Lawrence Berkeley National Laboratory

LBL Publications

Title

Decoupling Complex Multi-Length-Scale Morphology in Non-Fullerene Photovoltaics with
Nitrogen K-Edge Resonant Soft X-ray Scattering

Permalink

|https://escholarship.orgc/item/592363dd

Journal

Advanced Materials, 34(6)

ISSN
0935-9648

Authors

Zhong, Wenkai
Zhang, Ming
Freychet, Guillaume

Publication Date
2022-02-01

DOI
10.1002/adma.202107316

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/592363d9
https://escholarship.org/uc/item/592363d9#author
https://escholarship.org
http://www.cdlib.org/

Visualizing Complex Multi-Length-Scale Morphology in Non-Fullerene
Photovoltaics with Nitrogen K-Edge Resonant Soft X-Ray Scattering

Wenkai Zhong, Ming Zhang, Guillaume Freychet, Gregory M. Su, Lei Ying, Fei Huang, Yong
Cao, Yongming Zhang, Cheng Wang,* Feng Liu*

ABSTRACT: Multi-length-scale morphology in organic photovoltaics (OPVs) and other
functional soft materials leads to high complexity, but often dictates functionality. Such
mesoscale complexity in OPVs originates from the kinetically trapped nonequilibrium
morphology, which determines the charge generation and transport of the resultant device.
Resonant soft x-ray scattering (RSoXS) has been revolutionary on the exploration of OPV
morphology in the past decade. However, for non-fullerene OPVs, RSoXS analysis near carbon
K-edge (CK-RS0XS) has been difficult, due to the similar carbon-based frameworks in the
materials used in bulk-heterojunction blends. An innovative approach is provided by nitrogen K-
edge RSoXS (NK-RS0XS), utilizing the spatial and orientational contrasts from the cyano groups
in the acceptor material, which allows for determination of the phase separation. Of particular
importance is that NK-RSoXS, for the first time, clearly visualizes the combined morphology in
PM6:Y6 blends originated from crystallization and spinodal phase separation, yielding feature
sizes that dictate optoelectronic properties. NK-RSoXS also reveals that PM6:Y6:Y6-BO ternary
blends with reduced phase separation size and enhanced material crystallization can lead to
current amplification in devices. Nitrogen is common in organic semiconductors and other soft
materials, and the strong and directional N 1s>7* resonances make NK-RSoXS a unique tool to

uncover mesoscale complexity and opens opportunities to understand heterogeneous systems.



INTRODUCTION

The functionality of materials is strongly correlated with the collective assembly of active entities
beyond the chemical construction. This phenomenon is highlighted in soft materials where the
structure is complex and the mesoscale behavior that bridge chemistry and assembly plays an
important role in dictating material performance.'* Control over the molecular assembly on
multiscale and mesoscale requires not only a fundamental understanding of the material
properties, but also viable and efficient metrology that can quantitatively resolve and analyze the
complex structure associated with diverse functions. To characterize the mesoscale phenomena
spanning multiple spatial and temporal scales, element-sensitive resonance soft x-ray scattering
(RSoXS) provides a chemical label-free solution to resolve the internal complexity of phase
separation and interfacial orientation for a range of functional soft materials.’- '° The scattering
contrast of RSoXS stems from the complex index of refraction, n(£) = 1 — 8(E) + iB(E), where
O(E) and B(F) are the dispersion and imaginary parts, respectively. Thus, contrast with chemical
sensitivity can be achieved since 6 and B change substantially as a function of energy near
absorption edges. The contrast function, A3*+AB?, can be used to evaluate different phases

quantitatively.*!!

