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Abstract

Ac ficient bulk-heterojunction (BHJ) solar cells from blends of solution-processable

small-mole ) donors and acceptors has proven particularly challenging due to the complexity
in obtaini rable donor-acceptor morphology. In this report, we examine the BHJ device

performan n of a set of analogous, well-defined SM donors — DR3TBDTT (DR3), SMPV1, and

cl

BTR - hjunction with the SM acceptor IDTTBM. Our examinations show that the

[-S

nonfull ” BHJ solar cells made with DR3 and IDTTBM can achieve power conversion

M

efficiencies (PCEs) of up to ca. 4.5% (avg. 4.0%) when the solution-processing additive 1,8-

diiodooctane (DIO, 0.8% v/v) is used in the blend solutions. The figures of merit of optimized

DR3:IDTTB cells contrast with those of “as-cast” BHJ devices from which only modest PCEs

Of

<1% can achieved. Combining electron energy loss spectrum (EELS) analyses in scanning

A

transmi on microscopy (STEM) mode, carrier transport measurements via “metal-

L

insulator-semicondlictor carrier extraction” (MIS-CELIV) methods, and systematic recombination

U
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examinations by light-dependence and transient photocurrent (TPC) analyses, we show that DIO

plays a M role — establishing a favorable lengthscale for the phase-separated SM donor-

acceptor , in turn, improving the balance in hole/electron mobilities and the carrier

collectidh Sffigiemeics overall.

1. Introdudtion

W

D

SCr

ion-processable, w-extended small molecules (SM) are promising alternatives to

[1-

their evap counterparts and to polymers™™? in bulk-heterojunction (BHJ) solar cells. The

u

(3-7]

demonstrati t (i) SM donors can rival polymers in fullerene-based BHJ device configurations,

n

while (ii) S ors can effectively replace and outperform fullerenes (e.g. phenyl-Cg;-butyric acid

[8-10]

methyl est ; or its C;; analogue, PC7;BM) in BHJ solar cells, are however fairly recent.l”

d

Bl material combinations, achieving a favorable donor-acceptor morphology in BHJ thin

films is y-determining step.”” *** Often times, the use of solution-processing additives™™

M

14281 and pgt-processing treatments, including thermal™ and solvent-vapor annealing processes,™®
2 can help more adequate BHJ networks — usually by mediating the lengthscale of phase-

O

[13, 21-22]

separation b n donor and acceptor.

h

{

ctive of achieving efficient BHJ solar cells by combining solution-processable SM

t [9, 11-12, 23-24, 25-26]
7

donors an rs (nonfullerenes) is even more recen as earlier attempts have

U
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commonly met with limited success.” > ¥ |n general, the high degree of crystallinity (or lack

thereof,Wtances) inherent to the SM systems being concurrently cast as a single precursor

solution gevelopment of the BHJ thin-film morphology, leading to oversized (crystalline)

domainSiwithmiEged connectivity® and insufficient donor-acceptor mixing,*?%

or on the contrary,
to excess (agaorphous) donor-acceptor mixing and hindered carrier extraction.””*® In this context,

the use o al solution-processing additives and/or post-processing treatments may help

S

leverage faworable BHJ morphologies and, in turn, improved solar cell power conversion

efficiencies (PCEs)l Compared to polymers, m-extended SM systems — donors and nonfullerene

Cl

acceptors ell-defined structures, while being synthetically scalable following cost-effective

N

methods an sses.'?? Thus, nonfullerene “All-SM” BHJ solar cells that can rival polymer and/or

d

fullerene-b ice strategies are expected to become increasingly relevant.

In thi ibution, we examine the BHJ solar cell performance pattern of a set of

analogous SM donors — DR3TBDTT (DR3), SMPV1, and BTR (Chart 1) — used in conjunction with the

[;

SM accepto M (Chart 1; cf. synthetic details provided in the Supporting Information, Sl). The

0.

SM donors he same m-conjugated main chain composition, but differ by the pattern of

h

solubilizing&ide-chains appended to the heterocyclic motifs. In polymer-fullerene BHJ solar cells, the

{

polymer sidle-chain pattern plays a determining role, impacting backbone self-assembly, aggregation

3

and mediati molecular interactions between the polymer donor and the fullerene acceptor.**
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3 Thys, turning to the examination of SM donors with nonfullerene SM acceptors, the systematic
study owchain substituents may influence the propensity of the SM blends to form
favorable or morphologies and yield efficient “All-SM” BHJ solar cells may provide some
general Mg UIGIAEEPRE nciples for the selection of the SM donor with respect to the nonfullerene
acceptors that are currently proving particularly promising (such as ITIC,?? IDTTBM™ and others®?).
It should als ted that all of the three SM donors examined in this study: DR3,* SMPV1, and

BTR,” 3% ¢ IdBPCEs >6% in SM-fullerene BHJ solar cells, and are therefore sensible candidates in

