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ABSTRACT: We report on bulk-heterojunction (BHJ) organic
photovoltaics (OPVs) based on the self-assembled monolayer
(SAM) 2PACz as a hole-selective interlayer functionalized
directly onto the indium tin oxide (ITO) anode. The 2PACz is
found to change the work function of ITO while simultaneously
affecting the morphology of the BHJ deposited atop. Cells with
PM6:N3 BHJ and ITO-2PACz anode exhibit a power
conversion efficiency (PCE) of 16.6%, which is greater than
that measured for bare ITO (6.45%) and ITO/PEDOT:PSS
(15.94%) based devices. The enhanced performance is
attributed to lower contact-resistance, reduced bimolecular
recombination losses, and improved charge transport within the
BHJ. Importantly, the ITO-2PACz-based OPVs show dramat-
ically improved operational stability when compared with PEDOT:PSS-based cells. When the ITO-2PACz anode is combined
with the ternary PM6:BTP-eC9:PC71BM BHJ, the resulting cells exhibit a maximum PCE of 18.03%, highlighting the potential
of engineered SAMs for use in hole-selective contacts in high-performance OPVs.

Focused research efforts in recent years have propelled
the power conversion efficiencies (PCEs) of organic
photovoltaics (OPVs) to over 18%.1−5 Despite the

exceptional progress, the achieved performance still lags
behind the recently predicted PCE values of over 20%.6,7 To
achieve this level of performance further advances in donor
and acceptor materials are needed. Equally important is the
development of improved interfacial materials, not only for
reaching the predicted PCE but also for enhancing the
operational stability of OPVs.8 To this end, many studies have
focused on novel interfacial materials, particularly electron
transport layers (ETLs) such as ZnO,9 poly[9,9-bis(3′-(N,N-
dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluorene)]dibromide (PFN-Br),10 perylene diimide
amino N-oxide (PDINO),11 3-[6-(diphenylphosphinyl)-2-
naphthalenyl]-1,10-phenanthroline (Phen-NaDPO),12 and
Phen-NaDPO:Sn(SCN)2.

13 In contrast, progress in hole
transport layers (HTLs) currently lags behind that of ETL

materials. PEDOT:PSS and its derivatives are still widely used
as HTLs for standard structure OPVs,14,15 offering multiple
attractive features in terms of processability, good layer
coverage, high work function (WF),16 and tunable wettability
that makes them compatible with a diverse range of bulk-
heterojunction (BHJ) systems.17 Despite the promising
characteristics of PEDOT:PSS, its high acidity and hygro-
scopicity are known to compromise the long-term operational
stability of the devices.18,19
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HTL-free structures are currently widely used to enhance
both the efficiency and stability of metal halide perovskite solar
cells (PSCs), with some additional advantages including low
cost, simpler fabrication, decreased parasitic absorption, and
high reproducibility of PSCs.20 Recently, self-assembled
monolayers (SAMs) of organic molecules such as [2-(9H-
Carbazol-9-yl)ethyl]phosphonic acid (2PACz) have been
studied and successfully used as hole-selective contacts for
HTL-free p-i-n PSCs.20 The 2PACz SAM offers a well-suited
energetic alignment and a significantly reduced nonradiative
recombination at the contact/perovskite interface, leading to
HTL-free PSCs with a PCE of 20.9%. These devices
outperform those based on the benchmark HTL poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).
Despite the demonstrated potential in PSCs, the SAM-based

HTL-free approach has yet to be fully exploited in state-of-the-
art OPVs.21 To date, most studies on the use of SAMs in OPVs
rely on their application as interfacial modifiers for electron-
collecting cathode electrodes (see the summary of relevant
literature in Table S1).22−33 A notable example is the C60-
SAM-modified ZnO nanoparticles (NPs) interlayer used in
nonfullerene OPVs for which simultaneous improvement of
the device’s PCE and photostability were achieved; the T80
lifetime (the time required to reach 80% of initial perform-
ance) of optimized devices was estimated to exceed 20 years.29

In contrast, only a handful of studies have explored SAM
modification of anode electrodes as a means to improve the
performance of OPVs (Table S1). The lack of interest is most
likely the result of low PCEs (<4%) for SAM-based OPVs as
compared to state-of-the-art PEDOT:PSS-based cells.25,26

