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ABSTRACT

Two novel small-molecules PO-PhQ and PO-PhQNO /ithvboth polar phosphine oxide (PO)
and N-oxide (NO) groups are incorporated in phenyl glane core unit were synthesized as
efficient cathode interfacial layers (CILs) for ened organic solar cells (IOSCs). Because of the
phenylquinoline (PhQ) group, both PO-PhQ and PONDQre endorsed with high electron
mobility. Due to the presence of polar P=0 and Nexgroups in their molecular structure, PO-
PhQ and PO-PhQNO possess good solubility in paarests which make them as suitable
candidates for interfacial modification of solutiprocessed multilayer IOSCs. As a result, the
power conversion efficiency (PCE) of the invertezl/ides based polythieno[3,4-b]-thiophene-
co-benzodithiophene (PTB7):(6,6)-phenyi-@utyric acid methyl ester (B¢€BM) active layer
with PO-PhQ and PO-PhQNO as CILs achieve PCE vali@$93 and 8.53%, respectively, with
10-16 % improvement than that of the control dewigén ZnO. In addition, both PO-PhQ and
PO-PhQNO make certain the I0SC devices with longrtestability. To the best of our
knowledge, this is the first time that cathode rfateial materials based on the combination of
PhQ and P=0 groups is reported. The effective egiptin of these alcohol solution processed
CILs indicate that the lending P=0 to PhQ coulds/bey promising strategy in developing high
performance and eco-friendly solar cells. Our fivgdi would contribute to enhancing the OSC
device performances from synthetically view poihtlesigning new materials.

Keywords: Cathode interfacial layers, Phenylquinoline, Phasp oxide andN—oxide, Long-

term stability



1. Introduction

The recent advances in molecular engineering haweated a series of organic solar cell
(OSC) potential advantages that may ultimately alatiice the benefits of silicon based solar
cells [1-3]. Flexible OSCs have received huge agrsition owing to their potential applications
as renewable and eco-friendly energy sources agid ¢hances of their large area installation
[4,5]. Remarkable progress has been realized for OSGshievang power conversion efficiency
(PCE), due to the significant accomplishments madie development of semiconducting
conjugated materials containing donor-acceptor tyodymers and small molecules, and
anode/cathode interface engineering [6-8]. Amongoua key components present in the bulk
heterojunction (BHJ) device structure, interfadajers (ILs) situated between the photoactive
layer and charge collecting electrodes, considgratgprove the PCE of the corresponding OSCs
[9-13]. These ILs act as versatile materials theltaves as electrode surface modifiers/charge
injection layers, in such a way that the ILs cantoa charge recombination at the photoactive
layer/electrode interface by blocking the chargesravel in undesired paths [14,15]. But, the
lack of key comprehension of the cathode/anodefade modification and surface features
restrict their requirement and development [16,If@grefore, expanding the class of new, yet
efficient ILs and examining the interfacial propesdre very important for improving OSC
device performance.

Various types of ILs made of neutral organic snmdlecules, alcohol/water-soluble
conjugated/non-conjugated polymer electrolytes (§PEave been utilized to increase the PCEs
of the OSC devices [18-21]. It has been well protret the phosphine oxide (P=0) and N-oxide
end groups in the molecular framework generatesweaging interface dipoles, sequentially

reducing the energy barrier for the charge trartsgaraltering the work function of the cathode



[13,22,23]. Additionally, conjugated/non-conjugatealymers with ionic end groups also reduce
the work function of the cathode due to the fororatof interfacial dipole. However, when
compared to that of the polymeric interfacial mialer organic small molecules possess various
benefits including synthetic ease, high purity andproblem in batch-to-batch differences.

Generally, phenylquinoline (PhQ) derivatives areduss active electron transporting
components for organic light emitting diode apgiimas [24]. These PhQ derivatives, especially
poly-(phenylquinoline) are highly thermally robuptiotochemically very stable, and shown to
have excellent electron accepting properties wigh lelectron affinity, which made them very
interesting for OLED applications as an efficieteotron transporting materials [25]. On the
other hand, P=O based compounds are known to betigf electron transport materials for
OLEDs, due to the high electronegativity of the gaty atom that makes the P=0O group highly
polar and also show electron withdrawing charaf@6t. Thus, combining P=0O group to PhQ
and PhQN-oxide (PhQNO) moieties is an interestipgr@ach to realize new and conceivably
better cathode interfacial layers (CILs) with be#&ectron transporting nature. Despite the great
achievement in the OSC research field, the cathaeefacial materials explored until now for
photovoltaic applications is restricted to a fewniiges. In this scenario, it is of no surprise to
mention that the organic small molecules basedhencombination of P=0O/N-oxide and PhQ
groups exemplify a completely unexplored class afamals thatould potentially be employed
as effective CILs. This class of PhQ-based smaleowes offers simple and therefore low-cost
synthesis, good solubility in various polar sohgent