S

this systematic stU@ly with the nonfullerene acceptor IDTTBM (PCEs >8% with the model polymer

U

donor PCEIM®;"Ct."d€tails in the SI, Table S7). Of all donor-acceptor combinations, we find that All-SM

N

solar cells th DR3 and IDTTBM can achieve PCEs as high as ca. 4.5% (avg. 4.0%) when the

a

solution-pr additive 1,8-diiodooctane (DIO, 0.8% v/v) is used in the blend solutions. In
comparison, t” BHJ devices yield only modest PCEs <1%, pointing to the determining role of

the pro ive DIO. Combining electron energy loss spectrum

This article is protected by copyright. All rights reserved.
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(a) DR3

(b) SMPV1
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Chart 1. Molecular Structures of the Set of Analogous SM Donors (a) DR3, (b) SMPV1, and (c) BTR,

and tha ullerene Acceptor (d) IDTTBM.

{

(EELS) an nning transmission electron microscopy (STEM) mode, carrier transport

1

measurem@nts via “metal-insulator-semiconductor carrier extraction” (MIS-CELIV) methods, and

systematic #recomBination examinations by light-dependence and transient photocurrent (TPC)

G

analyses, wgydetmil the influence of the processing additive DIO on the development of the phase-

S

separated donor-acceptor network, comparing “as-cast” and “optimized” All-SM active layers. We

U

find that rier transport and bimolecular recombination patterns improve notably in

[})

optimized BHJ active layers compared to “as-cast” films, and show that DR3- and SMPV1-based All-

SM device from a greater balance in hole/electron mobilities and higher carrier collection

d

efficien d to their BTR counterparts. Although challenges exist in the determination and

[9, 23-26, 37-38]

direct visuali of favorable BHJ morphologies, our characterization approach using

VA

spatially-resolved electron energy loss spectrum (EELS) techniques allows for effectively probing the

I

phase dist f the nonfullerene “All-SM” solar cells studied in this work, with a look on how

adding DIC @ essing additive to the blend affects moprhologies and device efficiency. In turn,

our appro to the morphological analysis of nonfullerene “All-SM” solar cells should be applicable

£

to other. i tems and BHJ solar cell optimization studies.

{

2. Results usion

U
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2.1. Material Properties

|H! normalized thin-film UV-vis absorption spectra of the SM donors DR3, SMPV1, BTR and

the nonfull tor IDTTBM are overlaid in Figure 1a; temperature-dependent solution UV-vis

P

H I
spectra argrovided in Figures S2. Based on those analyses, all three SM donors have comparable

absorption@ shifting to longer wavelengths (by ca. 100 nm) on going from solutions to films
(Figures S1)gT ectral features of the main absorption band and the significant bathochromic
shift obsermthe neat films suggest that the SM donors are prone to aggregate; the visible
reduction ijntensity at higher temperatures in the UV-vis spectra is another indication that

some extefjt of aggregation occurs, even at the low concentration used for this experiment (1x10°

M). Thmnded thin-film  absorption of the SM  donors across the

0.5

121 DR3 SMPV1 0.03, """ Vacuum level '"i
oy BTR IDTTBM
E 101 < 31 34 34 a4
= 084 ) _4' - -4.03
@ . . =
£ 06- E ] § E R =
8 ] ® m
<€ £ 54 =
5 04- i - — — 5
L 511 51 516
< 0.2 5. 5.56

00 y — r . m——

400 5H00 600 700 800 900

(a) Wavelength (nm) (b)
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Figure 1. (a) Normalized thin-film UV-vis absorbance spectra, and (b) PESA-estimated ionization
potentinectron affinity (EA) for DR3, SMPV1, BTR, and IDTTBM. EA values inferred by
subtracting @ oot Values (optical bandgaps estimated from the onset of the UV-vis absorption

spectra i | )y

range 50 0 make them especially relevant as complementary absorbers with the

Cr

nonfuIIeremceptor IDTTBM which has its main band of absorption in the range 600-800

Table 1. Squ Optical and Electronic Parameters for the SM donors DR3, SMPV1, and BTR, and

for the Nonfullerene Acceptor IDTTBM.

m) (log €) (nm) (eV) (eV) (eV)

C Aabs/S01 Aavs/ fil Eon” P’ EA®
SM bs/SO by film pt
g\

R3 508 (4.89) 588 1.71 5.11 3.4

D
SM 508 (4.95) 594 1.7 5.1 3.4
BTR 519 (4.92) 572 1.76 5.16 3.4
IDT 663 (4.92) 716 1.53 5.56 4.03

“Optical baggaps estimated from the onset of the UV-vis absorption spectra (films); “Estimated by

photoelect troscopy (PESA); “Inferred from PESA-estimated IPs and E, values.

nm). Figurﬂnvides the expected energy band offsets for the SM donors with IDTTBM; the

optical banglgaps {&..:) are inferred from the onset of the thin-film UV-vis absorption spectra: ca.

