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Tris(4-(1-phenyl-1H-benzo[d]imidazole)phenyl)-
phosphine oxide for enhanced mobility and
restricted traps in photovoltaic interlayersf
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Among small molecule organic materials, tris(4-(1-phenyl-1H-benzoldlimidazole)phenyl)phosphine oxide
(TIPO) and 2,4,6-tris(4-(1-phenyl-1H-benzoldlimidazol)phenyl)-1,3,5-triazine were newly synthesised and
introduced into an n-type interlayer in planar perovskite solar cells for effective electron transport. The small
molecule materials contain phenyl benzimidazole, which is combined with a phosphine oxide core or a
triazine ring core and contributes to the improvement of charge extraction and stability. As the constituent
molecules—phosphine oxide and benzimidazole—have strong polarity properties and =n-electrons, the
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molecules induce passivating defects towards improving charge transport and flattening the surface
morphology. Moreover, the stability of the device was increased due to the introduction of the TIPO
DOI: 10.1039/d0tc06049f material as the passivation and protection layer. In this electron extraction analysis, electrical resistance and

surface morphology investigations were carried out via space charge-limited current, photoluminescence,
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1. Introduction

The organic-inorganic hybrid perovskite-based solar cell is one
of the representative solar cells in photovoltaic applications
and has been actively studied due to its enhanced efficiency.">
Recently, a high efficiency of 25.2% for perovskite solar cells
(PSCs) has been reported, which indicated a photovoltaic
application with excellent potential values.’ In PSCs, the p-i-n
structure is of particular interest based on its relative ease of
fabrication and hysteresis suppression effect.*”® For enhancing
the application of p-i-n structured PSCs, studies to improve
their efficiency and stability by modifying the active layer of the
perovskite material”*° or the interlayer'''® are often conducted.

Adjusting the interlayer of the device is a simpler method for
efficiency improvement. It is important to enhance the trans-
port capacity of generated charges by modifying the hole
transport layer (HTL) and the electron transport layer (ETL),
as well as to reduce the resistance and trap density in the device
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impedance, and atomic force microscopy analyses.

structure. In particular, various attempts have been made to
apply newly designed ETLs of planar PSCs by directly controlling
the material to improve the electron extraction efficiency.'”™*° In
various studies, semiconductor materials with small organic
molecules have often been used as interlayers.”*>* When small
organic molecules are applied to a device, the performance and
stability of the device usually increase through enhanced charge
mobility.

Small molecule organic compounds can acquire strong
chemical properties and excellent solubility by adjusting the
functional groups of the molecules. Therefore, we envisage that
new small molecules will improve the performance and stability
of the device in the planar PSC.

We synthesise small molecules, such as bis(1-phenyl-1H-
benzo[d]imidazole) phenyl-phosphine oxide (BIPO), tris(4-(1-
phenyl-1H-benzo[d]imidazole)phenyl)phosphine oxide (TIPO), and
2,4,6-tris(4-(1-phenyl-1H-benzo[d]imidazol)phenyl)-1,3,5-triazine
(TBIT), which are advantageous for electron extraction. Imidazole,
phosphine oxide, and triazine units are well-known electron-
accepting units. To compare the effect of electron extraction, we
prepared BIPO, TIPO, and TBIT. Notably, BIPO was composed of a
highly polar phosphine oxide core and two phenyl benzimidazole
side units, while TIPO was composed of highly polar phosphine
oxide core and three phenyl benzimidazole side units; TBIT had a
highly electron acceptor triazine core unit and three phenyl benzi-
midazole side units. The core polarity and electron-accepting ability
effects were systematically compared for the planar PSC.