Having the idea to expand the family of new CILg, synthesized two new+conjugated
small-molecules, (2,4-difluoro-4'-(4-phenylquineBnyl)-[1,1'-biphenyl]-3-

yhdiphenylphosphine oxide (PO-PhQ) and 2-(3-(éipyiphosphoryl)-2',4'-difluoro-[1,1'-



biphenyl]-4-yl)-4-phenylquinoline 1-oxide (PO-PhQIN®ased on phenyl quinoline moiety and
used as CILs for inverted organic solar cells (I85The molecular structures of PO-PhQ and
PO-PhQNO contains P=0O and P=0O/N-oxide groups ré&spdcin their molecular framework,
as shown in Scheme 1. Under standard illuminationditions, optimized I0SCs exhibit a
maximum PCE value of 9.03% (PO-PhQ) and 8.53% (RQMNO), which is quite higher than
that of the control devices without CILs. The slibitest in case of PTB7:P¢&BM IOSCs
reveal that the existence of PO and PhQ based Ieédds to considerably improved operating
lifetimes.
2. Experimental Section
2.1. Materials and measurements

All reagents were purchased from Sigma-Aldrich @&@rand Solarmer (China) and used
without further purification. Moisture-sensitivea@ions were conducted in & Mtmosphere.
The other materials were common chemicals and weeed as receivedH NMR spectra were
recorded on a Varian Mercury Plus 300 MHz specttemgUSA) in CDC} using
tetramethylsilane as an internal reference. Thenated shifts were recorded in ppm related to
the singlet of CDGlat 7.26 forH NMR spectroscopy. The UV-visible absorption speetere
recorded on a JASCO V-570 spectrophotometer (USAermal gravimetric analysis was
carried out on a Mettler Toledo TGA/SDTA 851e (Switand) under N atmosphere at a
heating rate of 10 °C mihand differential scanning calorimetry (DSC) 828algzer under Nat a
heating rate of 10 °C miih
2.2. Device characterization of IOSCs and PSCs

The performances of IOSCs, and PSCs were measairegl a calibrated air mass (AM)

1.5 G solar simulator (Oriel Sol3A Class AAA solsimulator, models 94043A (Newport



Stratford, Inc.,USA)) with a light intensity of 10&Wi/cnf adjusted using a standard PV
reference cell (2 cm x 2 cm monocrystalline silicmar cell, calibrated at NREL, Golden, CO)
and a computer-controlled Keithley 2400 (Keithlegttuments, Inc. USA) source measure unit.
The external quantum efficiency (EQE) spectrum wasasured using an Oriel 1QE-200
(Newport Stratford,Inc.,USA) equipped with a 250eMyartz tungsten halogen lamp as the light
source and a monochromator, an optical choppeocleih amplifier, and a calibrated silicon
photodetector. While measuring theV curves for the OSC devices, a black mask was asdd
only the effective area of the cell was exposedidhbt irradiation. Atomic force microscopy
(AFM) was used to measure film thickness, roughnass surface morphologies in tapping
mode acquired with a XE-100 (Park System Corp, &préll photoemission measurements
were carried out in a PHI-5000 Versa Probe Il (ULGARHI, Inc. Japan) ultrahigh vacuum
surface analysis system equipped with a He-disehlargp (21.22 eV) and a monochromatic Al
ko X-ray. All spectra were measured at a pressuré ®f10° Pa. Water contact angles were
measured using a contact angle 101 measuring syBleasma systems and materials, Korea).
2.2.1. Fabrication of IOSCs

Indium tin oxide (ITO)-coated glass substrates wdeaned by the process of sonication
in acetone, deionized water and IPA sequentially #ren dried with N flow. Clean dried
samples were treated UV-plasma for 20 minutes. &y@r (using ZnO sol-gel precursor) was
spin coated with 2,000 rpm for 40 sec (obtainedkiiéss ~45 nm) on the ITO substrate and
annealed at 160 °C for 15 min. CILs PO-PhQ and RQNRO were spin coated over ZnO layer.
CILs were dissolved in 2-methoxy ethanol (2-MOE)haiarying concentrations. PTB7:R68M
(8:12 mg in 1 mL CB with 3% DIO additive) as phattee layer, was spin coated with rpm