1.71 eV foga. 1.70 eV for SMPV1, ca. 1.76 eV for BTR, and ca. 1.53 eV for IDTTBM; the

< This article is protected by copyright. All rights reserved.
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ionization potentials (IPs) for the SMs were determined via photoelectron spectroscopy in air (PESA,
cf. expeWails in the Sl): 5.11 eV for DR3, 5.10 eV for SMPV1, 5.16 eV for BTR, and 5.56 eV

for IDTTB @ igures are summarized in Table 1, along with extrapolated electron affinity (EA)

P

values iffeR@@IBYSUbtracting IP and £, values.

2.2. Devic sti nd Characterizations

Gr

Thin-fi HJ solar cells were fabricated with the inverted structure ITO/a-

S

Zn0O/SM:I 00;3/Ag (device area: 0.1 cm?), and tested under simulated AM1.5G sun

U

illumination (100 mW/cm?); detailed experimental protocols are provided in the SI. Table 2

summariz

I

res of merit of optimized BHJ devices made from blends of the SM donors DR3,

SMPV1, BTR a nonfullerene acceptor IDTTBM, with and without addition of the

d

This article is protected by copyright. All rights reserved.
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Table 2. PV Performance of the SM Donors DR3, SMPV1, and BTR in Inverted BHJ Devices with the

NonfuIIchptor IDTTBM.
Jsc Voc FF Avg. PCEY  Max. PCE
SM v/v) 5
[mA/em’] [V] [%] [%] [%]
= s
, 0 3.4 0.75 28 0.6 0.8
DR3
8° 9.3 0.9 48 4 4.4
, < ,0 3.2 0.78 27 0.6 0.7
SMPV1
8¢ 9.4 0.91 48 4.1 4.4
¢ 1.8 0.76 32 0.4 0.4
BTR 5e¢ 5.9 0.88 44 2.3 2.4
8 4.5 0.93 40 1.7 1.7

“Additionalfdevice statistics are provided in the SI (Tables S1 and S2). “Devices with optimized

N

SM:IDTTB joof 7:3 (wt/wt) solution-cast from chloroform (CF). ‘Devices with optimized

d

SM:IDTTBM Ta f 6:4 (wt/wt) solution-cast from CF. dAverage values across >20 devices (device

area: 0.1 cm?). mized device conditions.

\

processing additive 1,8-diiodooctane (DIO) in the blend solutions; further device statistics are
provided

chloronap @

in BHJ soldr cells made from SM donors and fullerene acceptors and, in turn, device PCEs.

SI (Tables S1-S6). Solution-processing additives, including DIO and 1-

or

CN), have proven useful in the systematic optimizations of blend morphologies

[14, 16]

g

Howev ly critical to note that morphological changes promoted by processing additives

{

can also result inffeduced device performance figures, and that the outcome of these tentative

G

This article is protected by copyright. All rights reserved.
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optimization steps remain SM system-dependent. As shown in Table 2, “as-cast” devices made from
DR3 anWeld concurrently low short-circuit current (Jsc), fill factor (FF) and open-circuit

voltage (Vgg) e of 3-3.5 mA/cm?, <30% and 0.75-0.8 V, respectively. However, upon adding 0.8%

o

DIO (v/¥) i WGREIBIEnd solution (cf. DIO optimization study in the SI, Table S2), the device Jsc and FF
increase dragatigally from 3-3.5 mA/cm? to 9-9.5 mA/cm” (more than a twofold increase), and from

<30% to >4 gesting that significant, favorable morphological effects are occurring in the BHJ

O

active laye eggstingly, a notable increase in Vo to ca. 0.9 V is concurrently observed — which is

likely the result of Bnorphological changes at the contact interfaces — yielding significantly improved

U

PCEs of E% (avg. 4%). The Voc of ca. 0.9 V is in agreement with the difference

between PESA-esitimated IP of DR3 and SMPV1 (ca. 5.1 eV), and EA value of IDTTBM (ca. 4.0

eV) inferr PESA-estimated IP and E, values. Overall, these experimental results also
indicate thagendgroup substitution with longer alkyls on going from DR3 to SMPV1
does n ly impact SM and BHJ device performance. In contrast, Table 2 shows that
both “as-d@st” and optimized BHJ solar cells made from BTR exhibit markedly lower Jsc values

of 1.8 mA @ d 5.9 mA/cm?, respectively. As a result, the PCEs of BTR-based devices are
Iimitedx “as-cast” devices and to 2.4% for optimized BHJ solar cells (cf. detailed
conditi e 2). For all three SM donor systems, it is worth noting that, excessive

volumes LSed in the solution blends (ranging from 1.25% to 10%) lead to inadequate

< This article is protected by copyright. All rights reserved.
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film morphologies (discussed in later sections), causing device PCEs to drop to ca. 0% (cf.

further Wn the SI, Table S2).