This journal is © The Royal Society of Chemistry 2021
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The previously reported small molecule material, BIPO, is
known as an excellent electron-transporting organic material.>>®
The newly designed TIPO small molecule, synthesised with the
phenyl benzimidazole group in BIPO, has an electron-withdrawing
property of phosphine oxide with high polarity in the core, thereby
improving the electron transport.””*® Furthermore, benzimidazole
(BIZ) has rich n-electrons with strong bases, which are expected to
extract higher charges from electron donors and acceptors.”
However, we synthesised another small organic molecule, a TBIT
small molecule, wherein the triazine ring was substituted on the
TIPO core, and the m-electron deficiency of the triazine ring-
enabled efficient extraction of charge."' These small molecules
are suitable for interlayer applications based on their good solu-
bility in isopropyl alcohol (IPA) solvents. In addition, the number
of phenyl BIZ groups around the core was compared to investigate
the effect of passivating Lewis acidic and basic defects of perovskite,
thereby reducing the roughness of the surface when introduced into
a bilayer.*® Moreover, the amine group of the molecule reduces the
trap density at the ([6,6]-phenyl-C71-butyric acid methyl ester)
PC,,BM/Ag interface and inhibits the Ag-iodide ion bonds of
the perovskite, thereby contributing to the improvement in
device stability. Thus, the efficiency of devices comprising a
bilayer of these small organic molecules increases, and in
particular, the inverted perovskite device with the TIPO inter-
layer applied to the PC,,BM layer has been demonstrated to have
a 17% increase in the power conversion efficiency (PCE) com-
pared to the device without the interlayer.

2. Experimental
2.1. Materials

All organic synthetic reactions were performed under a nitrogen
atmosphere, and the corresponding starting materials were
purchased from commercial suppliers. Solvents applied to the
reactions were used after drying by well-established methods.
Molecule isolation was conducted via flash column chromato-
graphy using 230-400 mesh-sized silica gel, and the final products
were purified by means of sublimation steps. For compound and
device preparation, the appropriate materials, if available in the
market, were obtained reasonably (Fig. S1-S9, ESIt). Also, BIPO
was synthesized by the process reported in previous research of
our group™>?® (Scheme 1).

2.2. Device fabrication

Inverted PSCs with a TIPO interlayer were fabricated as shown
in Fig. 1. The device structure was indium tin oxide (ITO)-
sputtered glass substrate/PEDOT:PSS as HTL/MAPbI; as active
layer/PC,,BM as ETL/interlayer/Ag (90 nm). The glass/ITO was
ultrasonically cleaned with detergent, distilled water, acetone,
and IPA for at least 20 min. After cleaning, the substrates were
kept in an oven (100 °C) for at least 20 min before use. The
surface properties of the ITO substrate were changed to hydrophilic
surfaces by UV-ozone treatment for 15 min. An HTL material
of PEDOT:PSS (Al4083) was stacked on ITO by spin coating at
5000 rpm for 40 sec (~40 nm). The PEDOT:PSS layer was

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Synthesis of BIPO, TIPO, and TBIT. Details related to the
detailed synthesis method will be displayed in the ESI.¥

annealed at 140 °C for 10 min to remove the solvent. The
CH;3NH;PbI; solution (CH3NH3I and PbI, (1.06:1 mol%)) was
prepared by using a y-butyrolactone (GBL) solvent and dimethyl
sulfoxide in a 7:3 volume ratio, with a molar concentration of
1.4 mol L™ " for 12 h. The perovskite photoactive layer material was
spin-coated on a PEDOT:PSS layer in one step to form a thickness
of approximately 300 nm (5000 rpm and 30 s); a chlorobenzene
washing solvent was used. After spin coating, the substrate was
dried for 5 min on a hot plate kept at 100 °C. The PC,,BM was
spin-coated onto a CH3;NH;PbI; substrate with which an approxi-
mately 40 nm-thick layer was produced (2000 rpm and 40 s).
Furthermore, TIPO was dispersed in IPA at a concentration of
1 mg mL ™' using an ultrasonic processor (show Fig. S10, ESIY).
This solution was spin-casted on top of the PC,,BM layer after the
filter (10 nm or less). A 90 nm-thick Ag layer, which was employed
as the cathode, was then deposited under a pressure of 1.8 x 10~°
Torr through thermal evaporation. All the devices were encapsu-
lated using a resin and cover glass.

2.3. Characterisation

The current density-voltage (J-V) characteristics and impe-
dance spectra of the organic photovoltaic device were obtained
using a ZIVE SP1 and a solar simulator under illuminated AM
1.5 global conditions at an intensity of 100 mW c¢cm™ > and a cell
area of 0.15 cm? The short-circuit current verification of Jsc
related to the -V curve was evaluated by recording the incident
photocurrent efficiency spectrum of the solar cell after power
calibration (ABET technologies, Inc., LS150, USA) using a
monochromatic chromatograph (Dongwoo OPTRON Co., Ltd,
MonoRa-500i, Korea). The surface morphology of the interlayer
of PC,,BM/(BIPO, TIPO, or TBIT) was observed via atomic force
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Fig. 1

