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Abstract

Controlling vertical segregation in organic photovoltaics (OPV) is critical for achieving optimal
solar cell performance and stability, requiring careful consideration of a range of factors such as the
surface energy and miscibility of components, solvent and solvent additive identity, and film processing
methods. In this work, we use neutron reflectivity to compare vertical segregation in two different OPV
systems: a fullerene-based system (PBDB-T:PC;:BM) and a non-fullerene-based system (PBDB-
T:ITIC), processed with different amounts of the solvent additive, 1,8-diiodooctane (DIO). Both
systems exhibit vertical segregation, with enrichment of the acceptor at the film/hole transport layer
interface. However, segregation is considerably more pronounced in ITIC-based systems, where the
enriched interface consists of pure ITIC, compared to a maximum of 67% PC7;;BM by volume in the
former system. Prolonging film drying with higher solvent additive content exacerbates segregation in
both systems, increasing interfacial acceptor concentration in PC7;1BM systems and broadening the
buried interface in ITIC systems. Simulations confirm that extreme vertical segregation in ITIC-based
devices induces non-ideal ‘s-shaped’ JV curves when the enriched layer is pure and sufficiently thick,
as seen in both fresh and aged devices. Our findings highlight that improper vertical segregation not
only leads to poor device performance in fresh devices, but gradual segregation can also contribute to

morphological degradation and device instabilities over time.



1. Introduction

Organic photovoltaics (OPVs) are an emerging thin film solar technology, offering tunable
absorption, lightweight and flexible design and compatibility with low-temperature, large-area roll-to-
roll manufacture.! These advantages make OPVs well-suited for a versatile range of applications
including building-integrated PV, portable electronics, indoor PV and autonomous Internet of Things
devices.>? With the development of non-fullerene acceptors (NFAs), the power conversion efficiency
(PCE) of OPVs has recently surpassed 20%.*> However, despite these impressive efficiencies, OPVs
are susceptible to degradation from both intrinsic and extrinsic factors, limiting their operational

stability, and therefore restricting commercial efforts thus far.¢

Achieving optimal OPV performance and stability relies on careful control of the morphology of
the bulk heterojunction (BHJ) blend film. Key morphological parameters — donor and acceptor domain
size, crystallinity, domain purity, interconnectivity and vertical distribution — each play crucial roles in
determining the efficiency of exciton dissociation, charge transport and charge extraction.” In particular,
the vertical distribution of the blend components in the plane perpendicular to the electrodes directly
impacts vertical charge transport and extraction at the film/electrode interface.®® Furthermore, whilst it
has been demonstrated that morphological changes such as increased phase-separation and crystallinity
can occur over time, ' evolution of the vertical distribution in blend films and its implications for device

stability is yet to be fully understood.

Vertical segregation in OPV films can arise due to a range of factors relating to both intrinsic

89 as well as film

material properties such as surface energy, miscibility and molecular structure,
processing conditions such as thermal annealing, solvent annealing and the addition of solvent
additives.!""!3 Solvent additives, such as 1,8-diiodooctane (DIO) and 1-chloronaphthalene, are typically
used to prolong film drying,'* often yielding purer phases and enhanced phase separation. They can also
be employed to favorably control vertical segregation,''"! through selective component solubility'® or

changes in the drying time."”

Various techniques including dynamic secondary ion mass spectroscopy,®!® X-ray
photoelectron spectroscopy (XPS),"” near edge X-ray absorption fine structure spectroscopy
(NEXAFS),? spectroscopic ellipsometry (SE),*' X-ray reflectivity?? and neutron reflectivity (NR) have
been employed to characterize vertical segregation in blend films.?* NR in particular has proven highly
effective for characterizing the vertical component distribution in polymer:fullerene systems,
benefitting from the non-destructive and high penetrative nature of neutrons, as well as the significant
intrinsic neutron scattering length density (SLD) contrast between fullerenes (SLD ~ 4.5 x 1076 A?)
and polymers (SLD ~ 1.0 x 10¢ A2).2*?% More recently, NR has been applied to polymer:NFA
systems;!7?-3!1 however, these systems typically exhibit considerably lower SLD contrasts due to the

similar chemical structure of NFAs and typical donor polymers, limiting the effectiveness of the
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technique. Deuteration of one component has been demonstrated as a successful method to enhance
SLD contrast between polymers and NFAs, offering a route to characterizing the morphology of

polymer:NFA systems using neutron scattering techniques.*>3*

Vertical segregation of donor and acceptor components in a BHJ can have favorable or unfavorable
consequences, depending on the energetic alignment of the accumulated component and its adjacent
charge transport layer. Extreme vertical segregation can yield barriers to charge transport, and result in
kinked or ‘s-shaped’ JV curves. For example, Tress et al. noted that imbalanced mobilities, combined
with vertical phase separation induced BHJ inhomogeneity which could create s-shaped curves.*
Similarly, Love et al.' and Finck et al.*® have linked s-shaped curves to improper vertical distribution

within a BHJ, which in the former case was improved through the addition of a solvent additive.