Th@ values achieved with DR3- and SMPV1-based BHJ devices compared to

N
those obt!’ned with BTR (Fig. 2a) are consistent with the external quantum efficiency (EQE)

spectra p@in Figure 2b. Thus, DR3/SMPV1-based devices show EQE values higher

¢ p

. 5 50 70
f= | 1 —-DR3
o ——DR3 40 60 —@—SMPV1
£ ol-—@-SMPV . —A—BTR
= —A—BTR = —
= é‘:‘, 30 4 .de 50 4
® o e
[y (11T
54 J o204 .
8 3 20 a 40
t= 1 —-DR3
o 101 /A —@—SMPV1 30- ‘\/ﬂ\A
=10 —A—BTR
0 L) L) L] L} L] 0 L) L) L) L} L) L L} L} L)
0.250.00 025 050 0.75 1.00 300 400 500 600 700 800 400 500 600 700 800
(a) Voltage (V) {b)  Wavelength (nm} (c) Wavelength (nm)

Figure 2. (Wteristic J-V curves of optimized “All-SM” BHJ solar cells fabricated from the SM

donors D, and BTR, and the nonfullerene SM acceptor IDTTBM (processing conditions

detailed in AM1.5G solar illumination (100 mW/cm?). (b) EQE and (c) IQE spectra of the
optimized . ntegrated EQEs are in agreement (+ 0.7 mA/cm?) with the Ji values reported in

Table 2. :
< This article is protected by copyright. All rights reserved.
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those obtained with BTR by >10% across the range 400-750 nm (peaking at ca. 46% for DR3
and ca.WPVl; reflecting an EQE increase of more than ca. 50% relative to the BTR-
based ranment with the modest Jsc values of 5.9 mA/cm? measured from the J-V
plots (FigMm2@htegrated EQEs are in agreement (+ 0.7 mA/cm?) with the Jsc values
discussed aboye and reported in Table 2. The dependence on the effective optical
absorption active layer is removed in comparing the internal quantum efficiency (IQE)
spectra omtimized All-SM devices), while the EQE response of BTR-based devices
remain under 25; across the same devices shown in Figure S5; see experimental details in

the SI (SeEConsidering the film thickness measurements performed on optimized BHJ

active laye icknesses: 110-120 nm for DR3, 105-115 nm for BTR; cf. details in the SI,
Figure S7-58), Jsc predictions via transfer matrix modeling (cf. details in the SI, Fig. S6)
are consiste ith the trend in experimental Jsc vs. active layer thickness. Overall, the IQE
spectr. he EQE, with IQE values >40% across the range 400-750 nm for

DR3/SMPW1-based BHJ devices, <30% across the same range for BTR-based solar cells.

These fingest that all three SM donor and IDTTBM-based All-SM solar cells are

hindered tantial recombination and/or exciton quenching events, limiting the

photo hough, these effects may not be as pronounced in DR3/SMPV1-based

WLAE,

devices. :

< This article is protected by copyright. All rights reserved.
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The BHJ morphologies of “as-cast” and “optimized” (DIO, 0.8% (v/v); conditions identical to
those W Table 2) devices made with the SM donors DR3, SMPV1, BTR and the

nonfullere @ or IDTTBM were examined by bright-field electron transmission microscopy

o

(TEM; df Jetailsmi| SI, Fig. S11). Figures S11 provide insights into the thin-film morphologies on
various magpification scales; here, both “as-cast” and “optimized” active layers appear rather non-
uniform at though we note that distinguishing between donor- and acceptor-rich domains

requires a reat level of analysis, and that contrast differences in the bright-field mode can also

S

result from film thigkness and/or surface roughness variations. Figures S9 and S10 examine the film

H

surface va by atomic force microscopy (AFM), indicating that “optimized” active layers

N

contain rug es characterized by root-mean-square (RMS) roughness values >3 nm, while “as-

o

cast” films Rav S values <1 nm. High-resolution TEM imaging coupled with electron energy loss

spectroscopy (EELS) analyses shown

This article is protected by copyright. All rights reserved.
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As-cast” active layers “Optimized”  active layers (w/ DIO)

c

Figure gy analyses of “All-SM” active layers made from (a-e) DR3, (f-j) SMPV1 and (k-0)

BTR, in ble the nonfullerene SM acceptor IDTTBM. (a, f, k) Dark-field STEM images of the BHJ

active layers “as-cast”. (b, g, |) EELS maps of the BHJ active layers “as-cast”; SM donor-rich regions:

I

red, SM ac h regions: green. (c, h, m) Dark-field STEM images of the “optimized” BHJ active

layers. (d, S maps of the “optimized” BHJ active layers; SM donor-rich regions: red, SM

9

acceptor-ri€h regions: green. (e, j, o) Low-dose HR-TEM images of the “optimized” BHJ active layers,

£

empha ervation of crystallites across the films. Scale bars: (a-n) 500 nm; (e, j, 0) 20 nm.