1000 for 40 s and kept for slow dry in covered glpstri dishes at room temperature for 20-30



min. The photoactive layer thickness measured ab00tnm. Finally, Mo®@ (6 nm) layer and
Ag (100 nm) layer were thermally evaporated throagthadow mask providing a device active

area of 0.11 ch

2.3. 2-(4-Bromophenyl)-4-phenylquinoline (1)

A mixture of 4-bromoacetophenone (3 g, 15 mmolgn@nobenzophenone (3 g, 18 mmol),
diphenyl phosphate (3.8 g, 18 mmol), and m-cre#dInjL) was flushed with Nwhile stirring at
room temperature for 30 min and then refluxed f@rhlat 140°C. The reaction mixture was
distilled to remove m-cresol, residue was dilutedhwMC and washed with 10% sodium
hydroxide solution. The reaction mixture was wasketh sodium chloride solution and the
resulting organic layer was dried over anhydrousSK¢ and evaporated the solvent. The
residue was then purified by column chromatographysilica gel (hexane:ethyl acetate (EA),
9:1 v/v) to furnish an off-white powder 1 (3.9 ¢#%). 'H NMR (300 MHz, CDC}, §): 8.21

(d, J = 8.4 Hz, 1H), 8.06 (d, J = 8.4 Hz, 2H), 7(88J = 8.4 Hz, 1H), 7.75 (s, 1H), 7.71 (dd, J =
7.6, 7.6 Hz, 1H), 7.62 (d, J = 8.4 Hz, 2H), 7.5297(m, 5H), 7.46 (dd, J = 7.6, 7.6 Hz, 1LC
NMR (300 MHz, CDC}, 8): 155.7, 149.6, 148.9, 138.6, 138.4, 132.1, 130.8,291229.7, 129.3,
128.8, 128.7, 126.7, 126.0, 125.9, 124.1, 119.0.

2.4. 2-(2',4'-Difluoro-[1,1'-biphenyl]-4-yl)-4-pheatquinoline (2)

Toluene (20 mL), ethanol (10 mL), and 2M aqueoagQd; (12 mL) were added to a mixture
of 2-(4-bromophenyl)-4-phenylquinoline (1.5 g, 4 oln 2,4-difluorophenylboronic acid (0.65
g, 5 mmol), and tetrakis(triphenylphosphine)pallawli (0.125 g, 0.2 mmol). The mixture was
refluxed for 12 h under aJ\Natmosphere. After cooling to room temperature, riivgture was
extracted with dichloromethane and dried over anbiysl NaSQys. The solvent was removed

under reduced pressure and the residue was pubfiecblumn chromatography on silica gel



using dichloromethane (MC)/hexane (4:1) as therglteproduce a white solid. Yield: 55%
NMR (300 MHz, CDC}, 8): 8.36 (m, 3H), 8.02 (d, 1H), 7.95 (s, 1H) 7.83 (thl), 7.74 (d, 2H),
7.64 (m, 7H), 7.07 (m, 2H)3C NMR (300 MHz, CDGJ, 5): 105.14, 105.48, 105.81, 111.60,
111.65, 111.88, 111.94, 119.66, 119.72, 119.77,3821121.38, 121.48, 126.03, 129.10, 129.46,
133.69, 133.72, 133.86, 151.51, 151.66, 161.22,396163.85, 164.01, 164.74, 164.90, 167.24,
173.49.

2.5. (2,4-Difluoro-4'-(4-phenylquinolin-2-yl)-[1 Biphenyl]-3-yl)diphenylphosphine oxide (PO-
PhQ)

In a 50-mL three-neck flask, 2-(2',4'-difluoro-[tphenyl]-4-yl)-4-phenylquinoline (1 g, 2.5
mmol) was dissolved in 30 mL of THF and the tempemof the reaction was cooled down to
—78 °C. To the reaction mixture, lithium diisoprdgyide (2 M, 1.6 mL) was added dropwise,
and the temperature of the reaction was maintaated8 °C for another 1 h. Then, 0.54 mL of
chlorodiphenylphosphine (0.67 g, 2.8 mmol) was ddttethe mixture and the solution was
stirred overnight. The reaction was quenched witltewy extracted with EA, and dried over
anhydrous Nz504. After removing the solvent, the residue was diutvith 30 mL of MC and
25 mL of hydrogen peroxide solution (30%, w/w), @hdn stirred at room temperature for 3 h.
The crude product was extracted with chloroform)(@#d purified by column chromatography
on silica gel using pure EA as an eluent to affe@PhQ as white solid. The overall yield was
58%.H NMR (300 MHz, CDC}, §): 8.24 (m, 1H), 7.94 (d, 1H), 7.85-7.74 (m, 7THBT*47 (m,
14H), 7.04 (m, 1H)**C NMR (300 MHz, CDG, §): 112.77, 113.09, 119.19, 125.70, 125.83,
125.99, 126.20, 126.54, 127.73, 128.53, 128.65,712829.48, 129.51, 129.57, 129.68, 130.11,
131.13, 131.27, 132.18, 132.21, 133.68, 134.99,0B36.38.24, 139.33, 148.78, 149.32, 156.00,

158.83, 164.64, 171.25.



