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ABSTRACT: Self-assembled monolayers (SAMs) are an emerging class of
hole-selective layers (HSLs) to replace the conventional poly(3,4-ethyl-
enedioxythiophene) polystyrenesulfonate (PEDOT:PSS) in organic solar cells
(OSCs). Despite the wide use of SAMs, it is difficult to directly establish a
feedback loop between material design and OSC performance as the SAM
quality will also affect the OSC performance and was frequently neglected. In
this work, we designed a series of carbazole-derived SAMs by engineering the
halogen substituents and the alkyl linker lengths. A SAM stacking model was
established to evaluate the SAM qualities in terms of surface morphology, . . .
molecular bonding, and packing quality. Consequently, the iodinated carbazole
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OSC performance in the PM6:Y6 system, and good universal applicability with a power conversion efficiency (PCE) of 18.1% in the
D18:Y6 system. It can be concluded that SAMs should benefit from OSC performance by achieving suitable energy level alignment,
high packing regularity, and enhanced interactions with adjacent layers. Our work provides insight into designing SAM:s for effective

HSLs in efficient OSCs.
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B INTRODUCTION

Organic solar cells (OSCs) have received great attention as an
important field in photovoltaic studies due to their potential
advantages of high efficiency, outstanding flexibility, facile
processability, and lightweight.'~* Currently, a basic OSC
mainly consists of an anode, cathode, active layer, and charge-
selective layers (CSLs) between the interfaces; therefore, good
charge extraction and transport can be realized to benefit the
device performance.”~” Among different CSLs for OSCs, the
electron-selective layers (ESLs) have been extensively
developed, where a wide variety of n-type materials such as
ZnO, PEN-Br, and PNDIT-F3N, are commercially avail-
able.”'? In sharp contrast, as one of the few available options,
PEDOT:PSS has been one of the very few solution-processable
p-type materials used as the hole-selective layer (HSL) in
OSCs. However, there are certain drawbacks to this material,
such as corrosivity, hygroscopicity, high cost, and parasitic
absorption. These limit the performance of OSCs and
compromise the long-term stability of devices.'"”'> Therefore,
it is urgent to develop new HSLs to further improve the
performance of OSCs.

Recently, self-assembled monolayers (SAMs) offering high
processability, low cost, and minimum material consumption
have shown great capability in tuning the work function of the
substrate and enhancing the stability of the device when
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applied as HSLs in OSCs. Simultaneously, it can be structurally
modified to establish appropriate interactions with the adjacent
layers in the device stack, ensuring carrier extraction and
transport."*~'® The majority of SAMs that have been applied
in OSCs are based on carbazole scaffolds. Anthopoulos et al.
obtained a maximum power conversion efficiency (PCE) of
18.03% with carbazole-based phosphonic acid SAM as the
HSL in the PM6:BTP-eC9:PC, BM bulk-heterojunction
(BHJ) cell.'” Janssen et al. designed carbazole-based SAMs
with different alkyl chains; thus, a high PCE of 17.4% was
realized in the OSC based on PM6:BTP-eC9 with the C3-
spacer SAM.'' More recently, Hong et al. designed SAMs
derived with a series of heteroatoms, which are universally
effective for both perovskite solar cells and OSCs."®
Anthopoulos et al. explored halogen-substituted SAMs as
HSLs and achieved a top PCE of 18.9% in doped PM6:PM7-
Si:BTP-eC9 BHJs with chlorinated C2-spacer SAM."” Though
pioneers have devoted themselves to molecular engineering of
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SAMs applied in photovoltaic devices,'"”'*™*" so far, the SAM
quality (particular packing regularity) has been rarely discussed
in reported works on OSCs. This renders it difficult for other
researchers in the field to understand the relationship among
molecular structure, SAM stacking, and device performance, let
alone establish a feedback loop to improve their material
design rationales. To address this issue, herein we designed a
series of SAM molecules Cz-1-2, Cz-I-3, and Cz-X-4 (X = F, C,
Br, and I; Figure 1) taking advantages of both halogen-