This article is protected by copyright. All rights reserved.
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in Figure 3 indicates that donor and acceptor counterparts are forming networks on various scales.
The eneMctra pertaining to DR3, SMPV1, BTR and to IDTTBM (range: 2-8 eV) are shown in

Figure S12 aWwing to distinguish between SM donor and nonfullerene acceptor across the BHJ

active |&8ye MRN8 dark-field scanning TEM mode (STEM), our EELS analyses (Figures 3b, 3g and 3l;

also see neat materials in Figures S12-S14), provide a clear map of the phase-separated networks

occurring a ‘as-cast” All-SM BHJ active layers; Red: SM donor-rich domains, Green: SM

acceptor-ri ins (scale bars: 500 nm). Here, SM donor-rich domains as large as ca. 200 nm

o

can be observed inithe blend films (also see Fig. S12a-14a (neat materials), Fig. $17-20, and Table S9).

L]

In contrast zed” All-SM BHJ active layers (Figures 3d, 3i and 3n) show significantly finer-scale

§

networks o nor- and SM acceptor-rich phases, indicating that the presence of DIO in the

ck

processing Sol effectively impacts the lengthscale of the donor-acceptor network formed.

However, as om DR3-based BHJs in Figure S15, larger-sized SM donor regions may grow when

A

the ext increased to >1%, resulting in donor-rich domains larger than ca. 400 nm when

up to 10% IO is used (Fig. S15). Interestingly, considering BTR-based BHJs, Figures S16 show that

[

SM acceptg m pbmains have a tendency to prevail when the extent of DIO is increased, indicating

that DR3 a ave distinct network-forming propensities in the BHJ active layers with IDTTBM.

Overall, , 3i and 3n emphasize the notable reduction in phase-separation lengthscale

th

across all active layers, as donor-acceptor intermixing improves in the presence of DIO

U
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(when quantities remain <1%, v/v), yielding BHJ solar cells with improved morphologies and, in turn,

higher P, ). The HR-TEM images provided in Figures 3e, 3j and 30
I 18 1.0
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Figure 4. Photoluminescence (PL) quenching data for the SM donors DR3, SMPV1 and BTR and the
nonfuIIeMtor IDTTBM in neat films (reference; w/o additive) (solid lines), and in the

presence ( fonor/acceptor counterpart (dashed lines) in “as-cast” (w/o additive) and in

0

“optimiZemBHIg ctive layers (0.8% DIO, v/v). (a) DR3:IDTTBM, excitation at 580 nm, (b)
DR3:IDTTBM, exgitation at 700 nm, (c) SMPV1:IDTTBM, excitation at 580 nm, (d) SMPV1:IDTTBM,

excitation a m, (e) BTR:IDTTBM, excitation at 570 nm, (f) BTR:IDTTBM, excitation at 700 nm.

indicate that cr s;allites of ca. 40-50 nm are forming in optimized BHJ active layers (cf. experimental
detailsin t tion 5)). Based on our combined X-ray diffraction (XRD) and thin-film grazing

incidence ¥-ray scattering (GIXS) analyses respectively provided in Figures S21-22 and S26 the

[)

crystaIIitesm:l by HR-TEM stem from the self-organization of the SM donors DR3, SMPV1, and
BTR (m-mdi - ca. 3.58 A for DR3 and SMPV1 (in-plane), and ca. 3.72 A for BTR (out-of-plane));
whereas th ceptor IDTTBM does not show any evident sign of crystalline behavior based on

these analyses. Since the absorption spectra (Fig. 1a) and PL patterns (Fig. 4) of the SM
donors Dth and BTR, and that of the SM acceptor IDTTBM, lie in regions of
sufficientlt wavelengths, the donor and acceptor components can be individually
excited atfdifferent wavelengths (580 nm and 700 nm, respectively). As illustrated in Figure
4, conw excitation of the SM donor-rich domains (Fig. 4a, 4c and 4e), the PL

guenching effici§cies of the “optimized” BHJ active layers remain >90% in the presence of

< This article is protected by copyright. All rights reserved.
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the nonfullerene acceptor IDTTBM. However, probing the SM acceptor-rich domains (Fig.
4b, 4d Wan be noted that the PL quenching efficiencies are more modest: 85% and

82% in b th DR3 and SMPV1, and <70% in blends with BTR. These observations

¢

suggestliti@@@%@iton diffusion and charge transfer at the donor-acceptor interfaces occur
relatively effectively within the SM donor-rich domains (more crystalline as shown in Fig. 3e,

3j and 30), t these processes are not as effective within SM acceptor-rich

This article is protected by copyright. All rights reserved.
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Figure 5. BXperimental dark current MIS-CELIV transients for hole-only  diodes

N

(ITo/m BM/MoOs/Ag) made from (a) DR3:IDTTBM-based “as-cast” blends, (b)

i

U

DR3:IDTTBM- “optimized” blends, (c¢) SMPV1:IDTTBM-based “as-cast” blends, (d)

SMPV1:ID sed “optimized” blends, (e) BTR:IDTTBM-based “as-cast” blends, and (f)
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BTR:IDTTBM-based “optimized” blends. Device processing conditions detailed in Table 2; data

obtaine n-only diodes provided in the SI, Figure S19.