Here we show that 2PACz-modified ITO (ITO-2PACz) can
be used as an efficient hole-collecting anode in standard
architecture OPVs based on poly[(2,6-(4,8-bis(5-(2-ethyl-
hexy l -3-fluoro)th iophen-2-y l) -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)]
(PM6) and N3, as the donor polymer and nonfullerene

molecular acceptor, respectively. The ensuing devices show an
impressive PCE of 16.6%, which is greater than that of control
cells based on bare ITO (6.45%) and optimized ITO/
PEDOT:PSS-based (15.94%) anodes. We show that the
presence of 2PACz increases the WF of ITO aiding hole
extraction. We also find that the cells based on 2PACz-
modified ITO exhibit a longer carrier lifetime, larger carrier
densities, and lower bimolecular recombination compared to
bare ITO and ITO/PEDOT:PSS-based OPVs. Furthermore,
optical simulation of the ITO-2PACz-based cells suggests that
the higher current density is due to enhanced optical field
intensity within the BHJ of the device. Importantly, SAM-
based OPVs also show a major improvement in their
operational stability as compared to control ITO/PE-
DOT:PSS-based cells. To this end, our analysis shows that
in comparison to ITO/PEDOT:PSS-based cells, aged ITO-
2PACz-based devices retain their charge carrier mobilities and
charge trapping/detrapping characteristics, ultimately leading
to the limited performance degradation observed. Moreover,
when the ITO-2PACz electrode is combined with the ternary
PM6:BTP-eC9:PC71BM BHJ, the resulting cells exhibit a
remarkable maximum PCE of 18.03%, which is significantly
greater than that of control cells based on PEDOT:PSS
(17.52%).
The chemical structure of 2PACz and a schematic

illustration of the SAM on ITO (ITO-SAM) are shown in
Figure 1a. The SAM molecules attach to the metal oxide
surfaces via coordination of a phosphoryl oxygen to a metallic
Lewis acid.34 In this study, the 2PACz solution (1 mg/mL in
ethanol) was spin-coated directly on oxygen plasma-treated
ITO resulting in strong chemisorption on its surface (Figure
1a).35 From the UV−vis absorbance spectra in Figure 1b it is
evident that the ITO-2PACz exhibits lower absorbance than
the conventional ITO/PEDOT:PSS anode electrode in the
ranges from 350 to 415 nm and 500 to 1000 nm, which could
be beneficial for application in OPVs and will be discussed
later.

Figure 1. (a) Chemical structure of 2PACz and schematic illustration of the ITO-2PACz electrode. (b) UV−vis absorbance spectra of ITO,
ITO-2PACz, and ITO/PEDOT:PSS films. (c) X-ray photoelectron spectroscopy (XPS) of the C 1s region of ITO-2PACz. (d) Elemental
mapping of In (red) for ITO, P (yellow) for 2PACz, and S (blue) for PEDOT:PSS obtained using EDX (scale bar: 2 μm). (e) Surface height
histograms of ITO, ITO-2PACz, and ITO/PEDOT:PSS films obtained by AFM.
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With the aid of density functional theory (DFT)
calculations, we confirmed that there exist several chem-
isorption configurations, with bidentate or tridentate types of
binding between the 2PACz molecules and the ITO surface, as
shown in Figure S1. Based on the calculated energies, the most
stable chemisorbed structure is shown in Figure S1a and entails
a tridentate pattern with covalent bonds between all three
acidic O atoms of a 2PACz molecule and an underlying
substrate atom. In an effort to detect direct evidence of the
presence of atomic species related to 2PACz on the surface of
ITO, we utilized X-ray photoelectron spectroscopy (XPS).
Figure S2a shows the XPS data in the whole scan region (0−
700 eV). The existence of signals related to N and P can
directly be attributed to the presence of 2PACz molecules,
while the strong presence of In originates from the ITO
electrode beneath because of the monolayer nature of the
2PACz SAM.
Figure 1c shows the high-resolution C 1s binding energy

region for the ITO-2PACz electrode, showing a characteristic
signal of the 2PACz and its carbazole component.36,37 The
measured spectra can be satisfactory fit with five main peaks
(287−282 eV) with a mixed Lorentzian/Gaussian line shape
and a Shirley background. The additional peaks between 288
and 293 eV originate from π−π* shakeup satellite loss.37 The
peak at 284.7 eV with a relative peak area of 0.155 is assigned
to the C=N bond in the carbazole unit of the 2PACz, while the
peak at 285.8 eV with a relative area of 0.074 is attributed to
the C−N bond in the aliphatic linking chain.37 The peak at
285.2 eV with a relative peak area of 0.071, on the other hand,
is assigned to the C−P bond in agreement with the
literature.38,39 The scaling of relative peak areas is in line
with the number of relevant atoms present in 2PACz (Figure
1a). A small contribution from adventitious C−O (∼286 eV)