microscopy (AFM) (Park NX10) in non-contact mode. The
photoluminescence spectra were recorded via fluorescence
spectroscopy (F-7000 fluorescence spectrophotometer, HITA-
CHI, Tokyo, Japan) for determining the quenching rate of
ITO/PEDOT:PSS/MAPbI,/PC,,BM/(BIPO, TIPO, or TBIT). The
excitation wavelength was 514 nm, while the photomultiplier
voltage was 700 V. Raman spectra were obtained using a Raman
microscope (Xperam200 (Nanobase.inc)) with the laser (the
wavelength was 532 nm and the power was set at 5 mW). The
magnification of the object lens was 40x. I 3d XPS spectra were
recorded by using a KAlpha X-ray photoelectron spectrometer
operating with an AleKa radiation source.

3. Results and discussion

The new TIPO molecule was synthesised via the nucleophilic
substitution of lithiated phenyl BIZ following oxidation and
compared with reported BIPO. In addition, TBIT was also newly
obtained via the cyclotrimerisation of cyanophenyl BIZ. These
small molecule structures were introduced as a bilayer in the
inverted perovskite device, as shown in Fig. 1(a) and Fig. S11
(ESIt). In the BIPO and TIPO molecules, phosphine oxide is
located in the core, which has electron-withdrawing characteristics
based on high polarity. Another molecule, TBIT, has a triazine ring
located at the core, which is advantageous for efficiently extracting
electrons according to m-electron-deficient properties. The calcu-
lated dipole moments of BIPO, TIPO, and TBIT via density
functional theory were compared in Fig. S12 and S13 (ESIT).
The BIZ group is covalently bonded to the side of the phosphine
oxide and triazine ring core, and BIPO has two, whereas TIPO and
TBIT have three BIZ functional groups. The binding of BIZ groups
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(a) Schematic structure of BIPO, TIPO, and TBIT. (b) Energy-level diagram of inverted perovskite devices.

in the molecule has a larger n-conjugation system according to
richer m-electrons, which enhances the charge flow.”” As the
highest occupied molecular orbital (HOMO) levels of BIPO, TIPO,
and TBIT are lower than that of PC,,BM, the holes created in the
perovskite layer are blocked (Fig. 1(b)). Therefore, when BIPO,
TIPO, and TBIT molecules are applied as an interlayer between
PC,,BM and the electrode, they contribute to effective charge
transport and suppress opposite charge movement, leading to an
increased current density of the device.>*?°

The structure of the synthesised TIPO, BIPO, and TBIT was
confirmed via spectroscopy analysis. The solution (1 x 10™> M
using a chloroform) and film UV-vis absorption spectra and PL
spectra of BIPO, TIPO, and TBIT are compared (Fig. 2 and Fig.
S14 (ESIt)). From the UV-vis analysis of BIPO, TIPO, and TBIT,
the absorption peaks were observed at 311, 312, and 342 nm in
solution and 318, 315, and 349 nm in film states, respectively,
which could be due to the m-m* transitions.***> The m-n*
transitions frequently appear in compounds with aromatic rings,
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Fig. 2 UV-vis absorption and PL spectra of (a) TIPO and (b) TBIT with
solutions and films, respectively.
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because non-bonding and m-bonding electrons are largely
distributed in the aromatic rings.** Thus, phenyl benzimidazole
with an aromatic ring forms mn-n* transitions, which are
observed by the red shift of the peak (Fig. 2 and Fig. S14, ESIY).
Moreover, BIPO, TIPO, and TBIT showed PL at 373, 374, and
418 nm in solution and 389, 392, and 446 nm in film states,
respectively, (Table S1, ESIT). This indicates that the absorption
region is more red-shifted in TIPO and TBIT than BIPO, and a
larger magnitude of light absorption is achieved as the wave-
length of the absorbed light becomes wider. Additionally, as it is
confirmed that all of the film samples are red-shifted compared
to the solution samples, the intermolecular n-n* interactions
occur strongly, which improves the electron transport ability.>*>*

In addition, an excellent dopant, BIZ, passivates both the
Lewis acid and base defects on the surface to smoothly form
the surface, thereby enhancing the performance and stability
of the device.”® Therefore, higher performance is expected,
especially in devices with TIPO and TBIT molecules with a
large number of BIZ groups. In addition, TGA of BIPO, TIPO,
and TBIT materials was performed (Fig. S15, ESIf), and the
detailed values of T, of each material are shown in Table S1
(ESIT). Based on TGA analysis, the TBIT material has the best
thermal stability of 188 °C.