{

regions. | PL quenching experiments indicate that further improving the All-SM

ip

active lay@r morphologies may substantially improve the photocurrents in actual BHJ solar

f

cells.

Effigle carrier transport can be correlated to morphological effects in BHJ active

[6,39]

layers. carrier transport across the All-SM blends with DR3, SMPV1 and BTR, we turned

UsSC

to “metal-insulator-semiconductor carrier extraction” measurements using linearly increasing

N

voltage tr MIS-CELIV; cf. experimental details in the SI (Section 5), including Fig. $23-525

d

and Tables{8). w he results of those analyses are provided in Figure 5 and Table 3. Figure 5 shows

the dar sity-voltage characteristics (at room temperature) for “as-cast” and “optimized”

All-SM in hole-only MIS diodes (ITO/MgF,/SM:IDTTM/Mo0Qs/Ag) and electron-only MIS
diodes (IT(iiMng/SM:IDTTBM/Ca/AI). The thick layers of MgF, (ca. 80 nm; cf. details in Fig. S23)
deposited o are intended to block a specific carrier type (holes or electrons) while only the

oppositely- carrier is extracted and analyzed. Our analyses summarized in Table 3 indicate

that hole and electron (pe) mobilities for “as-cast” active layers fall into the range 1-2 x 10 cm?

h

{

vist n ptimized” active layers cast with DIO (0.8%, v/v), u,values for DR3/SMPV1-based active

layers rea x 10™® cm? V' s, which are approximately one order of magnitude higher than

U
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those of BTR-based active layers (ca. 1.7 x 10° cm? V' s%); e values in range of 1-3.5x 10* cm? V' s
scale cmross all “optimized” BHJ active layers. The notable difference in hole mobilities

between [@ and BTR-based active layers parallel the solar cell efficiency differences

outlinedieJEliemiAMable 2: PCEs of ca. 4.5%

L

Table 3. C@tﬂlity estimates obtained by MIS-CELIV analyses for “as-cast” and “optimized” for

“All-SMm” ac'mrs made from DR3, SMPV1 and BTR, in blends with the nonfullerene SM acceptor

IDTTBM.
Un He
SM Donor* Active Layer Un/ e
[em? Vst [em? Vst
as-cast 1.4x10° 1.0x10° 1.4
DR3
optimized 4.5x10™ 1.4x 10" 3.2
as-cast 1.0x10° 1.0x 10° 1.0
SMPV1
optimized 45x10" 1.5x 10" 3.0
as-cast 1.4x10° 1.5x10° 0.93
BTR
optimized 1.7x107 3.3x10™ 0.052

“The “as-cast” andioptimized” conditions are described in Table 2.
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for DR3/SMPV1-based devices vs. PCEs of <2.5% BTR-based optimized BHJ solar cells. We also note

that them between hole and electron mobilities in the BTR-based BHJ thin films (un/pe =

0.052 vs. @ R3/SMPV1-based films) is likely to be at the origin of significant charge build-up

in optirmiz&@MBEIMg cvice, limiting the Js;; interpretation in agreement with the figures of merit

outlined for BTRzbased device in Table 2: low Jsc values <6 mA/cmz.

To ipwe te the carrier recombination kinetics in “as-cast” and optimized BHJ active layers

with DR3, SMPVI and BTR, and the nonfullerene SM acceptor IDTTBM, we examined the variations

U

of Jsc und light intensities (cf. details in SI, Section 5). Prior studies have described how

bimolecula@recombination losses in BHJ solar cells can be estimated

[

This article is protected by copyright. All rights reserved.

Author Ma

24



WILEY-VCH

O DRS3 Ascast C DR3Ascast 183K/
1 O DR3 Optimized 10] O DR3 Optimized 1.13kTiq
v e
: £  gaassasTssy
g >%0s
":g 14
- O%as cay™ 0.85 0.7
Oloptimized= 0.95
1 100 % 100
(a) Light Intensity (%) (b) Light Intensity (%)
Light intensity {sun) — — — — — Light inteneity (sun)
__ 10 r o.10[ __10{ | ! 0.10
308/ —042| Fg.] L .ﬁ_ | —014
CAe —o.19| &£ ., |—020
‘go.s- —0.20 ‘Eo.s- i N |—o027
——0.35 i \ |—o0.37
3% — o083 3%/ | —o0.52
0.21 —o081| 02{/ —0.72
0. DR3 E] ool SMPV1 &L
1 ol # ) b I. ) * ﬁ. L] "\
0 200 250 ! 0 200 Y, 280
(c) Time (us) (d) ; Time (ps)
Light itensity (sun) 1.00 sity (sun)
_ 104 - - ——0.10] _ "] s
3 0.8 —o0.14| 3
< %0'8 { —0.20 %o.gs-
0.6 —027
£ |—o037| E
1 304 |——o0.52| 3%
0.2] —0.72
wl ) BR At 0.94-
: — — r—
0 200 250 0 5 10 15 20 25 30
(e) Time (us) (f) Time (us)