cannot be excluded and most likely overlaps with the signal
originating from C−N.
The coverage of 2PACz on ITO can be estimated using

different methods, including cyclic voltammetry40 and
XPS.41,42 In the present study we employed the XPS technique
because of its availability in our laboratory. As explained in
detail in the Supporting Information, the ratio of P(2p)/
In(3d5/2) signals is predicted for a close-packed 2PACz (θ = 1)
overlayer on an ITO surface after accounting for electron
attenuation, atomic density, and core level sensitivity (Figure
S2 and Table S2).43 Overall, an average coverage of 0.92 θ ±
0.1 θ is determined, equating to ∼4.05 × 1014 molecules/cm2.
The latter value is in line with that measured by Paniagua et al.
for a saturated phosphonic acid/ITO surface.41 This analysis
supports the facile formation of a highly dense coverage of
2PACz and a suitable hole contact interface. Further evidence
of the presence of 2PACz on the ITO surface was obtained by
energy-dispersive X-ray spectroscopy (EDX) measurements
(Figure 1d). The measured distribution of P (EDX: P) on ITO
suggests a high coverage by the 2PACz SAM, as would be
expected for a dense monolayer, and is qualitatively similar to
that observed for the S distribution in the ITO/PEDOT:PSS
(EDX: S) electrode. All aforementioned results suggest that
2PACz functionalized on the surface of ITO, forming a dense
monolayer.
Atomic force microscopy (AFM) was also used to study the

surface topography of ITO, ITO-2PACz, and ITO/PE-
DOT:PSS anode electrodes. Figure S3 shows the AFM images,
while Figure 1e displays the corresponding surface height
histograms extracted from those images. The ITO-2PACz
electrode exhibits a smoother surface than bare ITO, which is
manifested in the slightly lower root-mean-square (RMS)
surface roughness value of 1.3 nm (ITO = 1.6 nm) and shifts
the entire distribution toward smaller height values. The ITO/

Figure 2. (a) Work function of ITO, ITO-2PACz, ITO/PEDOT:PSS, and HOMO level of PM6 measured via the photoelectron spectroscopy
in air (PESA) technique. Calculated electrostatic potentials for (b) the (111) surface of ITO and (c) the surface of ITO with a 2PACz SAM
(results obtained with DFT slab calculations on supercells with stoichiometry In60Sn4O96). The inset shows side views of the structures (In,
gray; Sn, blue; O, red; C, light gray; N, blue; P, orange; H, white spheres). (d) Dark current through a hole-only device based on ITO,
2PACz, and PEDOT:PSS. The inset shows the schematic of the hole-only cell’s architecture.
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PEDOT:PSS electrode appears significantly smoother with a
surface RMS of 0.89 nm due to the narrower height
distribution.
Next, we used photoelectron spectroscopy in air (PESA) to

determine the WF of ITO electrode before and after 2PACz
functionalization (Figure S4 and Table S3). As shown in
Figure 2a, the WF of ITO-2PACz (−5.45 eV) is significantly
deeper than the value measured for the bare ITO (−4.86 eV)
and ITO/PEDOT:PSS (−5.15 eV) electrodes. Kelvin probe
measurements confirm the WF trend revealed by the PESA
measurements (see comparison in Table S3). We have also
evaluated the WF for all pertinent electrode structures using
DFT calculations (Figure 2b,c). For the bare (111) ITO
surface, we derive a WF of −4.70 eV, which is in good
agreement with the experimentally determined value, i.e.,
−4.86 eV. For the same ITO surface functionalized with
2PACz in the configuration shown in Figure S1a, and
considering a surface coverage of 5.04 × 1013 molecules/cm2,
we calculate a WF of −4.90 eV. The latter value agrees with the
trend of an increased WF upon functionalization, albeit to a
lesser extent compared to the experimentally measured change
described above. We note, however, that previous studies of
Hotchkiss et al. found a monotonic increase of the absolute
values of the WF as a function of the coverage of ITO surfaces
functionalized with phosphonic acids.44 Hence, our calculated
WF (−4.90 eV) for the relative low 2PACz coverage (5.04 ×
1013 molecules/cm2) is consistent with the measured WF
(−5.45 eV) at higher coverages (4.05 × 1014 molecules/cm2).
To investigate the impact of 2PACz functionalization on the