Organic photovoltaics (OPVs) active layers illustrate the complexity in multicomponent soft
materials. The mixing and phase separation between donor (D) and acceptor (A) materials
determine the charge generation and transport, as well as the power conversion efficiency of
devices.'? ! Carbon K-edge RSoXS (CK-RS0XS) has been proven to be a successful tool to
study phase separated blends comprised of n-conjugated donors and fullerene acceptors, where
the fullerene exhibits high resonance arising from 1s(C=C)=>n*c—c transitions at ~284.2 ¢V.!5 18
However, the structure-property relationship in emerging non-fullerene acceptor (NFA) based
D/A blends that deliver higher efficiencies are difficult to quantify due to the challenges in
achieving high scattering contrast.'>- 23 The chemical similarity between D and A leads to
comparable and superposed near edge x-ray absorption fine structure (NEXAFS) spectral features
at the C K-edge, impeding the chemical sensitivity of CK-RSoXS. Meanwhile, conventional
microscopic techniques, such as transmission electron microscopy (TEM) and atomic force
microscopy (AFM) are less effective, as the materials have similar electron densities and surface

mechanical properties.?

To address these challenges, we leverage nitrogen K-edge RSoXS (NK-RSo0XS) by utilizing

the nitrogen (N) absorption features in the materials.!>* In organic semiconductors, N-based



groups influence the optical and electronic properties for n-conjugated polymers and small
molecules. From a chemistry perspective, the sp? hybridized N atoms in hetero-aromatic rings
confer different coordinating properties depending on the bonding environment, which lead to
well-defined NEXAFS features that can be explored. For example, the lone pair of electrons in
the 2p orbital of the N bridge in carbazole or dithieno[3,2-5:2',3"-d|pyrrole can delocalize across
the conjugated plane, enhancing the electron-donating capability of these units.?> On the contrary,
the lone pairs of sp? orbitals for N atoms in a C=N bond in fused rings, such as
benzo[d][1,2,3]triazole, benzo[c][1,2,5]thiadiazole, and pyridal[2,1,3]thiadiazole, quinoxaline,
localize around the N atoms, resulting in strong electron-withdrawing characteristics.?® % A
unique case is the cyano group, where the C=N has an sp hybridized N atom that forms two 7
bonds with two pairs of orthogonal p orbitals, and a localized lone pair yielding large

19.20.31- 36 Therefore, nitrogen is an important chemical element in n-conjugated

electronegativity.
polymers and small molecules, which enables NK-RSoXS to provide new opportunities in
revealing the mesoscale structure chemically and spatially in organic semiconductor thin films

and other disciplines.

RESULTS AND DISCUSSION

The viability of NK-RSoXS in characterizing the phase separation in non-fullerene D/A blends
for OPVs is demonstrated. The D/A combination PBDBT:ITIC (1:1 by weight) blend was chosen
(Figure 1a). ITIC is an A-D-A type NFA, where the cyano groups are incorporated for increasing
the electronegativity of A groups, leading to strong absorbance in the near-infrared (NIR) region
that contributes to high OPV power conversion efficiency.?” For the cyano group, the C=N is
composed of one ¢ bond and two m bonds, where the © bonds are formed from two pairs of p
orbitals (py and p,) that are orthogonal to each other. The N K-edge NEXAFS spectral analysis of
ITIC was conducted to study the energy-dependent chemical resonance associated with N atoms.
As shown in Figure 1b, the NEXAFS of ITIC shows three absorption peaks at 398.8 ¢V, 400.2
eV, and 401.5 eV, which are labeled with “A”, “B”, and “C”. Angle-dependent NEXAFS reveals
that as the incident angle, 6, increases, the intensities of peak A and peak C deceases, while the
peak B intensity increases. This suggests that the transition dipole moments (TDMs) for
transitions A and C are perpendicular to B. Since ITIC has been shown to assume a “face-on”
orientation on the substrate,***° it is expected that the TDMs for peaks A and C are normal to the

conjugated plane, and the TDM for peak B is in the conjugated plane.