In other works, s-shaped JV curves have been attributed to injection or extraction barriers;*"-*

imbalanced mobilities between donor and acceptor;® finite surface recombination velocities;*’ and
charge carrier traps.*! The first of these has itself been linked to unmatched work functions of the

2

nonoptimized charge transport layers, especially those requiring UV light activation;** electrode

oxidation;* and improper layer thicknesses.*

In this work, we explore the relationship between vertical segregation, device JV curve
characteristics, and device stability using two common OPV systems, namely the combination of donor
polymer poly[(2,6-(4,8-bis(5-(2-ethylhexyl)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)]  (PBDB-T)
with a fullerene acceptor [6,6]-Phenyl-C7i-butyric acid methyl ester (PC7;1BM) or NFA 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2’,3’-d’]-s-indaceno[1,2-b:5,6b’]dithiophene (ITIC). Vertical segregation in these systems is
characterized using neutron reflectometry (NR). To overcome the limited SLD contrast in PBDB-
T:ITIC blend films, we synthesize a deuterated ITIC analogue (ITIC-dg). In PBDB-T:PC7;BM systems,
there is sufficient intrinsic SLD contrast between the polymer and fullerene components such that

deuteration is not necessary.

Our results show that processing with DIO significantly impacts the JV curve behavior of the
two systems with PBDB-T:ITIC systems exhibiting non-ideal, 's-shaped' curves in both fresh and aged
devices processed with high amounts of DIO. Using NR and drift-diffusion simulations we show that
DIO-mediated vertical segregation is the primary cause of the observed s-shaped behavior with

considerable consequences on the performance and long-term stability of OPV devices.



2. Results and Discussion
2.1 Device Performance

The two OPV systems were first compared via fabrication of conventional architecture devices,
using the structure ITO/PEDOT:PSS/Active Layer/PFN-Br/Ag. The full experimental details can be
found in the Experimental Methods. Molecular structures of the active layer materials can be found
in Figure 1a, alongside their UV-Visible absorption in Figure 1b (PBDB-T:ITIC) and 1c¢c (PBDB-
T:PC7 BM).
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Figure 1: a) Chemical structures of the donor and acceptors used, UV-Visible absorption of the b) PBDB-T:ITIC and c)
PBDB-T:PC71BM blend films with varying amounts of added DIO.

Box plots comparing PBDB-T:ITIC and PBDB-T:PC7BM devices with a range of DIO volume
concentrations, alongside their JV curves, can be found in Figure 2. Device metrics are also summarized

in Table 1.



10.0 1 : = s
. S o2
S 751 e L 15.0 §
3 £
L. 125 =

2

2.5 e | 10.0

e

1.0

0.9 1 em— L 60
. e
S08 4 oy

(o] L ~
<20.7 g
0.6 1 B 1P
*
05 : . . ; ; : : ;
o ) ) ) o o ) o
[m] [m] [m] [m] (m] [a] a 1)
2 2 2 2 2 2 2 2
o w = [32] o v = o
b) P S
10.0 s
IE o~
S 751 . | 150 &
&) 1 = L125
a 50 =
2
2.5 1 L 10.0
1.0
NN et

0.9 - — L 60
0.8 A 3
(6] | ~
<20.7 4 40&

0.6 - [

0.5 ; : . : : : : :

o) o o o) o o) o o

a o (=] [m] a] o (=] (m]

2 2 ° 2 ® 2 2 2

o 0 - ™ o 1o} - ™
o o

()
~—
(=W

~—

20

20
ﬂ:ll]:lﬂ:lﬂ]ﬂ:lujuj
15 o

©

10

O 0%DIO
O 0.5% DIO
—A— 1% DIO
—8— 3% DIO
-10 T T T

00 02 04 06 08 10 12 00 02 04 06 08 10 12
Voltage (V) Voltage (V)

O 0% DIO
- 0.5% DIO
—&— 1% DIO
—%— 3% DIO
=10 T T T T

Current Density (mA/cmz)
(6]
1

Current Density (mA/cm‘)

T

Figure 2: Box plots showing device metrics for a) PBDB-T:ITIC and b) PBDB-T:PC7:BM based OPVs. 10 devices shown
for each concentration of DIO. Boxplot characteristics: bottom whisker = first quartile — interquartile range, bottom of the
box = first quartile, central line = median, top of the box = third quartile, top whisker = third quartile + interquartile range.

Champion device J-V sweeps shown for ¢) PBDB-T:ITIC and d) PBDB-T:PC7:BM.



Table 1: Summary of device metrics for PBDB-T:ITIC and PBDB-T:PC7:1BM based OPVs. All metrics are given as the average

of 10 devices * 1 standard deviation, with the champion value shown in brackets.