Figure 6. Jsc vs. light intensity plots for DR3-based BHJ devices with various active layer

thickne vs. light intensity plot for DR3—based BHJ devices with various active layer

t

thicknesses. Transfent short-circuit current (normalized) in response to a 200 ps white light (LED)

b
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pulse for (c) DR3 (d) SMPV1 (e) BTR —based BHJ devices. (f) Turn-on dynamics for SMPV1-based

device.w arrows emphasize the dependence of the device short-circuit current

characteriction of light intensities (provided in terms of equivalent sun; cf. details in the

o
Sl). The szes in (@) and (b) correspond to fits to the data according to fsr: o ]

nkT

and 6Voc = q hﬂ, respectively. Analyses performed with a white LED with a maximum

irradiance @f2 W/cm?. In accounting for spectral mismatch, 70% of the maximum irradiance of

S

the white-| was used to reproduce the Jsc values normally achieved under standard AM1.5G

U

solar illumi 100 mW/cm?).

I

by fitting Jsc VS. intensity data plotted in log scales, using the power law equation /., < I, where

d

a is the ctor. In short, a value of a equal to unity reflects weak/no bimolecular

recombin in this instance, most carriers are swept out prior to recombining),***! whereas

\

smaller imdicate a competition between carrier recombination and extraction, whereby

recombinagion yields impinges on the device photocurrent. Figures 6 and S27 illustrate the

[;

dependenc n light intensity for the All-SM BHJ devices cast without processing additive (no

Q

DIO), and in the presence of additive (cf. optimized conditions defined in Table 2). For “as-cast” BTR-

n

based ers in Figure S27b, the fits to the Jsc vs. light intensity data yield a values of 0.81,

t

indicating reciable recombination losses. In contrast, optimized BTR-based BHJs yield a values of

U

0.95, indic a more favorable regime whereby carrier extraction proceeds with notably
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suppressed recombination losses. Likewise, a values inferred from the fits to the Jsc vs. light intensity
data in Wnd S27a for “as-cast” DR3- and SMPV1-based BHJ active layers increase from

0.85 and @186, tofD.95 and 0.96, respectively, indicating that bimolecular recombination can be

¢

nearly SUlip SFESSEEMIpon systematic optimization of the BHJ active layer morphologies. These results
are consistengt with the figures of merit summarized in Table 2 when comparing “as-cast” and
optimized r cells made with DR3, SMPV1 and BTR. From these analyses, we note however

that the lo S mA/cm? measured for BTR-based BHJ devices does not stem from a higher yield

S

of bimolecular rec@mbination under AM1.5G.

U

Figlire 6b and S27c-d shows the variation of V¢ vs. light intensity in a natural log scale, with

A

data fitted nkT/q In(l), where k, T, and g are the Boltzmann constant, temperature in Kelvin,

d

and the charge, respectively. The parameter n (usually in the range of 1 to 2) reflects the

presence/a f carrier traps across the active layers or at interfaces with the electrodes.**®

)Y

Any deviations from n = 1 (trap-free condition) point to the existence of recombination effects and,

I

more spec o the existence of trap-assisted recombination. In Figure 6b, the Vyc vs. light

intensity d @ ns-cast” DR3-based devices shows a slope of n=1.93 kT/q, indicating a significant

extent of ffap-assisted recombination near Voc. In optimized active layers, inferred n values are

£

reduce howing that trap-assisted recombination is suppressed as more favorable
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morphologies are achieved. As shown in Figures S27c and S27d, n values for optimized SMPV1- and

BTR-ba e layers are similarly suppressed to 1.18 and 1.13, respectively.

{

Fu into carrier transport and, in particular, on whether carrier traps affect the

1%

|
transport imBHJ active layers can be inferred from transient photocurrent (TPC) measurements. TPC

[

experimeni§’havereviously been used to investigate the trapping and detrapping rates in polymer-

G

[47-48] «

fullerene, olymer”,”*” %! and hybrid BHJ solar cells.®® Figures 6¢-f examine the turn-on and

S

turn-off dynamics of optimized BHJ active layers with DR3, SMPV1 and BTR using long light pulse

U

excitations 7 cf. details in the SI, including Fig. S28), allowing the current density to reach the

steady-stat@ conditions comparable to those used for the light intensity dependence analysis

1

previously d (Fig. 6a-b). For all three All-SM systems, the turn-on and turn-off dynamics are

d

fast an light intensity result in negligible changes in the current response. As shown in

Figure 6f, a xamination of the current response confirms that the light dependence behavior

W

is modest. At 1 sun condition, the rise/fall time (defined as the time taken to go from 10% to 90% of
the respon pectively 1 ps, 1.5 s, 2.1 us for DR3, SMPV1 and BTR —based optimized active

layers. The @ ight dependence behavior may stem from the charge density dependence of the

Or

carrier mdpility. Importantly, the fast turn-on/turn-off behavior observed for all three All-SM

§

system “transient-peak-free” curves and rise/fall times, indicate that carrier trapping

;

and/or detrappingfeffects are not limiting factors significantly influencing BHJ solar cell performance.