This is because it is a molecular and structurally stable
substance, which balances the N atom in the triazine with the N
atom in the benzyl imidazole bound to the centre in the TBIT
molecule.

Nonetheless, BIPO and TIPO are phosphine oxides with high
polarity in the core, resulting in an unbalanced difference in
polarity of the molecule. Notably, TIPO is more stable than
BIPO by dispersing the force of the phosphine oxide attracting
electrons relatively uniformly because the number of bound BIZ
groups is one more TIPO than BIPO. The intramolecular
stability is also demonstrated by means of thermal stability
tests, where BIPO degrades at a lower temperature than TIPO.

Raman analysis was conducted to confirm the chemical
bond structure of BIPO, TIPO and TBIT small molecules. As
shown in Fig. 3, the Raman spectra of BIPO and TIPO showed
that there is not a distinguished change owing to structural
similarity. The spectra revealed two major peaks; one is
assigned to P-O stretching modes from phosphine oxide, and
the other is to aromatic rings and imidazole functional groups
of a branch, respectively.’®*” Interestingly, as the number of
branches bound to phosphine oxide increased in TIPO, peaks
of the branches appeared sharper than those in BIPO and
downshifted from 1604 cm™' to 1602 cm ™', which indicates
more T-n* stacking in the molecular structure.®®

On the other hand, the Raman spectra of TBIT revealed a
broad peak between 1500 and 1600 cm™ " attributed to triazine
rings. In particular, the peak of the branch in TBIT shifted up to
1607 cm ™. Therefore, the strong electron-withdrawing charac-
teristics of phosphine led to the interaction with three
branches, which contributed to efficient n-n* interactions in
the TIPO structure.

Cyclic voltammetry (CV) measurements of BIPO, TIPO, and
TBIT were performed to evaluate their electronic energy levels

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Raman spectrum of (a) BIPO, (b) TIPO and (c) TBIT layers.

for application in PSCs (Fig. S16 and Table S1, ESIt). The highest
occupied molecular orbital (HOMO) level was calculated from
the oxidation potential. The lowest unoccupied molecular orbital
(LUMO) level was obtained from the HOMO level and UV-edge.
As shown in Fig. 1(b), the HOMO levels of BIPO, TIPO, and TBIT
are 7.07, 7.01, and 6.73 eV, respectively. Therefore, since the
HOMO energy levels of the newly used small molecules are deep,
they have effective hole-blocking abilities as an ETL. The effect of
hole blocking and the use of organic semiconductor materials

J. Mater. Chem. C, 2021, 9, 3642—3651 | 3645
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with high electron-transporting properties enabled their use as
bilayers of inverted PSC ETLs, leading to improved charge
extraction.*”

Fig. 4(a and b) show the J-V curves of the inverted perovskite
device in the PC,,BM/BIPO, PC,,BM/TIPO, and PC,,BM/TBIT
interlayers. The structure of the device is ITO/PEDOT:PSS/
MAPDI;/PC,,BM/(BIPO, TIPO or TBIT)/Ag, and the related
photovoltaic parameters are summarized in Table 1 and Table
S2 (ESIt). The highest performance of 13% is observed in the
TIPO interlayer devices. The Js¢c and fill factor (FF) values of the
optimised TIPO device were 19.18 mA cm > and 76.14%,
respectively, and the current density and FF were increased
by 11% and 10% compared to the pristine device. Furthermore,
the increase in Jsc and FF parameters in the average distribu-
tion graph of the TIPO interlayer device shows excellent reliable
performance (Fig. S17, ESIt). This is because the TIPO inter-
layer contributed to efficient charge extraction based on
electron-withdrawing properties and morphology passivation.
Thus, in the device with a TIPO interlayer, the current flow was
accelerated and the FF was most optimised, while in the

o
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Fig. 4 (a) Current density—voltage (J-V) curves of devices of pristine and
with BIPO, TIPO and TBIT interlayers were added onto the electron trans-
port layer (PC;0BM). (b) EQE and integrated photocurrent graphs of devices.
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Table 1 Parameters of the device with BIPO, TIPO, and TBIT interlayers