DIO
JSC VOC FF PCE
Active layer Concentration
(mA cm™) V) (%) (%)
(%)
0 175 £+ 0.17]090 + 0.003 | 656 + 049|103 =+ 0.12
17.7) (0.91) (66.9) (10.5)
05 17.1 £ 044|089 + 0.005|66.5 + 130|101 + 042
' 17.7) (0.90) (68.4) (10.7)
PBDB-T:ITIC
. 160 + 0.88]0.88 + 0.004 |543 + 094 |75 =+ 022
(16.3) 0.89) (55.9) (8.0)
3 99 + 021|054 + 0.008 258 + 052|13 =+ 0.04
(10.1) (0.56) (26.7) 1.4
0 13.0 + 025|088 £ 0005|666 + 03975 £ 0.16
(13.3) (0.89) (67.5) (7.8)
05 136 + 0.14]0.87 + 0.004 | 683 + 032|81 =+ 0.15
' (13.8) (0.88) (68.8) 8.3)
PBDB-T:PC7:BM
. 129 + 0.13 086 £ 0.003 | 657 + 04073 £ 0.10
(13.2) (0.87) (66.5) (7.5)
3 142 + 021|086 + 0.004 |71.1 + 057 |86 =+ 022
(14.6) (0.87) (72.3) 9.0)

As expected, without solvent additive addition the PBDB-T:ITIC based devices outperform
those based on PBDB-T:PC7BM, due to the superior absorption and charge transport properties of the
NFA. Upon addition of DIO, champion performance marginally increases for PBDB-T:ITIC, before
dropping sharply at concentrations of 1% and above. The relationship between DIO concentration and
PBDB-T:PC71BM performance is less clear, but in general higher additive amounts yield superior

performance.

The decrease in device performance upon increasing DIO content for PBDB-T:ITIC based cells
is reflected in all device metrics- with reductions in short circuit current density (Jsc), open circuit
voltage (Voc) and fill factor (FF), reflecting the catastrophic breakdown in function. Other studies*
have linked poor PBDB-T:ITIC device performance with high concentrations of DIO, and its role in
promoting excessive ITIC crystallization. Here we highlight the non-ideal ‘s-shaped’ JV curve for the

addition of 3% DIO, possibly implying the formation of a charge extraction or a charge injection barrier.



2.2 Device stability

To explore how these s-shaped JV curves evolve over time, the devices were aged in the dark,
and in an inert atmosphere. Removal of extrinsic degradation factors such as moisture and oxygen,
should confine changes in device performance to intrinsic factors, for example morphological evolution
of the active layer, or reactions between components in the cell. Evolution of the PCE over time can be
seen in Figure 3a, with further metrics given in Figures Sla - d. The changes in the JV curves for
PBDB-T:ITIC based devices with 1% and 3% of DIO can be seen in Figure 3b and 3¢, with those for

other devices shown in Figures S2 — 3.
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Figure 3: a) Normalized PCE of devices stored under dark conditions and in an inert atmosphere. Points given as an average
of 3 devices, with the error bars representing + 1 standard deviation. Corresponding evolution of the champion device for

PBDB-T:ITIC based systems containing b) 1% and c) 3% DIO.



The stability of all the devices based on PBDB-T:PC7;BM is excellent, with some devices even
showing a slight ‘positive burn-in’ in terms of performance, which has elsewhere been attributed to
positive morphological changes.!® With no, or only 0.5%, addition of DIO, the PBDB-T:ITIC based
devices also show good morphological stability. In all these cases it can be considered that deleterious
phase separation or chemical reactions are not occurring within the cell on these timescales (i.e. they

are stable).

Upon addition of higher amounts of DIO, 1% and 3%, PBDB-T:ITIC based devices show a
negative burn-in, dropping to below 80% of their initial performance within only a few days of ageing.
In Figure 3b it can be seen clearly that the ‘s-shaped’ JV curves are apparent in fresh 3% DIO devices,
and begin to emerge in those using 1% DIO after time. This implies there is a gradual process
influencing these characteristics, and that it is exacerbated by higher volumes of DIO. Whilst the process
that induces the s-shaped curves may be specific to ITIC based devices, it also noteworthy that other
studies® have seen higher volumes of DIO ‘trapped’ in PBDB-T:ITIC based systems compared to those
using PBDB-T:PC7BM, so this, and other processes linked to acceptor chemistry, may also be playing

arole.