Cz-l-2, Cz-I-3 and
Cz-X-4 (X=F,Cl,Br,and I)

Figure 1. Schematic cross section of an OSC with designed SAMs as
HSLs. The inset is the chemical structure of Cz-1-2, Cz-1-3, and Cz-X-
4 (X =F, Cl, Br, and I). The numbers in the molecular names (1) are
the linker lengths.

substituent and alkyl linker engineering and prepared design
SAMs by spin coating to investigate their qualities on the
indium tin oxide (ITO) substrate. On this basis, an assembly
model of SAMs was established to correlate molecular design
and SAM quality. In the device characterization with resulting
SAMs, we found that OSCs based on Cz-I-2 SAMs with high
regularity showed better performance and good universality,
working with another active material system D18:Y6, whose
PCE can reach more than 18%. The optimized device
performance could be attributed to molecular energy level
alignment, regular packing, and enhanced interaction with the
adjacent layers. Our work provides practical experience in new
material development and SAM quality control for effective
HSLs and fabricating high-performance OSCs.

B RESULTS AND DISCUSSION

The SAMs were designed with the conventional carbazole
scaffold and phosphonic acid anchor group. Molecular
engineering of the halogen substituents and alkyl linker lengths
can synergistically modulate the SAM packing quality. The
halogen substituents were grafted to modify the molecular
energy level and adjust intramolecular and intermolecular
interactions.”””> The variant alkyl linkers can directly
modulate the material flexibility and the interaction between
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Figure 2. Characterization of SAMs. (a) AFM image of Cz-I-2 SAMs on ITO. (b) SEM and its corresponding N (blue), P (pink), and I (purple)
EDS mappings of Cz-I-2 SAMs on ITO. (c) High-resolution XPS plots of C 1s of Cz-1-2 SAMs. (d) UV—vis spectra of designed SAMs on ITO. (e)
GIXD mappings of SAMs. (f) Time-dependent contact angle tests of SAMs.
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the other components.”””** The SAM-modified ITO sub-
strates were fabricated by spin coating a 2 mM methanol
solution of SAMs on plasma-cleaned ITO, followed by 80 °C
annealing for 10 min and additional solvent cleaning. To
evaluate the SAMs’ quality, their features in terms of surface
morphology, molecular bonding, and packing quality were
systematically characterized.

The microstructure was investigated with atomic force
microscopy (AFM) and scanning electron microscopy (SEM)
techniques. In the AFM image (Figure 2a), the roughness
(1.17 nm) for the Cz-1-2-modified substrate is comparable to
that of bare ITO (1.02 nm), as the surface textures of substrate
before and after ultrathin SAM modification were kept almost
identical (Figure $1).%° No severe aggregations at large scales
of Cz-1-2 were detected as its characteristic elements (N, P,
and I) were uniformly distributed on the substrate in the
energy-dispersive spectroscopy (EDS, Figures 2b and S2).”
We employed X-ray photoelectron spectroscopy (XPS) for the
characterization of SAMs on solid surfaces, benefiting from its
high sensitivity.”**” The C signals could be deconvoluted into
4 subpeaks by fitting, assigned to C—C/C-H, C—N, C—P, and
C—I, respectively, and the O signals were fitted into 3
subpeaks, assigned to In—O—In, In—OH, and In—O—P/P=0
(Figures 2¢, S6, and S$7)."7%*' The subpeaks not only
demonstrate the formation of surface bonding but also provide
detailed information on the different chemical nature of these
bonds. As evidenced by the intensity trend of characteristic
peaks in attenuated total reflection-Fourier transform infrared
spectroscopy measurements (ATR-FTIR, Figure S8), it was
demonstrated that as the halogen atomic number increases, the
molecular concentration of the SAM decreases. On the other
hand, shorter alkyl chains resulted in higher concentrations
among the iodinated SAM molecules. The exact SAM
coverages (I') were revealed by ultraviolet—visible spectrosco-
py-based method (UV—vis, Figures 2d and S9) in Table 1,"
which was corroborated with trends in the ATR-FTIR analysis.