2.6. 2-(3'-(Diphenylphosphoryl)-2',4'-difluoro-[1;hiphenyl]-4-yl)-4-phenylquinoline-N-oxide
(PO-PhQNO)

PO-PhQ (1 g, 1.6 mmol) was dissolved in CF (25 rmhyl 0.45 g of m-CPBA was slowly
added, and stirring was continued overnight at re@mperature. Then the reaction mixture was
basified with an aqueous KOH solution. The orgalaiger was separated and dried over
anhydrous Nz50O,. The solvent was removed under pressure and @airity column
chromatography on silica gel using EA/hexane (44)the eluent to produce a yellow solid.
Yield: 61%.H NMR (300 MHz, CDC}): 8.96 (1H, d), 8.08-8.05 (2H, m), 7.97-7.94 (iH,
7.84-7.82 (5H, m), 7.75-7.48 (16H, m), 7.06 (1H, K¢ NMR (300 MHz, CDGJ, §): 120.58,
123.43, 126.63, 128.01, 128.53, 128.65, 128.70,822828.94, 129.63, 129.89, 130.57, 131.10,
131.24,132.21, 132.18, 133.20, 133.65, 135.21,0/38437.05, 138.13, 142.27, 143.76.

3. Resultsand discussion

3.1. Synthesis and characterization

The synthetic routes for the intermediates, PO-RhQ PO-PhQNO are shown in Scheme S1,
and the complete procedures for the synthesis ®fGlLs are described in the Supporting
Information. Initially, 4-bromoacetophenone wasatesl with 2-aminobenzophenone in the
presence of m-cresol to get intermediate 1. Upeatitig 2,4-difluorobenzeneboronic acid with
compound 1, the difluorophenyl substituted interiagd2 was obtained. Then the compound 2
was reacted with lithium diisopropylamide and cbttiphenylphosphine to generate an
intermediate which was further used without puafion. Upon further oxidation of the
unpurified intermediate using hydrogen peroxide;F® was attained. Further, PO-PhQ was
treated with m-CPBA at room temperature to get PQIRO. Owing to the polar P=0O and N-

oxide groups, both PO-PhQ and PO-PhQNO are solablegh polar organic solvents such as



methanol, isopropanol and 2-methoxymethanol. Orother handPO-PhQ and PO-PhQNO are also
soluble in common organic solvents such as tetrahydrofuranF§THhloroform (CF), and
chlorobenzene (CB). Further, all the intermediaed final products were purified by simple
column chromatography, and the chemical structafethe products were characterized by
spectroscopic methods. THE-NMR spectra of PO-PhQ and PO-PhQNO complies with
chemical structure, as shown in Fig S1 and S2.HFR spectra of PO-PhQ and PO-PhQNO,
shown in Fig. S3a, clearly show a sharp charatieribsorption at 1192 crhfor the P=0O
group.

3.2. Thermal, optical and electrochemical propestie

The thermal properties of the PO-PhQ and PO-PhQN wneasured by thermal gravimetric
analysis (TGA) at a heating rate of 10 °C/min (Hig). The onset of decomposition temperature
(T4, corresponding to 5% weight loss) of PO-PhQ andPRQNO was 320 and 130 °C,
respectively. The difference in the decompositemperatures of PO-PhQ and PO-PhQNO can
be well correlated to their molecular structuree mly structural difference in PO-PhQ and PO-
PhQNO is that the former compound contains only B=@ip and the latter compound contains
both P=0 and N-oxide groups in the molecular fraorgwTheTy of PO-PhQNO with single N-
oxide group is in agreement with the water solutdphthalene diimide derivativélflO) that
possess two terminal N-oxide groups [23]. As shownFig. 1b, clear glass transition
temperaturesTf) can be seen from the differential scanning caletry (DSC) graphs emerged
at approximately 96 and 116 °C for PO-PhQ and PQMNRD, respectively. It is worth stating
that theTy of new CILs is significantly higher than that oflvknown electron-transporting

material such as bathophenanthroline Wigkialue of 66 [13].