2.3 Exciton Diffusion Length

To further understand baseline differences in the charge carrier transport between the acceptors,
the exciton diffusion length was studied for PBDB-T and ITIC. This has previously been established
for PC71BM to be in the region of 3-5 nm.*-48

Exciton diffusion length can be measured via several different methods including external
quantum efficiency (EQE) measurements, fluorescence quenching, and exciton-exciton annihilation.**-
52 Here, spectrally-resolved photoluminescence quenching is used to probe the exciton diffusion
length.>® This method involves measuring the photoluminescence excitation spectrum of the thin film
of interest with and without an adjacent quenching layer. The ratio of this spectra is fit an optical transfer
matrix model for the exciton diffusion length. Unlike thickness-dependent photoluminescence
quenching, where the initial exciton profile is varied via active layer thickness, this method uses
different pump wavelengths to realize the same outcome. Using this method, the results of which can
be seen in Figure S5 — S6, exciton diffusion lengths of PBDB-T and ITIC were measured as 11.6 +
0.60 nm and 12.7 + 0.35 nm respectively. It is noted that the value for PBDB-T compares well to that
found for similar structures in other studies,’* however the value for ITIC is much lower than that of

~20 nm measured previously.>>-°



We then sought to understand how these exciton diffusion lengths relate to other length scales
within the BHJ, especially in the context of vertical segregation, and how this is influenced by both

acceptor identity and the level of added DIO.

2.4 Characterizing Vertical Segregation of BHJ Films

To understand the impact of processing on the vertical chemical composition of the blend films,
we performed contact angle goniometry and neutron reflectometry (NR) measurements. We first sought
to estimate the surface energy of each blend component by measuring the contact angles of water and
hexadecane droplets on the surface of neat ITIC, PC7BM and PBDB-T films (Figure S7). Using the
Fowkes surface energy model (further details are provided in Supplementary Note 2: Surface Energy
Estimations), surface energies were estimated to be 27.7 mN/m, 28.1 mN/m and 27.0 mN/m for ITIC,
PC7:BM and PBDB-T respectively (Table S2). The lower surface energy of PBDB-T compared to ITIC
and PC7;BM suggests that it is more energetically favorable for PBDB-T to segregate to the air interface
in the blend films. Extending our contact angle study to blend films processed with different
concentrations of DIO, we find that the total surface energy of both blend systems decreases when
processing with higher concentrations of DIO, indicating an increase in vertical segregation between
blend components (Table S3, Figure S10). This is in good agreement with results reported

57,58

elsewhere,”’~° and may be linked to the extended drying times facilitated by solutions having higher

DIO content.

To explore whether the changes in surface energy correlate to changes in vertical segregation,
the chemical composition of the blend films in the plane perpendicular to the substrate was characterized
using NR. In an NR experiment, a beam of neutrons is directed at the surface of a film at a shallow
angle, and the intensity of the neutrons reflected at various angles (and/or neutron wavelengths) is
measured as a function of momentum transfer (often denoted as ¢g). The resulting reflectometry curve
is the fraction of neutrons reflected (R) versus g. To overcome the low SLD contrast in PBDB-T:ITIC
blend films, we synthesized a deuterated ITIC analogue (ITIC-ds) (full synthesis details and NMR

characterization is provided in Supplementary Note 3: ITIC-ds Synthesis and Characterization).

NR data and associated fits for PBDB-T:ITIC-dgs and PBDB-T:PC7,BM blend films processed
with 0-3% DIO concentration and deposited onto PEDOT:PSS coated silicon substrates are presented
in Figure 4a,b. To assist in the data modelling, the NR of neat PEDOT:PSS, PBDB-T, ITIC-ds and
PC7BM films were also measured to provide reference SLD values for each material (Table S4, Figure
S15). In Figure 4c,d, the SLD profiles corresponding to the modelled NR data are plotted as a function
of OPV blend thickness. All NR curves for the blend films were modelled as a stack of
Si/Si02/PEDOT:PSS/OPV blend/Air where each layer in the sample represents a slab characterized by

10



a thickness, roughness and SLD (fit parameters are displayed in Table 2). To further quantify vertical
segregation in the blend films, thickness-dependent SLD profiles have been converted to an acceptor
concentration by volume (¢4) (Figure 4e,f). Here, the SLD is assumed to be the volume weighted

average of the acceptor (A) and donor (D) phases (¢4 + ¢p = 1):

SLD = ¢,SLD, + ¢pSLDp (1)

SLD — SLDp
SLD4 — SLDp

ba = ()

For PBDB-T:ITIC-ds blend films, a single homogenous layer could not be successfully used to
model the NR data, and it was necessary to add an ITIC-ds-rich layer at the bottom film/PEDOT:PSS
interface (Figure 4a). During fitting, the SLD of the buried interface layer progressed to the upper
bound for all PBDB-T:ITIC-dg samples. To ensure fits remained physical, the SLD of the buried
interface layer was fixed to the SLD of pure ITIC-ds (2.15 x 10°A~2) with changes in this interface
modulated by the thickness and roughness of the layer. PBDB-T:ITIC-dg blends films processed with
0% and 0.5% DIO comprise a pure ITIC-dg buried interface layer and a mixed bulk layer with a
composition of 53:47 PBDB-T:ITIC-ds by volume — a composition close to the mass ratio of the
materials in solution (1:1). The relative thickness of the ITIC-ds interface layer compared to the total
film thickness increases from 7% to 7.5% for 0 and 0.5% DIO respectively. In comparison, PBDB-
T:ITIC-ds blend films processed with 1% DIO are characterized by a broadened ITIC-ds interface
(11.1% relative thickness) and a change in composition of the bulk layer to 59:41 PBDB-T:ITIC-dg

indicating increased vertical segregation between the blend components.