More detailed chemical and electronic origins for these peaks are investigated by NEXAFS
simulations using first-principles calculations based on the excited electron and core hole (XCH)
approach.**#! To simplify the calculation, the side chains and aromatic ring indacenodithieno[3,2-
b]thiophene (IDTT) were replaced by methyl groups and indacenodithiophene (IDT), respectively.
As shown in Figure lc, the simulated NEXAFS displays a profile with three spectral features,
labeled with “A”, “B”, and “C”, consistent with the experimental data. Compared with
experiment, there is a discrepancy in the energy position of B relative to A and C in the
simulation, which may be due to these Perdew-Burke-Ernzerhof (PBE) calculations cannot
accurately describe the highly localized m* states in the system.*! However, the directionality of B
relative to A and C is reproduced in the simulations, so it is convinced that the theory captures the
electronic origins of these key features. The core-excited final-state orbitals corresponding to the
resonant absorption of A and C show that these features correspond to N 1s>7*(p,) transitions,
as seen by positive and negative regions of the wavefunction above and below the aromatic rings,
which confirms that their TDMs point normal to the conjugated plane (see the side views shown
in Figure S2). The orbital corresponding to the resonant absorption of feature B shows n
symmetry with respect to the internuclear axis of C and N, and parallel to the conjugated plane,
indicating the resonance is from N 1s>7*(p,) transitions with TDM within conjugated plane.
One notes that the orbitals of A and C are delocalized over the conjugated plane, while orbital of
B is localized around the cyano group. This suggests the = bond formed from the p, orbitals can
well couple into the delocalized m systems, which is further verified by the simulated core-excited
final state orbitals of C 1s—=>7* transitions from the cyano group (Figure S3). The x-, y-, and z-
components of the simulated spectra were extracted, showing that features A and C are
dominated by the z-component, while feature B is contributed by x- and y-components (Figure
S4). Since the conjugated plane of the model molecule is parallel to the x-y plane, the results are
in good agreement with the absorption dichroism for peaks A/C and peak B observed in angle-

dependent NEXAFS.
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Figure 1. (a) Chemical structures of PBDBT and ITIC, where the cyano group of ITIC is formed
with one ¢ bond and two 7 bonds. (b) Angle-dependent N K-edge NEXAFS spectra of ITIC; inset
is the schematic showing the experimental geometry with beam incident angle of 8, where the
incident electric filed (E) is perpendicular to the sample. The NEXAFS spectra were collected
with total electron yield (TEY) mode. (c) Left: simulated N K-edge NEXAFS spectra of the
simplified ITIC. Right: density distributions of the electronic component of different core-excited

final-state orbitals, where the excited N atoms are highlighted with red.

The determination of chemical origins for absorption peaks enables the structure analysis
with NK-RSoXS. RSoXS was then performed on freestanding PBDBT:ITIC (1:1 by weight)
blend film in transmission geometry to avoid the fluorescence background of silicon nitride
(Si3Ny4) supporting window or need to fabricate a nitrogen-free support like aluminum oxide
substrate.** Figures 2a and 2b summarize the averaged RSoXS /-g curves collected at C K-edge
and N K-edge, respectively. For CK-RS0XS, the blend film shows a peak with ¢ ~0.012 A (d ~
52 nm, d = 2n/q) at 280.0 eV. When the photon energy is switched to the ©* resonance region
(284.0 - 286.0 V), a significantly enhanced peak with ¢ position around 0.0083 A (d ~ 75 nm)
is seen (Figure S5). The emergence of multiple scattering peaks indicates CK-RSoXS can detect a
complex nanostructure in the blend, but cannot well decipher the structural details with chemical
specificity due to the overlapped NEXAFS spectra. When shifted to NK-RSoXS, a weak
scattering feature is observed at 0.0022 A" (d ~ 285 nm) at off-resonance energies (390 eV and



408 eV). Tuning the photon energy to the three key resonant N 1s—>x* absorptions (398.8 eV,
400.2 eV, and 401.4 V), scattering features are seen at 0.011 A (d ~ 55 nm) with different
intensities, and the best resonance is seen at 400.0 eV, which is assigned to the peak B resonant
absorption in NEXAFS (Figure S6). These results indicate that NK-RSoXS can clearly capture
the N heterogeneity in blend, which is in consistence with the off-resonance CK RSoXS,

indicating this structure feature originates from the ITIC crystalline phase in blends.