The UV-vis absorption spectra of PO-PhQ and PO-RB(QiNdiluted CHC solution
and film state are shown in Fig. 1¢c and d and tismgtion maxima values are listed in Table 1.
PO-PhQ and PO-PhQNO showed similar absorptionlpsofioth in solution and film states. The
absorption maximum of PO-PhQ in film/solution stateere found to be at shorter wavelength
compared to that of PO-PhQNO, which may be duelatively less strong withdrawing nature
of PO-PhQ. The absorption maxima of PO-PhQ and RQN®D in solution state were observed
at 276 and 294 nm, respectively, whereas the atisornmaxima of PO-PhQ and PO-PhQNO in
film state were found at 286 and 302 nm, respelgtivehe optical band gaE(’™) of PO-PhQ
and PO-PhQNO was estimated from the onset absoretige of the thin film absorption spectra
and found to be 3.34 and 2.98, respectively. Tighdst occupied molecular orbital (HOMO)
and energy levels of PO-PhQ and PO-PhQNO wererdeted using cyclic voltammetry (CV),
as shown in Fig. S3b. The HOMO levels of PO-PhQR@dPhQNO were observed at -6.08 and
-5.73 eV, respectively. The lowest unoccupied mdbecorbital (LUMO) levels are calculated

from E;

and the HOMO energy levels and were found to b&4-and -2.75 eV, respectively.
3.3. Photoelectron spectroscopy measurements

Ultraviolet photoelectron spectroscopy (UPS) wagdugo illustrate the interfacial dipole
moment at the ZnO layer surface due to incorpanaticPO-PhQ and PO-PhQNO layers. Fig. 2a
shows the shift in the secondary cut-off of the da@er after spin-coating the PO-PhQ and PO-
PhQNO layers. The schematic diagram of the gemeratf interfacial dipole due to
incorporation of CILs is shown in Fig. 2b. The finse ZnO film shows a photoemission cutoff
at 17.09 eV, which corresponds to a work functidfFj of 4.02 eV. After spin-casting the PO-
PhQ and PO-PhQNO layers, the WF value decreasé&s4fo and 3.71 eV respectively. A

significant shift in the secondary cut-off of UPR&estra indicates a lowering of the WF of ZnO,



leading to a downward vacuum level shift. This pant that the interfacial dipole moment
induced between the ZnO and the photoactive laygeased upon incorporation of PO-PhQ or
PO-PhQNO CILs. It is of very important that the Qbrmontact formed at the cathode interface
possess much highc, therefore thelsc is profoundly linked with the work function chande
the case of PO-PhQ and PO-PhQNO CILs, the impromenmmelsc compared to that of the
pristine ZnO based devices point out that the &ffedormation of Ohmic contact at the cathode
interface. The WF value of the ZnO layer after itisa of PO-PhQ and PO-PhQNO was 0.61
and 0.31 eV lower than that of the ZnO layer, resipely, indicating that the WF of the ZnO
layer after PO-PhQ and PO-PhQNO treatment waseshifty 0.61 and 0.31eV toward the
vacuum level. This showed that the interfacial tBpmoment formed between the ZnO and the
photoactive layer augmented upon the incorporaifd?O-PhQ and PO-PhQNO CILs.
3.4. Photovoltaic performance of IOSCs with PO-Rif@ PO-PhQNO CILs

To examine the interfacial modification ability ¢he new CILs, poly[[4,8-bis[(2-
ethylhexyl)oxylbenzo[1,2-b:4,5kdithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)cbonyl]-
thieno[3,4-b]thiophenediyl]] (PTB7):[6,6]-phenylz&butylic acid methyl ester (P¢BM) based
IOSCs were fabricated with a device configuratioh 100/ZnO/CIL (PO-PhQ or PO-
PhQNO)/PTB7:P&BM/Mo0O3s/Ag. The PO-PhQ and PO-PhQNO films were preparedgiy
casting the 2-methoxyethanol (2-MOE) on the surfatehe photoactive layer. The current
density—voltageJ-V) characteristics for IOSCs were measured underl®®& irradiation (100
mW cm? and are shown in Fig. 3a. The corresponding plultaic parameters, including
open-circuit voltageMoc), short-circuit current densityd), fill factor (FF), and PCE, estimated
from the J-V curves are summarized in Table 2. Various conagatrs of CIL were also

scrutinized and the optimized one was found to.ber@y/mL for both PO-PhQ and PO-PhQNO.