Table 1. SAM Coverage Calculated from UV—Vis
Measurement”

SAM £(1) (x10* M cm™) I' (x107° mol cm™2)
Cz-F-4 4.30 9.51
Cz-Cl-4 3.71 8.70
Cz-Br-4 3.82 8.41
Cz-1-2 4.12 6.82
Cz-I-3 4.15 6.53
Cz-1-4 4.15 6.22

“e(A) is the molar extinction coefficient of the SAM solution
calculated from the absorbance maxima at ca. 380 nm.

A semiquantitative analysis by XPS was performed to reveal
the regularity of SAMs (Table 2). Since a highly regular layer
can shield the photoelectron from the bottom layer and
attenuate the XPS signal, the difference coeflicient between the
atomic-sensitivity-factor-weighted C/P element ratio and the
stoichiometric one (Rygp/Rumper), defined in eq S2, is selected
as an indicator of the molecular regularity in SAMs. Therefore,
iodinated carbazoles with high Rysp/R,ymber Values were found
to have higher regularity, and the regularity could be further
improved by reducing the alkyl chain length, giving Cz-I-2 the
most ordered SAM. The top regularity of Cz-I-2 was further
validated by GIXD with a diffraction peak at g = 2.03 A~
(Figure 2e) and contact angle measurements as the initial
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contact angle and the decay constant of exponential fitting
(Figure 2f and Table S2) increased.”> Moreover, in the ATR-
FTIR (Figure S8), the shifts of two vibrations of the C—H
stretch (a symmetric stretch at ca. 2851 cm™ and an
asymmetric stretch at ca. 2920 cm™') to the higher field
indicate a disordered monolayer with cis C—C bonds, which
show the same regularity trend in alkyl linkers.”>** Therefore,
in this system of 3,6-dihalogenated carbazoles, shrinking the
size of the halogens and shortening the alkyl chains in
iodinated SAMs could improve the regularity. Based on the
above results, we established a SAM assembly model to explain
the relationship between the molecular structure and SAM
stacking.

On this basis, an assembly model for SAMs based on 3,6-
dihalogenated carbazoles is proposed in Figure 3a. The packing
of the SAMs except for iodine-based ones is gradually
optimized as the size of halogen shrinks. This can be explained
as the Cz-F-4 and Cz-Cl-4 can be optimized in molecular
packing when they are annealed above their glass-transition
temperature (Tg, Figure S11), referring to the DSC measure-
ments. On the other hand, increased densities synergistically
optimize molecular packing owing to the stronger intermo-
lecular interactions. The density functional theory (DFT)
calculation in Figure 3b and Table S3 shows that the binding
energies of SAM and the substrate increase as the halogen
atoms shrink, demonstrating that it is easier for Cz-F-4 and Cz-
Cl-4 to bind to the substrate to form a dense and regular
packing. Unexpectedly, Cz-I-4 shows an unusual trend of a
high regularity with strong rigidity, even at low concentrations,
which may be attributed to the iodine’s big atomic radius
(Table S4) and the strong halogen bonds.”*® The large
atomic radius can modulate the intermolecular distance and
directly enhance the molecular interactions together with
halogen bonds to reach a higher regularity. As shown in Figure
3a, the strengthened interactions can even keep iodinated
carbazoles standing up straight to achieve a high regularity in
the molecular dynamics (MD) simulations. To support the
hypothesis, we further carried out MD simulations on systems
with different molecular concentrations and calculated the
distribution of regularity with parameter 8, where 0 is the angle
between the molecule and the substrate (Figure 3c). A low
standard deviation of @ indicates concentrated conformations
and high regularity, which results from strong intermolecular
interactions. On such a basis, the standard deviation of @ for
Cz-Br-4 at the high concentration was found to be bigger than
that of Cz-I-4 even at low concentrations, demonstrating the
high regularities of iodinated carbazole SAMs (Figure 3d). In
terms of different alkyl linkers, the short chain in Cz-I-2 leads
to small volumes, which is beneficial to its higher densities,
stronger interactions, and thus higher regularity. The halogens
and alkyl chains in halogenated carbazole SAMs work
synergistically to regulate the flexibility and molecular size, as
well as further differentiate the SAM density and intermo-
lecular interactions, resulting in the diversity in molecular
packing.