characteristics of hole-injection from an ITO electrode into an
organic semiconductor, we fabricated hole-only devices. Figure
2d shows the dark current−voltage curves for a hole-only
device based on the donor polymer PM6, while the inset shows
the schematic of the device architecture employed. Here, PM6

is sandwiched between either ITO, ITO/PEDOT:PSS or ITO-
2PACz, and an Ohmic hole-injecting Ag/MoO3 contact.
Because the PM6 is characterized by a moderately deep
highest occupied molecular orbital (HOMO) energy level of
5.18 eV (Figure 2a), hole injection from ITO (WF = −4.86
eV) is expected to be suppressed because of the presence of a
substantial potential barrier of ∼0.32 eV. As evident from
Figure 2d, the current injected from bare ITO (forward bias) is
indeed significantly lower than that injected from the Ohmic
hole-injecting Ag/MoO3 contact under reverse bias. The hole
injection improves drastically upon inserting either a 40 nm
thick layer PEDOT:PSS between ITO and PM6 or by
functionalizing the 2PACz SAM onto ITO. In both cases, a
remarkable transition from highly asymmetric (bare ITO) to
nearly symmetric forward and reverse J−V curves occurs,
highlighting the hole-transport enabling role of PEDOT:PSS
and 2PACz. Importantly, devices utilizing ITO-2PACz as the
hole-injecting electrode exhibit slightly higher current than
those based on PEDOT:PSS, especially at lower biasing levels,
possibly indicating an improved Ohmic contact as compared to
PEDOT:PSS. In addition, the maximum hole mobility (μh),
calculated via the space-charge limited current (SCLC)
method, for the 2PACz-based device is slightly higher (1.1 ×
10−3 cm2 V−1 s−1) than PEDOT:PSS-based devices (9.1 ×
10−4 cm2V−1s−1), further supporting the existence of an
improved hole-injecting contact in the case of ITO-2PACz.
The surface energy of ITO/HTL is another significant

parameter that affects the morphology of the BHJ layer in
OPVs. We performed contact-angle measurements for ITO
and ITO-2PACz (Figure S5), from which the surface energies
were inferred using the Owens equation45

γ θ γ γ γ γ+ = +(1 cos ) 2( ) 2( )1 s
D

1
D 1/2

s
P

1
P 1/2

(1)

Figure 3. (a) Schematic of the standard cell architectures employed. (b) J−V curves of PM6:N3 solar cells based on ITO, ITO-2PACz, and
ITO/PEDOT:PSS. (c) External quantum efficiency (EQE) curves of the same OPV. (d) Optical simulations for the exciton generation rate
profiles in the studied SAM and PEDOT:PSS-based OPV devices. Light intensity dependence of (e) VOC and (f) bimolecular recombination
rate constant (krec) for the same cells.
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here γl is the surface energy of liquid, which is composed of
dispersion component γ and polarity component γ. Similarly, γs
is the surface energy of solid, which is composed of dispersion
component γ and polarity component γ. The results are
summarized in Table S4 and show that the ITO-2PACz has a
higher surface energy (68.7 mN/m) than both the bare ITO
(57.9 mN/m) and ITO/PEDOT:PSS (59.8 mN/m) electro-
des, suggesting the possibility of a stronger interaction between
the BHJ solution and the ITO-2PACz surface during spin-
coating. To probe this further we used AFM to measure the
surface morphology of the PM6:N3 layer. The chemical
structure and energy levels of the materials are shown in Figure
S6, while Figure S7 presents the AFM images and surface
height histogram for the BHJ deposited onto the various
surfaces. The PM6:N3 BHJ deposited on bare ITO exhibit a
relatively broad rough surface (RMS = 2.3 nm). In contrast,
ITO/PEDOT:PSS and ITO-2PACz show more homogeneous
morphologies and lower surface roughness of 1.5 and 1.2 nm,
respectively. This trend is better illustrated in the surface
height histograms of Figure S7d, where the height distribution
for the BHJ on ITO-2PACz undergoes a clear shift toward
lower heights, indicating surface smoothening. Moreover, both
the topography and phase images reveal the existence of a
nanofiber structure in the PM6:N3 BHJ layer, deposited onto
ITO-2PACz electrodes. The latter is most likely the result of a
particular interaction between the semiconductor solution and
the ITO-2PACz electrode surface during spin coating. The
different BHJ morphology is expected to lead to different
optoelectronic properties, which are discussed later.
To explore the potential of 2PACz as a possible replacement