There are few reports stating that due to the solireatment at the interface of the photoactive
layer/cathode, there is a chance for the improvémeRCE in IOSCs [27]In order to avoid any
misleading due to the CIL processing solvent (2-NiQke ZnO layer in the IOSC device was
treated with 2-MOE. The control device based on &xDibited a PCE of 7.76%, witfoc of
0.73 V,Jsc of 15.67 mA/crf, and FF of 67.66%. When the PTB7:£8M film was treated with
2-MOE, the PCE was increased from 7.76% to 7.9586th@ other hand, after incorporating a
thin layer of CILs film between the ZnO and photibax layer, the photovoltaic parameters
including FF,Jsc, Voc were consecutively improved, in turn giving higliR€E value compared
to the pristine ZnO electrode. IOSCs with PO-Ph@Q R®-PhQNO revealed the improved PCEs
of 8.53% and 9.03%, respectively. It was very cfeamn Table 1, the PCE increases in the order:
Zn0O < Zn0O/2-MOE < ZnO/PO-PhQNO < ZnO/PO-PhQ. Furtteecheck the reproducibility,
ten I0SC devices using the ZnO/PO-PhQ and ZnO/POQNeh bilayer as the CIL were
investigated under the same fabrication conditiofike PCE improvement of the devices with
PO-PhQ and PO-PhQNO CILs was mostly attributechéoenhancedscand FF values (from
15.67 mA/cm, 67.66% (ZnO) to 16.25 mMA/cin69.57% (ZnO/PO-PhQNO) and 16.41 mAfem
72.98% (ZnO/PO-PhQ), indicating that both PO-PhQ@ &0O-PhQNO CILs reduced the
interfacial energy barrier by adjusting the interh dipole moment between the ZnO and
photoactive layers. As shown in the Fig. S4, thegBenching was dramatically increased due to
the incorporation of PO-PhQ and PO-PhQNO ClLsspestive of no variation in the absorption
spectra of the BHJ blend with ZnO and ZNO/CILs. e&ent could be confirmed that ZnO/PO-
PhQ and ZnO/PO-PhQNO cathode bilayer framework owvgs the charge transport ability
when compared to that of pristine ZnO layer. Weritatted the PSC devices with various

concentrations of 0.3-0.8 mg/mL to examine the ddpacy of PCE on concentration of PO-



PhQ and PO-PhQNO. Interestingly, the PCE of theAPQ- and PO-PhQNO based IOSC
devices remained at high values of 8.28% and 8.0&8pectively (Table S1 and Fig. S5).

The external quantum efficiency (EQE) spectra oDZZnO/PO-PhQ, and ZnO/PO-
PhQNO based IOSCs are shown in Fig. 3b. All theagsvexhibited similar EQE spectra over
the wavelength range from 400 to 800 nm. The imitegh)sc values estimated from the EQE
curves were 15.15, 15.13, 15.36, 16.22 mA/dar the pristine ZnO, ZnO/2-MOE, ZnO/PO-
PhQ, and ZnO/PO-PhQNO-based IOSC devices, respictibhe integratedsc values are very
well matched withlsc obtained from thel-V measurements. The EQE of the device with the
ZnO/PO-PhQ layer showed a noticeable enhancemetiteirwavelength region ranging from
550 to 700 nm in comparison with the pristine Zn€vide, which resulted in highdsc. As
shown in Table 2, the ZnO/CIL-based device has tosegies resistancdRg) than the pristine
ZnO or 2-MOE-treated devices. These results cleadyfirmed that the PO-PhQ and PO-
PhQNO based device possessed the best Ohmic caataitte photoactive layer/cathode
interface.

The surface morphologies of the ZnO surface covergd PO-PhQ and PO-PhQNO
ClLs were investigated using tapping-mode atomrcdomicroscopy (AFM). The root-mean-
square (RMS) roughness of the pristine ZnO layaQ/PO-PhQNO and ZnO/PO-PhQ layers
were 4.62, 4.32, and 3.98 nm, respectively as shoviAlg. S6. The RMS values point out that
the ZnO surface was slightly smoothened due tgptheence of PO-PhQ and PO-PhQNO. On
the other hand, the surface of the PTBZiB® layer with PO-PhQ and PO-PhQNO layers
showed well reduced roughness compared to thdteoZhO on the surface of the photoactive
layer. The smoothly modified surfaces of ZnO an®PPG:BM by PO-PhQ and PO-PhQNO,

improves the affinity via establishing good contdetween the stacked layers (i,e., ZnO



/photoactive layer and photoactive layer/cathott®)s improving the contact. Thus it could be
anticipated that the beneficial contacts betweensthcked layers enhances the charge transport
at the cathode interface (ZnO/photoactive layethenlOSC devices to afford a superior PCE for
PO-PhQ and PO-PhQNO on the ZnO surface.