Ul
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In BHJ active layers for which adequately mixed donor-acceptor morphologies are apparent
via EELWnalyses in STEM mode (Fig. 3), the presence of poorly connected small-sized
domains e trap states are difficult to discern, yet those can effectively lower the
EQE/IQESnig@twamBH) solar cells. The presence of these morphological features can be inferred from
reverse bias_analyses (described below) and carrier transport measurements (discussed in earlier

section). In , the photocurrent of optimized DR3- and BTR-based

[y
F-Y

—
o

e
o
Il

Voo (V)

Photocurrent density (mA em™)
(=]

Figure 7. P ent vs. effective applied voltage (V,-Vqp,) for optimized BHJ devices made from

O

DR3 and BTR,*féspectively. Photocurrent densities are obtained from subtracting device current

n

densiti umination and in the dark, respectively, and Vgeive from subtracting the

t

compensation voltage (voltage at Jyeo= 0) and the applied bias, respectively. The optimized

U

conditions ibed in Table 2.
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BHJ solar cells is plotted as a function of the effective applied voltage (Veq). Here, the characteristic
photocuMR—based BHJ devices shows a pronounced field-dependent behavior across the

whole V4 fa B6V); for optimized DR3-based BHJ devices, the characteristic photocurrent does

P

not foll&lv KWEMSaMe slop across the same V.4 range and it rapidly reaches higher values at lower
biases (compyrisigg those relevant to solar cell operation; e.g. 9.2 mA cm™ at 1V vs. 6.4 mA cm™ in
BTR-based ). These results suggest that charges can be relatively efficiently separated and

extracted i sed BHlJs, while optimized BTR BHJs remain hindered by morphological effects.

5

From our prior MIS-CELIV analyses (Fig. 5 and Table 3), we shall also recall that hole mobilities in

o

optimized - d BHJ active layers are significantly lower that those in DR3-based BHJs (1.7 x 10°

N

>em?vitst x 10* cm?® V' s, respectively), an observation that parallels the expectation of

c

unfavorabl cted donor-rich domains and aggregate trap states across BTR-based active

layers. While detailed spectroscopic and morphological analyses are beyond the scope of this

M

concise ) re work should shed light on the morphology-correlated charge dynamics in

those systels.

I

3. Conclusi

ho

, comparing the efficiency patterns of the well-defined SM donors DR3, SMPV1,

{

and BTR —ised in conjunction with the nonfullerene acceptor IDTTBM — in “All-SM” BHJ solar cells,

we found t

U

and SMPV1-based devices can achieve PCEs of up to ca. 4.5% (avg. 4.0%). While
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the side-chain manifold of their analogous BTR counterpart differs to a more significant extent, BTR-

based BWS are limited to lower figures of merit (PCEs <2.5%). Importantly, the outcome of

our systeanalyses in STEM mode indicates that “as-cast” BHJ morphologies are

significaAtljigearser (SM domains as large as ca. 200 nm) than those of “optimized” BHJ solar cells,
resulting in PCEs, <1%. When the solution-processing additive 1,8-diiodooctane (DIO, 0.8% v/v) is
used in th d solutions, the phase-separation lengthscale of the donor-acceptor network

improves lly and, in general, the carrier mobilities (estimated by MIS-CELIV) increase. While

S

the carrier recomfination analyses (light-dependence and TPC measurements) indicate that the

U

nongemin bination effects in all-SM devices (DR3, SMPV1 and BTR) are significantly

N

"

reduced in ized” active layers compared to “as-cast” ones, the charge transport studies show

a.

that DR3- PV1-based “All-SM” devices benefit from a greater balance in hole/electron

mobilities (un a. 3 vs. 0.05) and higher carrier collection efficiencies compared to their BTR

counte

M

udy also emphasizes the relevance of the nonfullerene SM acceptor IDTTBM for

“All-SM” BN solar cells.

I

O
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h
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Experimental methods, characterization, and additional figures and tables. Supporting Information is

availabl iley Online Library or from the author.
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Table of comtry:

A set of s Illy analogous small molecule (SM) donors with distinct side-chain manifolds
differences in their performance patterns in bulk-heterojunction (BHJ) devices with
the nonfullerene acceptor IDTTBM. Reducing the lengthscale of the phase-separated network

between donor and acceptor effectively suppressses non-geminate recombination in the BHJ active
layers and L

the carrier mobility balance.
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