This effect is further emphasized in blends processed with 3% DIO, which are composed of an
ITIC-ds interface with a relative film thickness of 11.8% and a bulk layer composition of 93:07 PBDB-
T:ITIC. This dramatic change in bulk layer composition is ascribed to the combination of enhanced
vertical segregation and the presence of higher quantities of residual DIO in the film as demonstrated
in previous studies.* Large amounts of residual DIO in the film will reduce the average SLD of the
blend significantly (SLDpio= 0.118 x 100A2),"* and make it difficult to accurately determine

composition as the blend comprises a mixture of three components (PBDB-T, ITIC-dg and DIO).

Similarly to ITIC-ds blend films, a single homogenous layer was insufficient to accurately
model the NR data of PBDB-T:PC7BM films, resulting in large chi-squared values (Table S5). To
determine an appropriate model for data fitting, PBDB-T:PC7BM blend films were modelled in three
different ways; as a single homogenous bulk layer, as a bulk layer with an acceptor-rich buried interface
and as a bulk layer with an acceptor-rich surface (Figure S16, Table SS). It is noted that the

accumulation of acceptor would have different impacts on device performance depending on if the

11



interface was with the hole or electron transporting layer (the latter being favorable for electron

transport, and the former being unfavorable).

Fits with an acceptor-rich surface generally resulted in an interface roughness that was
comparable to the thickness of the interface. Additionally, given that surface energy estimates indicate
that a PBDB-T-rich surface is more energetically favorable, a bulk layer with an acceptor-rich buried
layer was selected as the most physical model (Figure 4b). Consequently, all PBDB-T:PC7BM blend
films in this study comprise a bulk layer with a PC7;BM volume concentration in the range 38% - 45%,
and an acceptor-rich layer at the film/PEDOT:PSS interface with a relative thickness that is comparable
across all samples (~14% - 16% of the total blend film thickness). Processing with DIO results in an
increase in the segregation of PC7;BM to the buried interface, from ~47% without DIO to ~60%, ~63%
and ~67% for films processed with 0.5, 1 and 3% DIO, respectively.

12
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Figure 4: Neutron reflectometry data for of a) PBDB-T:ITIC-ds and b) PBDB-T:PC7:BM blend films processed with 0-3%
added DIO on PEDOT:PSS coated silicon substrates with associated fits (black line). The reflectivity (R(q)) data has been
offset by two decades for clarity. Corresponding SLD profiles for ¢) PBDB-T:ITIC-ds and d) PBDB-T:PC71BM blend thin
films (SLDs for each blend component are as follows: SLDpspp.r= 1.15 x10°4°2, SLDiz1c.a8 = 2.15 x 10942 and SLDpc718u
= 4.67 x10042). Thickness has been normalized to the thickness of the OPV blend film where 0 is the midpoint of the air/film

interface and 1 is the midpoint of the film/PEDOT:PSS interface. Acceptor concentration by volume (¢a) as a function of film
depth calculated from the SLD profiles using Equation (2) for e) PBDB-T:ITIC-ds and f) PBDB-T:PC7:BM blend films.
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Table 2: Key NR model parameters for the data fits shown in Figure 4. The full model fitting parameters are provided in Table

S5 and Table S6. Relative thicknesses are the percentage thickness of the interface layer compared to the total thickness of the

blend film.
Bulk Layer Interface Layer
Blend DIo PN
. 3 t
System .Con(c\in;r;t) Thickness | Roughne | SLD ?ﬁigﬂg;g Thickne Roughne (Si“ll())ﬁ A- ,l;ﬁizﬁzee N "
ion (Vol% 682 S8
A ss (A) (x10°A2) %) ss (A) ss (A) ) S5 (%)
0 798 79 1.62 93.0 60 19 2.15 7.0 2.88
PBDB. | 05 723 62 1.62 92.5 59 11 2.15 7.5 373
TITIC-ds | 4 692 64 156 88.9 86 34 2.15 11.1 2.19
3 462 70 1.22 88.2 62 12 2.15 11.8 6.15
0 566 16 2.69 83.9 109 5 2.81 16.1 5.04
PBDB. 0.5 597 21 2.52 83.8 115 2 3.26 16.2 17.50
T:PCuBM | 635 29 253 84.4 117 28 338 15.6 16.68
3 754 35 2.64 85.6 127 29 3.52 14.4 6.20

These results suggest that processing with DIO results in enhanced vertical segregation in both

ITIC and PC7:BM based systems, however the segregation appears to be substantially more pronounced

in PBDB-T:ITIC systems resulting in a pure acceptor buried interface layer as visualized in Figure 5.