for PEDOT:PSS in OPVs, we fabricated HTL-free cells based
on the standard architecture shown in Figure 3a using PM6:N3
as the BHJ. The experimental conditions used to functionalize
the 2PACz onto ITO (e.g., annealing temperatures and plasma
cleaning time) were carefully optimized, and the results are
summarized in Figures S8−S10 and Tables S5−S7. Repre-
sentative J−V curves obtained from the resulting OPV cells are
shown in Figure 3b, while a summary of the key device
parameters is provided in Table 1. Cells with bare ITO exhibit
a maximum PCE of 6.45% with a short-circuit current (JSC) of
23.32 mA/cm2, an open circuit voltage (VOC) of 0.515 V, a fill
factor (FF) of 53.7%, and series resistance (RS) of 5.30 Ω cm2.
OPVs based on ITO/PEDOT:PSS show improved perform-
ance with a maximum PCE of 15.94%, which is comparable to
the published result for PM6:N3 BHJ OPVs (15.98%) based
on the standard device architecture.46 Remarkably, when
2PACz SAM was applied atop of ITO (ITO-2PACz), the PCE
increases to 16.6%, accompanied by an increased JSC (26.53
mA/cm2), an improved FF (74.5%), and a reduced RS (2.47 Ω
cm2).
Figure 3c displays the external quantum efficiency (EQE)

spectra of the PM6:N3-based OPV cells. For all devices, the
integrated current density (Jcal) deduced from the EQE spectra
matches well the values obtained from the J−V measurements

within ±1.5% (Table 1). The ultrathin nature of the 2PACz
SAM functionalized on ITO enables cells with a higher
photoresponse in the ranges of 345−440 nm and 510−860
nm, as compared to ITO/PEDOT:PSS-based cells, ultimately
resulting in higher Jcal (Figure 3c). This significant enhance-
ment likely arises from the lower absorbance of the ITO-
2PACz compared to ITO/PEDOT:PSS anodes (Figure 1b).
Figure S11 overlays internal quantum efficiency (IQE) spectra,
removing the dependence on optical absorption. The average
IQEs of an OPV with ITO-2PACz equal to 90.5% for the
spectral range 450−850 nm, reaching up to 98.8% at 570 nm.
In comparison, the average IQEs for the OPV with
PEDOT:PSS is 85.9% in the same range. The higher average
IQEs from SAM-based devices suggests that most of the
absorbed photons are converted to free carriers with higher
efficiency and then collected at the corresponding electrodes.
To better understand the influence of 2PACz and

PEDOT:PSS on the optical properties of the cells, we
simulated the optical field intensity across the device using
the transfer-matrix formalism.47 The optical constants
(refractive index n and extinction coefficient k) for all layers
in the device were measured independently using spectro-
scopic ellipsometry (Figure S12a,b). As shown in Figures 3d
and S12c−e, the cell based on ITO-2PACz exhibits a higher
optical electric field intensity and exciton generation rate
within the BHJ and a lower parasitic absorption than the ITO/
PEDOT:PSS device. These calculations corroborate the
experimental results and further highlight the potential of
ITO-2PACz for application in high-performance OPVs. The
calculated maximum JSC (IQE = 100%) of SAM-based devices
(Figure S12f) exceeds PEDOT:PSS-based cells when BHJ
thickness is grater than 80 nm, in agreement with J−V results
in Figure 3b.
Next, the impact of 2PACz on charge-carrier recombination

in the devices was studied via light-intensity-dependent J−V
measurements, transient photovoltage (TPV), and charge-
extraction (CE) measurements (Figure S13a−c). Figure 3e
shows the variation of VOC versus light intensity plotted on a
semilogarithmic scale with the data fitted to VOC ∝ SkT/q
ln(I), where S, k, T, q, and I are the slope, Boltzmann constant,
temperature, elementary charge, light intensity, respectively. If
trap-assisted recombination is involved, a stronger dependence
of VOC on the light intensity with a slope greater than kT/q will
be observed.48 The dependence of VOC on the light intensity
for the ITO-2PACz cells exhibits a slope of 1.04 kT/q, which is
significantly smaller than the 1.59 kT/q measured for bare
ITO-based devices, and still lower than 1.18 kT/q measured
for the optimized ITO/PEDOT:PSS-based cell. These results
highlight the ability of the ITO-2PACz anode to reduce the
trap-assisted recombination, which is partly reflected in the
improved PCE.
Further insights into the charge carrier dynamics were

obtained by measuring the charge carrier lifetime (τ) and
carrier density using TPV and CE measurements, respectively,