We calculated the contact angles and surface esefgi of the pristine ZnO film and of
the ZnO/PO-PhQ and ZnO/PO-PhQNO layers. It is uetperative to know thes values to
comprehend the wettability and adhesion propertésan interface. Theys values were
calculated using the Owens and Wedt geometric regaation generally used to calculate the
surface energy between water and diiodomethan29R8he water contact angles gudalues
are shown in Table 3. As shown in Fig. 4, the di#joosof PO-PhQNO and PO-PhQ layers on
the pristine ZnO layer increased the water corgagte from 30.1° to 36.1° and 44.4°, signifying
that the ZnO/PO-PhQ and ZnO/PO-PhQNO surfaces beoaone hydrophobic than the surface
of pristine ZnO. The hydrophilic P=0 and N-oxidegps of the PO-PhQ and PO-PhQNO layers
were seemingly arranged at the ZnO interface, whiehydrophobic conjugated phenyl units
containing aromatic framework was present at thetqactive layer surface. The water contact
angle results recommended that PO-PhQ and PO-Ph@y¢®s generated an interfacial dipole
moment at the surface of the ZnO layer. Besidesnitrease in hydrophobicity, the value of
the pristine ZnO layer decreased upon depositicadditional PO-PhQ and PO-PhQNO layers,
from 67.3 to 63.1 and 58.2 mN/m, respectively. Fribmys values, it can be inferred that the
electrons that were generated by photoexcitation & easily moved and ejected from the
photoactive layer to the cathode through the PO-Bh@ PO-PhQNO layers. We checked the
long-term stability of the IOSC devices for 100Qutowithout encapsulation (Fig. S7). The high

stability of the PO-PhQ/ZnO and PO-PhQNO/ZnO devigeer pristine ZnO may be due to the



superior hydrophobic properties of the CILs, whstbpped further entry of water and oxidation
into the surface of photoactive layer.

The electron mobility was calculated by using spabarge limited current (SCLC)
measurements performed in electron-only devices tlodlowing diode structure
ITO/AI/ZnO/CIL/LIF/Al [30]. The darkJ-V curves of the electron-only devices are shown in
Fig. S8. The respective electrorobility was calculated according to the Mott-Guregjuation,

J = (9/8) grequ (VPIL®) where g, is the dielectric constant, (= 3), €0 is permittivity of free space.
L is the thickness of the ZnO and Cllsis the charge mobility, and V is the voltage dagposs
the device. The ZnO/PO-PhQ and ZnO/PO-PhQNO-baseidalshowed gt ce of 8.15 x 10
cn? V! st and 7.42x 18 cn? V! s?, respectively which is two times higher than theg . of
ZnO with a value of 3.72 x T0cn? V* s*. The ciceresults are well lined up with higher FF
and the improved dark current (forward bias), asashin Fig. 4a. The mobility results specify
that the incorporation of PO-PhQ and PO-PhQNO kyem ZnO surface developed the
interfacial contact between the ZnO and the photaadayer, thus increasing the PCE in the
ZnO/PO-PhQ and ZnO/PO-PhQNO-based devices.

The darkJ-V characteristics of PTB7:R@M blends with or without CILs on ZnO
surface were shown in Fig. 5a. The series resistfRg) for the corresponding devices are
shown in Table 2. The incorporation of CILs on #re surface reducedsRor PO-PhQ from
2.01 to 1.48cn¥ and for PO-PhQNO from 2.01 to 1.7&8n7. TheRs results could give a valid
reason for the experimental enhancemeriksi from 15.67 to 16.41 mA/chfor PO-PhQ and
from 15.67 to 16.25 mA/chfor PO-PhQNO. Th&sy values of pristine ZnO, ZnO/PO-PhQ, and
ZnO/PO-PhQNO were 5.46 x 3 @®.12x 16 and 1.12 x 1bQcn?, respectively, demonstrating

that the ZnO combined with PhQ based CILs had a&tdeakage current and excellent diode



characteristics. These features elevated the Fprisfine ZnO from 67.66 to 72.98% and
69.57%, respectively for ZnO/PO-PhQ, and ZnO/POROMDilayers. The surface modification
by PO-PhQ and PO-PhQNO improves hydrophobicity oDZfilm (Fig. 4a) owing to the
aromatic hydrocarbon moieties out of ZnO surfaeading to a better contact to photoactive
active layer, which is consistent with electricalpedance spectrum (EIS) results (Fig. 5b). The
extracted contact resistance of PO-PhQ or PO-PhQihdified ZnO (ZnO/PO-PhQ and
ZnO/PO-PhQNO) film is found to be remarkably redijdacilitating electron transport to ITO
electrode. This result in conjunction with the abmentioned increased electron mobility will be
remarkable significant for the increase of photoentrin IOSC devices.
4. Conclusion