Given the similarity in Flory—Huggins interaction parameters estimated for PBDB-T with ITIC and

PC7BM,” and their similar solubilities in DIO,® we suspect this effect is primarily driven by

differences in the film drying dynamics, kinetic hindrance, or higher levels of residual DIO in PBDB-

T:ITIC based systems.*’

The thickness of this buried interface layer increases with increasing DIO concentrations.

Whilst segregation also occurs for PBDB-T:PC7,BM based systems, no pure acceptor layer is formed,

and the components at the HTL interface remain mixed.
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Figure 5: lllustration of the impact of DIO processing on vertical segregation in PBDB-T:ITIC and PBDB-T:PC7:BM blend
films. Overlayed are the acceptor volume concentration (§,) profiles extracted from NR measurements (Figure 4), illustrating

the pure ITIC interface, but mixed PBDB-T:PC71BM interface.

2.5 J-V Curve Simulations

To better understand how an interface composed of pure acceptor at the HTL might impact the
solar cell device JV characteristics, simulations were carried out using OghmaNano, a drift-diffusion
based model that includes carrier trap states.*%* Here an interface of pure ITIC was simulated between
the PEDOT:PSS HTL and the BHJ (shown in Figure 6a). The thickness chosen for the interface layer
matched the relative thickness measured using NR (Table 2). It is important to note that at the highest
DIO concentrations, the pure interface layer of ITIC approaches the exciton diffusion length determined
in Section 2.3, however the greatest impact is anticipated to be on the transport and collection of
dissociated holes, rather than excitons, due to the unfavorable energy level alignment between ITIC and

PEDOT:PSS (Figure 6b).

The model was fit to JV curves from devices aged for 1 week, matching the time period of the
NR measurements, by following procedures published elsewhere,** and further outlined in the
Experimental Methods. PBDB-T:PC7BM blend devices were not simulated due to the mixed nature
of the PC7;BM interfacial layer. Electrical parameters were allowed to vary between devices with
different DIO concentrations, as would be expected by the effect of the significant morphological

changes mediated by DIO.***

The resulting fits can be seen in Figure 6c-f. This demonstrates that the experimentally
observed differences in the JV curve behavior, as a result of different DIO concentrations, can be

attributed to changes in the interface layer. Although charge carrier mobility was important, the
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parameter which differed the most between DIO concentrations was the free-to-free recombination
cross section (see model parameters in Table S7). Thus, we suspect the blocking layer is not only
introducing an energetic barrier, but also acting as a recombination center, due to its non-optimal phase
segregation. Charge build-up is also confirmed by the increases in trapped carrier density at the buried
interface (Figure S17). These results strongly suggest that the pure ITIC build-up measured in the NR

is the primary cause of the observed s-shaped JV curve behavior.

a) b)

Ag eV] 2.8
PFN-Br
- | 4.3
BHJ 4.8 D ==
—= -5. = [=)]
ITIC B =— a | =
— [9)]
o
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Figure 6: a) Simulated stack, with pure ITIC interface between bulk and PEDOT:PSS, b) approximate energy levels,
showing the barrier for hole transport to the PEDOT: PSS (values taken from literature).%>% Modelled and experimental JV
curves for devices based on PBDB-T:ITIC with ¢) 0% DIO, d) 0.5% DIO, e) 1% DIO and f) 3% DIO. The thickness of the

interfacial layer was set to values determined from the neutron reflectivity measurements (Table 2).
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These simulations were then used to understand the mechanisms at work in experimental
devices. With high amounts of DIO (3%), s-shaped curves are seen in fresh devices, suggesting the
initial vertical segregation (potentially combined with other DIO mediated morphological effects), is
severe enough to result in a buried ITIC interface, and corresponding effects described above. With
lower amounts (1%), s-shaped curves only emerge after a few days (Figure 3b), implying segregation

is also a gradual process; likely aided by residual DIO plasticizing the BHJ.

With very low amounts of DIO (0, 0.5%) and with a different acceptor (PC71BM), s-shaped
curves are not observed in fresh or aged devices. In the former case, we believe the segregation is small
enough to prevent overly significant charge build-up, a suggestion supported by the significantly lower
simulated recombination rate in the interface layer for these concentrations compared to those higher
(Table S7). In the latter case, the NR shows that the interface formed is not pure, implying hole transport

can still take place to allow more ideal device function.

These proposed mechanisms are reflected in Figure 3a, where we see good morphological
stability for PBDB-T:ITIC devices with 0 or 0.5% DIO, but significant burn in for those using 1 or 3%
DIO. It is likely here that high amounts initial of DIO lead to more significant component diffusion as
a result of residual additive, and so more significant vertical segregation over time, yielding reduced

device performance due to charge build-up.