Table 1. Summary of Key Operating Parameters of OPVs Based on PM6:N3 BHJs with Different Anode Electrode Systems
Measured under Illumination of AM 1.5G (100 mW/cm2)

Anode electrode VOC [V] JSC [mA/cm2] Jcal [mA/cm2] FF [%] PCE [%] RS [Ω cm2]

ITO (bare) 0.515 23.32 23.15 53.7 6.45 (5.93 ± 0.38)a 5.30
ITO-2PACz 0.840 26.53 26.14 74.5 16.60 (16.30 ± 0.22) 2.47
ITO/PEDOT:PSS 0.842 25.64 25.28 73.9 15.94 (15.72 ± 0.14) 2.94

aPCEavg values in parentheses represent averages from 15 devices.
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under varying light intensity conditions (Figure S13d,e).49 The
carrier lifetime in ITO-2PACz-based devices is found to be
consistently longer across the entire light intensity range
investigated. Representative values include those measured at
200 mW/cm2 yielding 2.7 μs for ITO-2PACz, 1.8 μs for ITO/
PEDOT:PSS, and 0.4 μs for bare ITO (Figure S13d). The
consistently larger τ for ITO-2PACz-based cells is indicative of
a lower carrier recombination. Interestingly, higher carrier
densities are also measured for OPVs with ITO-2PACz as
compared to ITO/PEDOT:PSS and bare ITO-based cells, in
line with the higher JSC (Table 1). We also inferred the
bimolecular recombination rate constants (krec) from the
carrier lifetime and densities according to krec = 1/[(λ+1)nτ],
where λ is the recombination order.50 As shown in Figure 3f,
krec for the ITO-2PACz device is lower than that measured for
the bare ITO and ITO/PEDOT−PSS-based cells at all light
densities investigated.
Electrochemical impedance spectroscopy (EIS) measure-

ments were performed to examine the interface resistance in
the various OPVs in the dark while applying a bias voltage
equal to VOC.

51 Nyquist plots shown in Figure S14 were fitted
by using the equivalent circuit model following a previous
report,52 and the relevant data are summarized in Table S8.
The interface resistances (R2) of the devices with bare ITO,
ITO-2PACz, and ITO/PEDOT:PSS are estimated to be 540.4,
37.8, and 43.5 Ω, respectively. The results show the advantage
of ITO-2PACz to enable a lower interface resistance thanks to
its deeper WF, ultimately leading to cells with higher FF and
overall PCE.16,53 Furthermore, the average carrier transition
time (τavg) of the equivalent circuit was calculated using52

τ = ×R Cavg 1 1 (2)

where R1 and C1 are the resistance and capacitance of the
active layer, respectively. The calculated τavg values for OPVs
based on bare ITO, ITO-2PACz, and ITO/PEDOT:PSS
anodes are 0.4, 3.1, and 2.1 μs, respectively, and are consistent
with the τ values calculated from TPV measurements.

We have also investigated the operational stability of
optimized PM6:N3 OPVs based on different anode electrodes
given its paramount importance for any practical application of
the technology.54,55 We performed maximum power point
tracking (MPPT) measurements while storing the devices
under vacuum. A tracking step of 60 s was used while the
device was subjected to continuous illumination supplied by a
white color light-emitting diode (LED) with a light intensity of
200 mW/cm2. The normalized PCE plotted as a function of
light-soaking time is presented in Figure 4a. After 120 h of
continuous light soaking, the ITO-2PACz-based cell retains
74% of its initial PCE, while the performance of the
PEDOT:PSS-based cell deteriorates rapidly to ∼20% of its
initial PCE after 50 h. Although preliminary, the results
indicate that ITO-2PACz could potentially help to enhance the
lifetime of state-of-the-art OPVs.
To gain better insight into the device degradation