In summary, we developed two novel PhQ-based alesdiable n-conjugated organic
small molecules, PO-PhQ and PO-PhQNO as an effi€ldinto modify the ZnO surface in BHJ
IOSCs. The UPS studies revealed that the polarpgrdg=0O and N-oxide) in the new CIL
molecules play a critical role in reducing the gydbarrier by generating interfacial dipole at the
cathode interface. The contact angle and surfaeeggmresults reveal both PO-PhQ and PO-
PhQNO reduced the surface energy and increasellythrephobic nature thus improving both
interfacial contacts and wettability between th€Zand photoactive layer. The CILs enhanced
the electron collection efficiency of the IOSC dms and modified the rough ZnO surface to a
smoother surface, thus enriched the PCE and s$yadidiven though the donor-acceptor type
polymers were incorporated to enable the impad®®©@fPhQ and PO-PhQNO as CILs in BHJ
IOSCs, it is anticipated that these CILs couldwagliextraordinary PCE in perovskite solar cells

in various types of device configurations via swlutprocess. Further, the research outcome



reported in this work could motivate additionaleirgst in this type of organic small molecules
based on PhQ for optoelectronic applications.
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Scheme Captions
Scheme 1. Design strategy for the design of phenylquinolieda new interlayers (PO-PhQ,

PO-PhQNO).

Figure Captions
Fig. 1. (a) TGA curves of PO-PhQ and PO-PhQNO, (b) DSC eurgf PO-PhQ and PO-

PhQNO, (c) UV-vis absorption spectra of PO-PhQ BGdPhQNO in CF solution, and (d) thin
film state.

Fig. 2. (a) UPS spectra of the ZnO layer, before and afeposition of PO-PhQ and PO-
PhQNO, (b) The schematic energy diagram of intaafatipole of the ZnO and the ZnO/CIL
thin layers.

Fig. 3. (a) J-V and (b) EQE spectra of PTB7:RBM-based IOSCs of the ZnO and PO-
PhQ/Zn0O, and ZnO/PO-PhQNO thin layers, respectjuahgder AM 1.5 G irradiation (100 mW
cm©).

Fig. 4. Water and diiodomethane contact angles of ZnO, P@&PhQ, and ZnO/PO-PhQNO
surfaces.

Fig. 5. (a) J-V characteristics of PTB7:R{BM-based PSCs on top of the ZnO and PO-

PhQ/Zn0O, and ZnO/PO-PhQNO thin layers in the damkl &) Nyquist plots of devices

with/without CILs under the AM 1.5 illumination.
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Tablel

Thermal,optical and electrochemical properties of PO-Ph@R@-PhQNO.

- . . Solution ~ "'™  E  HOMO  LUMO
d g Amax (nm)a (nnrﬁ))(b (eV)C (EV) (eV)
PO-PhQ 320 96 276 286 334 608  -2.74
PO-PhQNO 130 116 204 302 298 573 275

@Absorption maxima measured from UV-visible absamptpectrum in CF solution.
PAbsorption maxima measured from UV-visible absanptpectrum in thin film state.

“Estimated from the onset of the absorption in fitins (E,>* = 12404onse).



Table2

Photovoltaic performance of PTB7:RB8M-based PSCs with or without CIL under AM 1.5Gatiation (100 mW cfif).

Device Voc Jsc FF PCE Integratedlsc Re
(V) (mA/cm?) (%) (%) (mA/cm?) [Q CnTf]
ZnO 0.73 15.67 67.66 7.76 15.15 2.01
Zn0O/2-MOE 0.74 15.66 68.02 7.95 15.13 1.95
ZnO/PO-PhQNO 0.75 16.25 69.57 8.53 15.36 1.76
ZnO/PO-PhQ 0.75 16.41 72.98 9.03 16.22 1.48




Table3

Contact angle and surface energy data of ZnO a@l@h surfaces.

Film 0 (Hz0) 0 (CHal) T v v = 0%
(Degree) (Degree) (mJ m?) (mJ m?) (mJ m?)
Zn0O 30.1 23.2 36.3 31.0 67.3
ZnO/PO-PhQNO 36.1 31.7 33.7 294 63.1
ZnO/PO-PhQ 44 .4 33.5 33.9 24.3 58.2

v®: Surface energy® Dispersion of surface tensioff™ Polar component of surface tension



Highlights

» Two new phenylquinoline based cathode interfacial materials were synthesized.
» Polar P=0O and N-oxide pendant groups are present in CIM molecular structure
» Achieved high PCE of 9.03% and 8.53% for PO-PhQ and PO-PhQNO, respectively.

* PO-PhQ and PO-PhQNO based devices showed good long term stability.