We then calculate the integrated scattering intensity (ISI) of RSoXS to evaluate the phase
contrast following the equation of ISI = fooo 1(q)q? dq. For a two-phase system, the relationship

between ISI and contrast function can be described by
ISI = 2m2Ap2,0,¢0,V « Ap?, < E*(A8? + AB?)

where Ap;, is the difference in effective electron density of the two phases, ¢4 and ¢, are the
volume fractions of each phase, and V is the scattering volume.'®** Thus, the ISI is proportional
to the contrast function A3*+AB?. The acquisition of the NEXAFS spectra of the pure material
enables to obtain the imaginary part of the refractive of index, B, for each material. Then the real
part, 8, can be calculated through the Kramers-Kronig relationship,* enabling the calculation of
contrast between the materials in a blend. For the PBDBT:ITIC blend, the scattering contrast at C
K-edge is dependent on the difference of index of refraction for each material (A5*+Ap?), and the
contrast at N K-edge is only affected by vacuum contrast of ITIC (8*+p?) since only ITIC has N
atoms (Figures S10 and S11). The comparison of the experimental ISI and calculated contrast
function reveals how the scattering power in RSoXS reflects the contrast between PBDBT and

ITIC.

As shown in Figure 2c, the energy-dependent ISI at C K-edge shows dual-peak profile with
large ISIs at 283.8 eV and 286.0 eV, which is not fully consistent with the calculated AS*+AR2.
This effect is ascribed to the orientation contrast in blends, which cannot be fully taken into
account in contrast calculations based on orientation averaged NEXAFS. The scattering signal at
283.3 eV reflects the best resonance effect for PBDBT:ITIC blends. Close inspection of the 2D
scattering pattern (inset in Figure 2a) shows that the scattering anisotropy is parallel with the £
vector at low-¢g region, which is different to the anisotropy feature perpendicular to E vector at
high-¢q region, indicating the scatters are of different origins. Sector averaging in the directions
parallel and perpendicular to £ was performed, resulting scattering features at 0.0081 A (d ~ 78
nm) and 0.0099 A"! (d ~ 63 nm), respectively, as indicated by their Ig>-g curves (Figure S12).

However, defining the chemical origins for these features is challenging due to the overlapped



NEXAFS features between PBDBT and ITIC around 283.8 eV (Figure S9). The ISI at N K-edge
shows a profile matches well with the calculated 6+ which helps to find the clear origin of the
0.011 A-' scattering (d ~ 55 nm) in NK-RSo0XS, corresponding to the inter-distance of ITIC phase.
This characteristic length is close to the small size observed by the CK-RS0oXS (d ~ 63 nm), and
thus the large size feature (d ~ 78 nm) in CK-RSoXS is ascribed to the PBDBT phase. A
schematic representation is shown in Figure 2d. NK-RSoXS (400 eV) highlights specific features
of the complex morphology associated with the cyano ITIC that cannot be easily determined with
CK-RS0XS. This combination enables the decoupling of the complex multi-length-scale phase
separated morphology in NFA blends for the first time. These results demonstrate that NK-
RSo0XS shows unique capability to explicitly highlight the cyano NFAs, which is complementary
to the CK-RS0XS, realizing new opportunities to investigate the complex morphology and

construct the structure-property relationship in high efficiency NFA solar cells.
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Figure 2. Energy-dependent (a) CK- and (b) NK-RSoXS averaged /-g curves of PBDBT:ITIC
blend film; insets are the scattering patterns of off-resonance (C K-edge: 280.0 eV; N K-edge:
390.0 eV) and on-resonance (C K-edge: 284.0 eV; N K-edge: 400.0 eV) energies. (c) IST as a
function of energy and the predicted contrast functions, A3*+Ap? for C K-edge and &°+B? for N K-
edge, of the PBDBT:ITIC blend film. The ¢ ranges for ISI calculations were set to 0.0011-0.024
A for NK-RSOXS and 0.0040-0.033 A" for CK-RS0XS to minimize the fluorescence
background at high scattering angle. (d) Schematic showing the morphology of PBDBT:ITIC



blend, with PBDBT fibers, ITIC crystallites, and phase separation of amorphous domains (left),
and the structures highlighted by soft x-rays with energies at 283.8 eV (C K-edge, middle) and
400.0 eV (N K-edge, right).