The application of designed SAMs was explored and
compared to the PEDOT:PSS as HSLs in OSCs with a device
configuration of ITO/HSL/PM6:Y6/PNDIT-F3N/Ag (Table
3 and Figure 4). Figure 4a shows the representative current
density versus voltage (J—V) curves, and Table 3 summarizes
the related photovoltaic parameters of derived OSCs. The
designed SAMs exhibited a significant difference in terms of
their OSC performances. In the comparison of Cz-X-4 (X = F,
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Table 2. Atomic Concentration Summary of SAMs from XPS Analysis”

atomic concentration (%)

Cls O 1s N 1Is P 2p X In 3d Rintensity Rase Riumber Rase/Ruumber

blank 13.04 16.13 62.29

Cz-F-4 16.42 18.13 2.07 1.12 8.34 (F ls) 45.58 14.66 22.87 16 143
Cz-Cl-4 14.61 21.42 2.33 1.00 6.79 (CI Zp) 48.23 14.61 22.79 16 142
Cz-Br-4 14.94 20.68 1.78 1.04 5.17 (Br 3d) 50.56 14.37 22.42 16 1.40
Cz-1-2 12.36 11.25 1.38 0.75 19.24(1 3d) 50.94 16.48 25.71 14 1.84
Cz-1-3 11.85 11.36 1.23 0.72 19.10(1 3d) 50.62 16.46 25.68 15 1.71
Cz-1-4 11.23 14.47 1.16 0.69 15.78 (I 3d) 50.42 16.28 25.40 16 1.59

“Rasey Roumber a0d Ripeengy are the atomic-sensitivity-factor-weighted element ratio, stoichiometric ratio, and XPS intensity ratio of C/P,

respectively.
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Figure 3. (a) Assembly trends and SAM regularities for designed SAMs. The images for MD calculations of 3 molecules in the 15 A% area of ITO
are shown below. (b) Binding energies from Table S3. The binding energy of Cz-1-4 is set as O for reference. (c) Definition of 8 to indicate the
changing of molecular configurations. The vector from nitrogen to the midpoint of the line connecting the halogen atoms is v, and the angle
between v and the substrate is 6. (d) The standard deviations of 6 for SAMs under different concentrations.

Table 3. OSC Performances with SAMs as HSLs in the
PM6:Y6 System

Ve Jee Jeal FF PCE

HSLs V) (mA/cm?) (mA/cm?) (%) (%)
PEDOT:PSS 0.861 26.0 25.5 74.3 16.6
Cz-Br-2 0.859 26.6 72.5 16.5
Cz-F-4 0.847 26.5 25.9 61.7 13.8
Cz-Cl-4 0.853 26.7 26.0 63.0 14.3
Cz-Br-4 0.856 26.6 25.9 67.6 15.4
Cz-1-2 0.865 269 26.2 75.8 17.6
Cz-1-3 0.863 26.8 26.1 74.6 17.3
Cz-1-4 0.855 26.8 26.1 70.0 16.0