mechanism, both fresh and aged devices were analyzed using
transient photocurrent (TPC) measurements, a highly versatile
technique often used to study space-charge effects, carrier
trapping, and detrapping in OPVs. Here, cells are excited with
a square-shaped light pulse of varying intensity (5−200 mW/
cm2) and long enough (200 μs) for the photocurrent to reach a
steady state. The recorded TPC traces can then be analyzed
according to three key features: (i) the initial rapid rise time,
(ii) the time needed for the photocurrent to reach a quasi-
steady-state, and (iii) the fall time of the photocurrent. Freshly
prepared ITO/PEDOT:PSS devices exhibit fast rise and fall
time response to the light pulse (Figure 4b). Following aging,
however, the same device exhibits significantly slower rise and
fall times, an effect particularly pronounced at illumination
intensities of <30 mW/cm2 (Figure 4c). The latter suggests the
presence of a higher number of deep electron trap states that
have been formed during device aging.56,57 In contrast, no
obvious change in the characteristic features of the TPC traces
measured for fresh (Figure 4d) and aged (Figure 4e) ITO-
2PACz-based cells was found. The only noticeable difference is
the slight current overshoots seen at high light intensity

Figure 4. (a) Evolution of normalized PCEs of PM6:N3-based BHJ OPVs based on ITO-2PACz and ITO/PEDOT:PSS anodes under
maximum power point tracking (MPPT) testing. Transient short-circuit photocurrent of fresh and aged OPVs based on ITO/PEDOT:PSS
(b and c) and ITO-2PACz-based cell (d and e). (f) Photo-CELIV traces measured for fresh and aged ITO-2PACz and ITO/PEDOT:PSS-
based cells.
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measurements for the aged ITO-2PACz-based OPV, a feature
previously attributed to a change in the BHJ morphology.58

Nevertheless, the changes in the TPC traces for ITO-2PACz-
based cells is negligible when compared to ITO/PEDOT:PSS
devices, which explains the enhanced operational stability of
ITO-2PACz-based OPV cells.
We also studied the impact of aging on the charge carrier

mobility (μ) using the photogenerated charge extraction by a
linearly increasing voltage (photo-CELIV) technique.59 From
the measured photocurrent transients (Figure 4f) the carrier
mobility can be calculated using

μ = + Δd At j j2 /(3 (1 0.36 / ))2
max
2

0 (3)

where d is BHJ thickness, A the voltage rise speed of the
applied voltage pulse, and tmax the time to reach the extraction
current maximum; Δj and j0 are the displacement and initial
currents, respectively. The photo-CELIV extracted mobilities
for the fresh ITO-2PACz and PEDOT:PSS-based cells are 2.55
× 10−4 and 1.87 × 10−4 cm2 V−1 s−1, respectively. The higher
device mobility in ITO-2PACz-based device most likely
originates from the difference in the BHJ morphology and
particularly to the presence of fiber-like features seen in the
AFM images of Figure S7b. Following aging, the μ value in
ITO-2PACz-based cells decreases slightly to 1.98 × 10−4 cm2

V−1 s−1, while for aged ITO/PEDOT:PSS devices the drop is
significantly larger (8.78 × 10−5 cm2 V−1 s−1). Once again, the

results highlight the superiority of ITO-2PACz-based cells over
ITO/PEDOT:PSS-based devices.
To elucidate the origin of the improved stability of SAM-

based cells, EIS measurements were used to study the electrical
properties of the aged ITO-2PACz/BHJ and PEDOT:PSS/
BHJ interfaces (Figure S14 and Table S8).52 Both ITO-2PACz
and ITO/PEDOT:PSS-based cells exhibit similar trends of
increased BHJ resistances and decreased BHJ capacitances,
suggesting that the degradation of the active layer is not the
primary reason for the differences seen in the operational
stability between the two cells (Figure 4a). However, the
significantly increased interface (43.5 Ω vs 306.4 Ω) and
electrode (17.4 Ω vs 57.8 Ω) resistance values observed for the
PEDOT:PSS-based OPVs following MPPT measurements,
indicate that the interface has deteriorated. In contrast, for
ITO-2PACz-based OPVs subjected to MPPT testing, the
interface and electrode resistance changes are significantly
smaller (37.8 Ω vs 42.1 Ω and 15.6 Ω vs 31.8 Ω, respectively),
suggesting the existence of a more stable ITO-2PACz/BHJ
interface.
Recently, the nonfullerene acceptor BTP-eC9 has helped to

increase the PCE of single-junction OPV cells close to 18%.1

The chemical structure, HOMO, and LUMO energies via DFT
of BTP-eC9 is presented in Figure 5a. To study the
compatibility of the proposed ITO-2PACz anode with
PM6:BTP-eC9:PC71BM, we prepared a series of OPV cells
based on ITO/PEDOT:PSS and ITO-2PACz anodes. Figure