3. Conclusions

This work has explored the relationship between film processing, vertical segregation, device
performance and stability in both PBDB-T:ITIC and PBDB-T:PC7BM OPV blend systems. Whilst
PBDB-T:PC71BM devices demonstrate ideal JV behavior, PBDB-T:ITIC devices fabricated from high
concentrations of DIO (3%) resulted in non-ideal ‘s-shaped’ JV curves. This has previously been
attributed to the formation of a charge injection or a charge extraction barrier. During device ageing
measurements, we find that s-shaped curves also emerge in PBDB-T:ITIC devices processed with lower
concentrations of DIO (1%), implying the production of such barriers is a dynamic process with

implications for device stability.

Using NR, we are able to correlate vertical segregation effects to device JV measurements,
showing that both systems demonstrate vertical segregation with an enrichment of the acceptor material
at the film/HTL interface. However, the severity of such segregation is much greater for ITIC-based
systems compared to PC7iBM-based systems with films composed of a near pure enriched ITIC layer
at the HTL interface. Processing with the solvent additive DIO results in increased vertical segregation,
characterized by a broadening of the pure acceptor layer in ITIC-based systems and an enrichment of

the acceptor at the HTL interface in PC7;:BM-based systems. Vertical segregation in both systems is
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likely driven by the extended drying times facilitated by the high boiling point of DIO allowing for
greater segregation, due to the energetic favorability of the low surface energy component at the air
interface. However, we note segregation, and the differences between the two blend systems, may also
be influenced by other factors such as molecular structure and differences in the amount of residual
DIO retained in films after processing.*® Through drift-diffusion simulations we show that the severe
vertical segregation measured by NR is directly related to the s-shaped JV curves observed in PBDB-

T:ITIC devices, due to the pure ITIC layer inducing a charge build-up at the PEDOT:PSS interface.

We note that alongside the DIO induced vertical segregation, there may be other interactions
between DIO and the OPV components at play, including reactions, that could induce s-shaped JV
curves. Here we discount damaging chemical reactions between DIO and PEDOT:PSS due to the
stability of the Voc in aged PBDB-T:ITIC devices with 1% DIO (Figure S1c¢); and similar processes
between DIO and the active layer due to the retention and stability of a high Jsc (Figure S1b).
Deleterious morphological changes, such as aggregation, that are exacerbated by DIO may be

contributing to poor charge transport characteristics.

It is likely that the conclusions in this work are broadly applicable to other NFA systems, and
those using other high boiling point solvent additives. In general, prolonged drying times will
exacerbate vertical segregation and crystallization, with the caveat that other factors such as relative
component solubility and additive retention rates may also play a role. It is clear that solvent additives
can be a method of vertical segregation control, but also that this must be done carefully, as high
amounts of solvent additive can yield severe interfacial stratification, and instability. The use of more
volatile additives, solid additives or designing OPV architectures around likely donor-acceptor
segregation patterns (for example using an inverted architecture), are possible strategies to prevent these
problems, although it is noted that in general high rates of component diffusion will be unfavorable
regardless of architecture. In the move towards larger area fabrication, this work illustrates that
regulation of solvent evaporation is important to control vertical morphology in other deposition
techniques, for example use of a heated stage in blade coating to overcome the intrinsically longer

drying times.

4. Experimental Methods
Materials

All solvents were purchased from Sigma Aldrich. PBDB-T (My: 90,311 g/mol) ITIC and
PC71BM (99% purity) were purchased from Ossila. Solid materials were stored in the glovebox but

weighed out in air, with solvents added inside a glovebox with a nitrogen atmosphere.
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Organic Solar Cell Fabrication

Devices were manufactured on 8-pixel, pre-patterned ITO substrates (Ossila, batch S211).
Substrates were cleaned by step-wise sonication in dilute Hellmanex III (Ossila), deionized water and
isopropyl alcohol, with each step lasting 10 minutes in a water bath held at ~50 °C. Following cleaning
the substrates were dried with a N> gun and exposed to UV-ozone for 15 minutes. PEDOT:PSS (Ossila,
Al 4083) was filtered through a 0.45 pm PVDF microdisc filter before use. A ~30 nm PEDOT:PSS
layer was coated via dynamic spin coating in air at 6000 rpm for 30 seconds. The ITO was exposed via
patterning using a cotton bud dipped in water. The films were then annealed at 110°C for 15 minutes in
air and transferred to a N filled glovebox, followed by a further anneal at 110 °C for 15 minutes. Active
layer solutions were made at either 15 mg/mL (PBDB-T:PC7;:BM) or 18 mg/mL (PBDB-T:ITIC), at a
weight ratio of 1:1 in chlorobenzene and stirred overnight at 60 °C before use. The relevant amount of
DIO for each solution was added at the same time as the chlorobenzene, usually from a stock solution.
PBDB-T:PC7:BM films were spin coated dynamically at 1000 rpm for 40 seconds, PBDB-T:ITIC films
were spin coated dynamically at 2000 rpm for 40 seconds, both to achieve a film thickness of ~100 nm.
All films were annealed at 160 °C for 10 minutes. PEN-Br (Ossila, My: 165,000 g/mol) solutions were
made at 0.5 mg/mL in methanol and stirred overnight without heating before use. PEN-Br films were
spin coated dynamically in a glovebox at 3000 rpm for 30 seconds without anneal. The ITO was exposed
by scraping the films off using a razor blade. An Ag cathode (100 nm) was then thermally evaporated
at a pressure of 2x10 mbar through a shadow mask with a defined pixel area of 4 mm?.