Cl, Br, and I), the resulting device performances gradually
enhanced as the size of halogen expanded, which can be
attributed to the energy alignment (Figure S13). The Fermi
levels of the electrodes can be simultaneously modulated by
molecular density and an effective dipole perpendicular to the
substrate. The ones based on iodinated SAM show well-
matching energy levels with PM6, and the PCE of the Cz-I1-4
device was dramatically enhanced to 16.0%, with a fill factor
(FF) of 70.0%, a V,. of 0.855 V, and a J,. of 26.8 mA-cm™>
under 1 sun illumination (AM 1.5G, 100 mW-cm™2).
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Furthermore, the device efficiency could be further improved
with shorter alkyl linkers in iodinated SAMs owing to the
deeper electrode Fermi level with higher molecular density and
regularity. Consequently, Cz-I-2-based OSCs delivered a
significantly increased PCE of 17.6%, with a largely improved
FF of 75.8%, a V,_ of 0.865 V, and a J,. of 26.9 mA-cm™2, much
higher than the previously reported Cz-Br-2 devices with a
PCE of 16.5%, an FF of 72.5%, a V. of 0.859 V, and a J,. of
26.6 mA-cm 2" It should be noted that the changes in device
performance were mainly caused by the distinct FF values,
while the modifications on molecular structures showed a
negligible impact on J;. as supported by their similar external
quantum efficiency (EQE) spectra (Figure 4b). The enhance-
ment of FF could be attributed to the improved surface quality
with the ordered assemblies and stronger interactions,*® where
I atoms could be exposed and effectively interact with
heteroatoms in the active layers,””*" validated by consistent
surface energy evidenced by contact angle measurements in
Table $5.*"** On the other hand, a shorter alkyl chain can also
reduce the carrier hopping barriers and enhance the OSC
device performance. Cz-I-2 showed good universality with
another active system consisting of D18:Y6, delivering a good
PCE of 18.1% with an FF of 77.5%, a V. of 0.854 V, and a J.
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Figure 4. Performances of the OSC devices with designed SAMs as HSLs in the PM6:Y6 system. (a) J—V curves and (b) EQE curves.

of 27.3 mA-cm™* (Figure S19). Interestingly, different trends in
OSC performance were found in previous works.'""’
Compared to our design, these molecular structures tailored
by a single strategy (halogen substituents or alkyl linker
lengths) may induce variations in intermolecular interactions
and retention volumes during spin coating, which consequently
will lead to disparities in the surface-adsorbed-SAM density
and molecular conformation. These effects have a dual impact,
influencing both ITO surface passivation and energy alignment
via effective dipole toward the substrate. Moreover, different
compositions of the organic semiconductors could exhibit
variant affinity with SAMs, which further exacerbates the
disparity in device performance. Therefore, factors including
strong packing regularity, energy level alignment, and
enhanced interaction with adjacent layers should be considered
to design a SAM as an effective HSL in OSCs.

B CONCLUSIONS

In conclusion, we modified and explored carbazole-based
SAMs as effective HSLs in OSCs by engineering halogen
substituents and alkyl linker chains. It was found that halogens
worked in concert with alkyl chains to change the intra-
molecular interaction and SAM density to optimize the
packing quality. On this basis, a SAM packing model was
established for the relationship between the molecular
structure and SAM regularity. Cz-I-2 SAMs showed the top
OSC performance with the PM6:Y6 blend as the active layer,
and its universality was proved with the D18:Y6 system to
show a PCE of more than 18%. It can be concluded that SAMs
should benefit OSC performance by achieving good energy
level alignment, high packing regularity, and enhanced
interaction with adjacent layers. This work provides exper-
imental experience for the design and processing of SAMs
working as effective HSLs, as well as applications in high-
performance OSCs.
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Bl ABBREVIATIONS

SAMs, self-assembled monolayers; OSCs, organic solar cells;
HSLs, hole-selective layers; PCE, power conversion efficiency;
CSLs, charge-selective layers; ESLs, electron-selective layers;
BHYJ, bulk-heterojunction; ITO, indium tin oxide; XPS, X-ray
photoelectron spectroscopy; GIXD, grazing incidence X-ray
diffraction; AFM, atomic force microscope; SEM, scanning
electron microscope; EDS, energy-dispersive spectroscopy;
ATR-FTIR, attenuated total reflection-Fourier transform
infrared spectroscopy; UV—vis, ultraviolet—visible spectrosco-
py; MD, molecular dynamics
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