump-Probe Delay (ps)

Singlet ~Eg ~
Polaron CS |
CTstate |

ground
NFA state YY v

ine-cut profiles of the blended thin films processed with DIO and the negative polaron

e polaron yields analysis. (a, ¢, €) TA line-cut profiles of ITIC, 4TIC, 6TIC blended

thin films p d with DIO. (b, d, f) polaron decaying kinetic analysis for the neat and blended

A

This article is protected by copyright. All rights reserved.

31

BSUSO17 SUOWILLOD BAIRRID 3|t jdde ay) Ag pausenob afe Sapie VO ‘38N JO S3JNU 10 ARIq1T 3UIIUO AB]IA UO (SUOIPUOD-PUE-SWLBIALOD"AB| 1M AReq)1pU1IUO//S1Y) SUOIIPUOD PLE SLULB L 8U1 39S *[£202/80/TE] UO Akeiqi8ulIUO AB|IM ‘UOTIEWIOJU| [BIIULDS L PUY D1JHUBIOS JO 80140 Ad LTEBOTZOZ BWPR/Z00T OT/10p/Wod Ao 1M Aseiq1jpul|uoy//sdiy Wwoiy papeoumod ‘9T ‘2202 ‘S607TZST



WILEY-VCH

thin films. (g) negative polaron yields for the neat and blended thin films. (h) the scheme of the

photo physical process in polymer: non-fullerene blends.
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Figure 5. @ ate fitting and EL spectra of the blended thin films processed without and with

the ble

DIO. (;j)mﬂocal fitting following Marcus theory to determine the CT state energy; CT-emi

repres

emission fitting result, CT-abs represents CT state absorption fitting result. E; is

films’ optical bandgap, CTE is the CT state energy. A =

E, — CTE. (g-i)

EIectrquminescen; (EL) spectra of the neat and blended thin films. The Gaussian-shape thinner

<C
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curves in EL spectra represent the fitting results from EL peaks, showing the low energy species

contributing to EL spectra.

,‘ NFAcrystal 7 PRDB-T crystal

«_c\<\.5ed->fii NFA molecule “~"\_~ PBDB-T chain

Excited state
~,

S
'
Nip2 ¥

CT state

»/M

Ground state

CS state

Dash line : 1% DIO
Shadow : 0% DIO

Figure 6. mgy scheme and photo physical process trajectories. (a) morphology scheme in

NFA bl ilms that highlight NFA crystallites, mixing regions, and polymer crystals. (b)
energy lan nd photo physical process trajectories in NFA blended thin films.
§. The volume information of the different sets of molecular conformers.

conformer @ ITIC-yellow 4TIC-b° 4TIC- yellow 6TIC-b? 6TIC-green 6TIC-Lb® 6TIC-yellow
Molecule 1212.7 1212.2 1178.5 1175.4 1252.4 1252.5 1253.0 1252.6
Backbone 603.0 601.9 561.1 562.1 633.9 633.9 635.3 634.9
Side-chain  638.3 638.8 646.0 641.8 674.5 647.9 647.1 646.0

Vs/Vy ® 1.059 1.146 1.030

Ci° 10.570 0.640 0.535
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pre © -0.2129 -0.2202 -0.2018

2lv,/V, is the mean volume ratio of the side-chain to the backbone, volume unit is A*, ®'C, represents
the crystallaackiw coefficient, “ppe represents the packing energy density of crystals’ supercell
(kJ/mol-A%)}" b represents the blue conformer, b represents the 6TIC light-blue conformer.

Q.

Table 2. Performances and Energy Loss Analysis of BHJ Blends.

H I

Deviges ITIC ITIC (DIO) 47IC 4TIC (DIO) 6TIC 6TIC (DIO)

PCE (%) 9.04+0.168  9.49+0.077  9.79+0.138  9.70:+0.123  11.56+0.114  12.48+0.152

Voo (V) 0.877+0.004 0.878+0.009  0.768+0.003  0.756+0.003  0.808+0.005  0.812+0.004

Jss (MA/CM?) 15.9+0.200  15.5+0.210  20.5+0.168  19.8+0.153  24.6+0.111 23.5+0.126

FF (%) 64.86:0.013  70.42:+0.010  62.24+0.014  64.82:0.013  58.06+0.012  65.40+0.015

E™ (eV) 1.637£0.011  1.614£0.010  1.481:0.008  1.500+0.014  1.420+0.010  1.443+0.010

CTE (eV)® 1.482+0.031 1.447+0.026  1.445:0.018  1.429+0.022  1.399:+0.010  1.357+0.012

AVig (V) 0.322+0.041  0.330+0.040  0.313+0.044  0.364:0.045 0.243+0.043  0.256+0.043
EL-EQE NFA (10°%)° 7.5540.11 5.54+0.11 7.35+0.12 2.19+0.02 12.7740.15 0.26+0.01
EL-EQE blend (10°%)° 0.32+0.01 0.29+0.01 0.6120.01 0.24+0.01 12.05+0.03 9.08+0.02

eV s
energy loss. E NFA are obtained from the saturation value of the neat thin films’ EL-EQE
profiles lend are obtained from the saturation value of blended thin films” EL-EQE profiles.
The EL-

thin films’ optical bandgap, CTE is the CT state energy. AV\ is the non-radiative

are shown in Fig. S66.

Excited state

\N
-------- @ CS state

CT state

AVyr Dash line : 1% DIO
Shadow : 0% DIO

Ground state

Author M
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TOC: Double carrier generation channels have been observed: one is direct photo-generation in NFA
crystal region and the other is the traditional CT state channel in mixing region. The channel from
NFA crystal provide a new avenue of zero energy loss carrier formation. The NFA molecular packing
M in influencing the photo physics of NFA solar cells.
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