ETL interlayer Voc (V) Jsc (mA em ™) EQE (mA em™?) FF (%) PCE (%)

Pristine 0.927 17.25 16.35 69.17 11.07
BIPO 0.894 18.74 18.76 75.25 12.61
TIPO 0.890 19.18 19.01 76.14 13.00
TBIT 0.940 16.78 17.05 72.81 11.49

external quantum efficiency (EQE) and integrated current density
analysis presented Fig. 4(b), the current density of the device was
19.01 mA ¢cm™ >, which proved an increase of 16% compared to
that of the pristine device. As BIPO has weaker electron extraction
properties of BIZ than TIPO, a less increased current flow
occurred in the BIPO interlayer device**° than the device with
TIPO. However, the efficiency of the TBIT interlayer devices slightly
increased relative to that of the pristine devices due to the amine
groups of BIZ with many m-electrons and the core material of the
triazine ring that induce electron extraction from the TBIT inter-
layer. Moreover, from the dark current density data (Fig. S18, ESIt),
the shunt resistance of the TIPO device increased, indicating that
the leakage current of the device reduced. Both the BIPO and TIPO
interlayer devices have lower series resistance compared to pristine
devices due to the morphology passivation effect (Table S3, ESI1).**
The TBIT-based device exhibited slightly higher series resistance
because TBIT is an electron- deficient triazine ring core covalently
bonded to the BIZ, which improves the extraction ability of
electrons, but provides reduced electron transport compared to
the phosphine oxide-centred TIPO due to the difference in polarity.
Accordingly, the device with the most improved performance is
that with the TIPO interlayer, and the efficiency increases by 17%
or more compared to the pristine device.

To confirm the morphology of the surface, AFM analysis was
performed (Fig. 5). The samples for AFM analysis were prepared
by forming them on the PC,,BM layer to observe the morphology
of the ETL. The root-mean-square (RMS) roughness values of the
PC,,BM/BIPO, PC,,BM/TIPO and PC,,BM/TBIT are 0.783, 0.631,
and 1.10 nm, respectively. Compared to the roughness of the
PC,,BM layer (RMS value: 1.703 nm), these RMS values were
reduced, which indicated the smoother surface under the elec-
trode by forming interlayers (BIPO, TIPO, and TBIT), because the
interlayers had an amorphous structure. (see Fig. S11 and S19,
ESIT). The smooth morphology provides efficient passivation of
the interface between PC,,BM and the electrode, thereby indu-
cing uniform electron movement and FF improvement. In
particular, the PC,,BM/TIPO exhibited the most reduced surface
roughness, which was advantageous for higher electron extrac-
tion and collection, contributing to an FF value of over 75%. To
analyse the optical characteristics of the devices, PL measure-
ments were performed as depicted in Fig. 6. As a result of PL
analysis on the ITO/PEDOT:PSS/MAPbI,;/PC,,BM/(BIPO, TIPO or
TBIT) structure, the PL intensity of the samples with BIPO, TIPO,
and TBIT materials as bilayers was reduced compared to that of
the pristine sample.

This is because the electrons generated in the active layers
are rapidly transported by introducing small organic molecules
into the interlayer. Meanwhile, a remarkably quenched PL

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Topographic height atomic force microscopy (AFM) images (5 pm x
5 um) of (a) ITO/PC7oBM, (b) ITO/PC;0BM/BIPO, (c) ITO/PC7oBM/TIPO and
(d) ITO/PC7oBM/TBIT.

emission is observed for the PC,,BM/TIPO, indicating that the
photoinduced electrons can be efficiently extracted by the TIPO
interlayer. TIPO facilitates the separation of excitons generated
in the photoactive layer, and electrons are rapidly transported
and extracted based on its excellent optical properties.*>
Therefore, the TIPO interlayer has phosphine oxide and amine
groups of BIZ that attract electrons, thereby enhancing the efficient
extraction of electrons and suppression of recombination.**
Additionally, electron-only devices were fabricated to calcu-
late the mobility of each device (Fig. 7). An electron-only device
with an ITO/ZnO/TiCl,/MAPbI;/PC,,BM/(BIPO, TIPO, or TBIT)/
Ag structure was fabricated and zinc oxide was introduced as a
hole-blocking layer to prevent electrons from leaking in different

ETL interlayer
e Pristine
=BIPO
=—TIPO
e—TBIT

PL Intensity (a.u.)