Following electrode deposition, devices were encapsulated using a UV curable epoxy (Ossila),
which was dropped onto the substrate, topped with a glass slide, and cured for 15 minutes under a lamp
at ~365 nm. All layer thicknesses were measured using a Bruker DetakXT profilometer. JV sweeps
were measured using a Newport 92251A-1000 solar simulator which had been calibrated using a
certified silicon reference cell. Devices were illuminated through an aperture mask with each pixel area

restricted to 0.0256 cm?.

For characterization measurements, blend films were prepared following the same device film
protocols outlined above. Neat ITIC, PC7.BM and PBDB-T films were prepared at a solid concentration
of 15 mg/mL in chlorobenzene using the same DIO concentrations and annealing procedures as for

blend films.
Organic Solar Cell Stability Testing
Aged devices were kept in a N filled glovebox maintained at ~23°C and >0.1ppm H,O & O»

and removed to air for periodic testing.

Exciton Diffusion Length Measurements

19



Exciton diffusion measurements of PBDB-T and ITIC involved fabricating a series of exciton-
quenched and exciton-unquenched samples composed of PBDB-T and ITIC films deposited onto an
electron-blocking layer (HfO,) with different capping layers. The exciton diffusion length was then
measured using spectrally resolved PL quenching following previous protocols.”® Full sample
preparation and measurement details are provided in Supplementary Note 1: Exciton Diffusion Length

Measurements.

Contact Angle Measurements

Contact angle measurements were carried out using an Ossila goniometer. The contact angle of
water and hexadecane droplets on film surfaces were recorded and analyzed using the Ossila Contact
Angle software. A baseline was fitted to the droplet/substrate interface and adjusted for any sample or
camera tilt. Contact angle values are the average of the two angles (left and right) measured for each

droplet. Surface energy estimations were made using the Fowkes model (further details provided in SI).

Neutron Reflectometry

Neutron reflectivity measurements were performed using the D17 reflectometer at Institut-
Laue-Langevin (ILL), Grenoble, France.’All samples were made fresh and stored in nitrogen sealed
bags before transit to D17 at ILL for measurement ~1 week later. Blend films were spin-coated onto
PEDOT:PSS coated silicon substrates (Scm diameter) following the same protocols used for device
fabrication. Pure material reference films were spin-coated directly onto clean silicon substrates. D17
is a horizontal geometry (vertical surfaces) neutron reflectometer, which operates in time-of-flight
(TOF) mode. In this configuration, neutrons with a broad range of wavelengths (2 to 27A) are incident
on the sample and reflected neutrons are detected using an area detector. This allows both off-specular
and specular scattering to be rapidly probed across a large q range. The reflectometry measurements in
this work were collected using incident angles of 1° and 4°, generating a q range of 0.0076 - 0.317 A",
Neutrons were counted for 30 min and 100 min at the lower and higher angles, respectively, and
collimation was chosen such that samples were under-illuminated. Specular neutron reflectivity curves
were extracted from the raw incident and reflected neutron beams using the COSMOS data reduction

program.® Data was fitted using GenX software using an instrumental resolution of 2%.%°

JV Curve Simulations

OghmaNano was used for all JV simulations. The software’s in-built material files were used

for the glass, ITO, silver, PEDOT:PSS and PBDB-T:ITIC layers. As PFN-Br was not an in-built
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material, ZnO was used in its place, due to their similar function and energy levels. All layer thicknesses
were kept consistent with experimental values from the NR measurements and device preparation, with

an absolute active layer thickness of 100nm used (including the pure ITIC interface).

The in-built Shockley-read-hall carrier trapping and recombination functions were used, with
model parameters given in Table S7. Blend mobility values” and HOMO and LUMO levels® were
initially set to those from literature, before experimental JV sweeps were fitted using OghmaNano’s
inbuilt fitting function. The charge carrier mobilities, recombination rates, HOMO and LUMO levels
and relative permittivity for the BHJ and interfacial layer, shunt resistance, series resistance and photon
efficiency for the device were used as fitting parameters for the 3% concentration of DIO. The LUMO
levels and relative permittivities were then fixed, with the remaining parameters allowed to float to fit

the remaining DIO concentrations.
Supporting Information

The supporting information file includes additional data and information concerning organic
solar cell devices and stability, contact angle measurements, surface energy estimations, ITIC-dg
synthesis and characterization, neutron reflectometry, exciton diffusion length measurements and

additional JV simulation details.

Data Availability

NR data is stored in the ILL data repository (doi:10.5291/ILL-DATA.9-11-1957).
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