We then look into the record-holding PM6:Y6 OPV blends, which exhibit solar cell
efficiency over 17% (Figure 3a).*> As shown in Figure 3b, the cyano Y6 acceptor shows three N
Is=>7* transition peaks in NEXAFS spectra. Although the simulated spectra also shows three
transition features from the cyano groups, the presence of transitions from the N atoms in the
central hetero-aromatic rings complicates the assignment of the TDMs for each peak in the
experimental data (Figure S13). Similar to ITIC, the three NEXAFS features of Y6 are also
labeled by “A”, “B”, and “C”. Angle-dependent spectra shows that decreasing the incident angle
6 from 90° to 20° leads to significantly intensified peaks A and C, but declined peak B. The
similar NEXAFS dichroism compared with ITIC suggests that the peak B is mainly contributed
by the N 1s>n* transition with TDM within the conjugated plane, while peaks A and C are

mainly contributed by the N 1s>7* transitions with TDMs normal to the conjugated plane.

The NK-RS0XS I-g curves of PM6:Y6 blend (1:1.2 by weight) is shown in Figure 3c. Well-
defined dual-peak characteristics are recorded with one center at 0.0048 A (d ~ 147 nm) and
another at 0.016 A*! (d ~ 37 nm), both of which are associated with the Y6 phase, as their
scattering intensities vary with the photon energy at N K-edge, indicating that Y6 presents multi-
length-scale phase separation in the blend (Figures S14 and S15). To study the origin of the two
scattering features, ISIs at high-¢ region and low-¢ region are calculated (Figure 3d). The high-¢
ISI profile is dominated by peak B, suggesting that the chemical resonance mainly comes from
the N 1s>7* transitions with TDMs in the Y6 conjugated plane, which agrees with the “face-on”
orientation of Y6. For the low-g ISI profile, peak C shows comparable intensity to peaks A and B,
implying that the chemical resonance is contributed by N 1s>7* transitions with TDMs not only
within but also normal to the Y6 plane, which fits in the amorphous mixture region where the Y6
molecules has little orientation preference. It has been shown that Y6 in PM6:Y 6 blend forms
crystallite fiber morphology, where molecules assume preferential “face-on” orientation.*® The
energy-dependent ISI analysis together with the self-assembly structure suggests that the
scattering resonance at high-g region comes from the Y6 fiber inter-distance (~37 nm), which is
in good agreement with the results observed in AFM phase images (Figure S16). The scattering
resonance at low-¢g region originates from the Y6-rich amorphous region, a structure feature that
has not been resolved before. Thus, NK-RS0oXS successfully decoupled the complex multi-
length-scale morphology arising from Y6 in PM6:Y6 blends, with the fiber network determined



by molecular crystallization and the amorphous domains formed from spinodal decomposition

(Figure 3e).

With NK-RS0XS, a more complex ternary blend of PM6:Y6:Y6-BO (1:0.6:0.6 by weight)
was studied to understand how the acceptor based multi-length-scale phase separation correlates
with the photovoltaic performance (Figure S14). Analysis of the energy-dependent /-g curves and
ISI reveals that the ternary blend has NK-RSoXS peaks at 0.0048 A-! and 0.016 A, indicating
the inter-distances of amorphous domains and crystallite fibers are 131 nm and 39 nm,
respectively (Figures S17-S19). Thus, the major change in this ternary blend is the reduced
distance of amorphous domains of acceptors, from 147 nm to 131 nm compared with the PM6:Y6
blend. As a result, more efficient exciton diffusion and dissociation, as well as substantial current
amplification for the ternary solar cells are observed.*® These results indicate that the complex
structures arising from cyano acceptors decoupled by NK-RSoXS can help to understand the
device performance outcomes, providing new understanding of structure-property relationship.
The device performances and the key charge transfer and carrier transport properties are
summarized in Figure S27 and Table S1. We see clearly that the PM6:Y6:Y6-BO blend delivers a
higher short-circuit current (Jsc) by ~4% and a slightly improved fill factors. These results are in
accordance with the reduced amorphous phase separation as probed by NK-RSoXS. It is also
noticed that the charge dissociation in mixed region is much shorter and the electron mobility is
higher in PM6:Y6:Y6-BO blends, which are ascribed to the reduced phase separation and