Figure 5. (a) Molecular structure of BTP-eC9, and its HOMO and LUMO calculated via DFT. (b) J−V curves of PM6:BTP-eC9:PC71BM
solar cells based on ITO-2PACz and ITO/PEDOT:PSS. The inset in panel b shows the histogram and Gaussian fit (solid lines) of PCEs
measured for OPVs with ITO-2PACz (red) and ITO/PEDOT:PSS (green). (c) A summary of reported PCE values for SAM-modified
OPVs.22−33 (d) EQE curves of the same OPV devices.

Table 2. Summary of Key Operating Parameters of OPVs Based on PM6:BTP-eC9:PC71BM BHJs with Different Anode
Electrode Systems Measured under Illumination of AM 1.5G (100 mW/cm2)

Anode electrode VOC [V] JSC [mA/cm2] Jcal [mA/cm2] FF [%] PCE [%] RS [Ω cm2]

ITO-2PACz 0.845 26.94 26.65 79.2 18.03 (17.70 ± 0.16)a 1.52
ITO/PEDOT:PSS 0.854 26.28 26.02 78.2 17.52 (17.52 ± 0.15) 2.23

aPCEavg values in brackets represent averages from 15 devices.
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S15 and Table S9 summarize the different weight ratio (wt %)
used for optimizing the PM6:BTP-eC9:PC71BM system. As
shown in Figure 5b and Table 2, cells with PEDOT:PSS HTL
yield VOC of 0.854 V, JSC of 26.28 mA/cm2, and a FF of 78.2%,
resulting in a maximum PCE of 17.52%. Remarkably, OPVs
based on ITO-2PACz anodes show a higher maximum PCE
value of 18.03%, accompanied by a slightly lower VOC (0.845
V), an increased JSC (26.94 mA/cm2), and an enhanced FF
(79.2%). The PCE of 18.03% is the highest PCE reported to
date for OPVs utilizing SAMs either as part of the hole- or the
electron-collecting electrode (see summary in Figure 5c and
Table S1).22−33 The statistical PCE values from 15 devices
(see insert in Figure 5b) demonstrate the reproducibility of
these high PCE devices. Moreover, the EQE spectra (Figure
5d) exhibits a higher photoresponse in the ranges of 380−430
nm and 500−800 nm, compared to ITO/PEDOT:PSS-based
cells, ultimately contributing to the higher Jcal (26.65 mA/cm2

vs 26.02 mA/cm2) in Table 2. This trend of enhanced EQE
response is similar to that measured for PM6:N3 cells
employing ITO-2PACz anodes (Figure 3c).
In conclusion, we have successfully integrated the 2PACz

SAM as a hole-selective interlayer in HTL-free BHJ OPVs. The
functionalization of 2PACz from solution directly onto ITO
was found to increase its work function and decrease the
contact resistance with the BHJ layer. AFM analysis showed
that solution-processing of the PM6:N3 BHJ onto ITO-2PACz
anode electrodes affects the BHJ layer morphology, resulting in
a nanofibrous surface texture. Solar cells based on PM6:N3
BHJ and 2PACz-modified ITO yielded a maximum PCE of
16.60%, a higher value than control cells based on
PEDOT:PSS (15.94%). Analysis of the carrier recombination
dynamics revealed that the enhanced performance is primarily
due to improved optical absorption within the BHJ and
enhanced charge extraction. Importantly, the ITO-2PACz-
based OPVs showed remarkably enhanced operational stability
as compared to ITO/PEDOT:PSS-based cells. The ITO-
2PACz-based cell retained 74% of its initial performance after
120 h MPPT, while the ITO/PEDOT:PSS devices degraded to
20% of their preaging performance level after 50 h of MPPT.
The improved stability was attributed to negligible change in
the interface between ITO-2PACz and the BHJ, as well as the
ability of the cells to maintain the high charge-carrier mobility
before and after photoaging. Finally, the broader applicability
of the ITO-2PACz anode was demonstrated with its
application in OPVs based on PM6:BTP-eC9:PC71BM as the
BHJ, exhibiting a PCE of 18.03%, which is the highest reported
to date for SAM-based OPVs. Our work highlights ITO-
2PACz as a cost-effective hole-selective contact technology for
application in stable, high-efficiency OPVs.
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