enhanced crystallization for acceptor components.
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Figure 3. (a) Chemical structures of PM6 and Y6. (b) Angle-dependent N K-edge NEXAFS
spectra of Y6, which were collected with TEY mode. (c) Energy-dependent NK-RSoXS averaged
curves of PM6:Y6 (1:1.2) blend films. (d) ISIs as a function of energy of PM6:Y6 blend; the
high-g and low-g regions are 0.0012-0.0080 A and 0.0080-0.036 A", respectively. (e) Schematic
showing the complex multi-length-scale phase separation with Y6 crystallite fibers
interpenetrating through the Y6 amorphous regions, where the molecular packing assumes “face-

on” orientation in crystallite fibers but random orientation in amorphous regions.

Furthermore, angle-dependent N K-edge NEXAFS for several representative n-conjugated
materials with N-based hetero-aromatic rings and cyano groups are collected in Figure 4, which
are widely used in various types of organic electronics.*’-  Taking their significant N 1s>m*
resonances, NK-RSoXS is promising to be applied in resolving the complex structures to
construct a solid structure-property relationship for a broad range of organic semiconductor thin
films. Therefore, for a blend, where one or several components contain N with distinguishable
Is=>7* resonances, the N atoms can be used as the tracer to track the morphology with chemical
specificity by using NK-RSoXS, which provides a similar effect to deuterium labeling in small

angle neutral scattering (SANS). Angle-dependent NEXAFS of the listed materials are provided



for reference, which provides essential information regarding the orientation of scattering entities
in a sample and is critical in analyzing the scattering results. Thus, NK-RSoXS provides a simple
but effective solution to decipher structural complexity and study the mesocale behaviors in

functional soft materials.

3 N2200 g

8=
- — 2"
— 55

€

i -
P

Py
el i ot | | P

J51

PTzBI

OIDTBR

TEY Intensity

s
CaHir,_CoHir Sy S)LN’\

o/ \SS\ VAR !
N l{ '§" CgHif” CgHyy

PFA1

g
NC:
NC CN 12H25 12H25

Energy [eV]

Figure 4. Angle-dependent N K-edge NEXAFS spectra (TEY mode, left) and chemical structures
(right) of N2200,*7 J51,%4 PTZzBL,*® OIDTBR,>!? and PFA1%.

CONCLUSION

We demonstrate the capability of NK-RSoXS in resolving the complex morphology in non-
fullerene solar cell blends, which turns out to be a successful avenue in studying the multi-length-

scale morphology stemming from material crystallization and phase separation. The cyano group



in non-fullerene acceptors with distinct N 1s=>7* resonances provides an ideal label, by which
the material contrast and orientation factor can be used to decouple the complex morphology in
the bulk-heterojunction blend. As seen in PM6:Y6 blends, Y6 crystallization and phase separation
leads to crystallite fibrillar morphology and Y6 enriched amorphous domain that account for the
high efficiency carrier generation and transportation in solar cell devices. The PM6:Y6:Y6-BO
ternary blend shows reduced amorphous phase separation distance and improved crystallization,
leading to improved electron mobility, charge separation, and short circuit current. In executing
NK-RSo0XS analysis, merging experimental and theoretical NEXAFS spectroscopy is crucial in
correlating spectral features and scattering origins. The N K-edge NEXAFS spectra of
representative materials based on N-containing hetero-aromatic rings and cyano groups are
examined, showing strong resonances and dichroism, providing new opportunities for NK-
RSo0XS to unlock the complex phase separation for a broad range of organic semiconductor thin
films. The unique capability of NK-RSoXS to highlight the N-containing heterogeneities provides

24,61,62

a complementary tool to other characterization techniques, and can enable unprecedented

opportunities to glimpse into the chemical, spatial, and temporal behaviors of mesoscale

complexity for functional soft materials in various application frontiers.
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