750 760 770 780 790
Wavelength (nm)

800 810

Fig. 6 (a) Photoluminescence (PL) spectra (excitation at 514 nm) of devices
with BIPO, TIPO, and TBIT interlayers introduced.
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Fig. 7 Space-charge-limited current (SCLC) electron mobility and trap
density for electron-only devices with (a) pristine, (b) BIPO, (c) TIPO, and
(d) TIBT interlayers.

directions. In addition, surface treatment of TiCl, is required to
deposit the perovskite layer on top. The j-V characteristics at a
high voltage and in a dark room can be expressed according to
Mott-Gurney’s law:***

9 &
JscLe = geréoto

where ¢, is the dielectric constant (MAPDIL;), ¢, is the dielectric
constant (vacuum), and L is the thickness (MAPDI;). As a result of
measuring the space-charge-limited current (SCLC) device, a
graph was obtained, as shown in Fig. 7, and the electron mobility
of devices with the BIPO and TIPO interlayers was higher than
that of the pristine device. In particular, a slightly higher electron
mobility of 9.68 x 10™* cm®V~'s™" was calculated in the device
with the TIPO interlayer (Table 2). The device with the highest
electron mobility by the TIPO effect has the best electron-
extraction properties according to the high polarity of phosphine
oxide and the n-r interaction effect between molecules due to
the rich m-electrons of the BIZ and enhanced electrical
conductivity,>” thereby improving electron extraction.*®*” The
devices using BIPO and TIPO interlayers had higher electron
mobility, which proved to be relatively correlated with the
enhanced integrated Jsc and PCE (%).

The current exhibited a rapid non-linear increase, and the
voltage is known as the trap-filled limit voltage (Vrrgy1), which is

Table 2 Electron mobility and trap density factors of the pristine (pure
PC;0BM) device, device with PC;oBM/BIPO, PC;,BM/TIPO and PC,oBM/
TBIT electron transport layers

ETL interlayer ~Electron mobility (cm* V™' s™') Trap density (cm?)

Pristine 1.52 x 104 3.72 x 10'°
BIPO 9.47 x 10™* 2.76 x 10'°
TIPO 9.68 x 10~* 3.33 x 10
TBIT 7.67 x 1074 3.36 x 10%°
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determined from the trap state filled limit. Hence, the trap

density (1qap Or Ny) can be calculated as follows:***°
eNrap L2
VrrL = %
Epé

where e is the elementary charge, ¢, is the vacuum permittivity,
and 28.8 is the relative dielectric constant of MAPbI,.*® Therefore,
N, is calculated as follows:

2er80 VTFL
Ne= el?

In the trap density analysis, the low trap density value is calculated
as 3.33 x 10" cm™ for the TIPO device because the TIPO
interlayer inhibits charge recombination by passing traps in the
PC,oBM layer. On the one hand, using the TIPO interlayer
increases the current density and improves the FF of the device
by efficiently transferring the charge generated in the active layer to
the electrode. On the other hand, the device with the BIPO interlayer
has an electron mobility value of 9.47 x 10™* em® V" s, which is
similar to that of the device with the TIPO, but exhibits a higher trap
density, resulting in lower electron transport ability than the device
with TIPO. The device with the TBIT interlayer has a relatively low
electron mobility, but the trap density is 3.36 x 10'® em™2, which is
lower than that of the pristine device and has the effect of being
passivated on the PC,,BM layer, thereby eliminating traps that
interfere with electron extraction under the Ag electrode. The amine
groups of BIPO, TIPO, and TBIT can effectively reduce the interface
trap density.*® Therefore, as the device with TIPO interlayer showed
the highest electron mobility improvement and the lowest value in
the trap density at the PC,,BM/Ag interface, it exhibited excellent
characteristics in suppressing the resistance and increasing the
current density and FF,”® thereby improving the performance of
the PSCs. This improvement in current density suggests that the
modification with TIPO reduces the injection barrier at the PC,,BM/
Ag interface.

In the reflectance measurement depicted in Fig. S20 (ESIT), the
low reflectance of the device with TIPO was confirmed from 350 to
400 nm, indicating that it has high light absorption compared to
the absorbance data (Fig. S21, ESIt). As confirmed by PL and
SCLC analyses, the electron carriers generated in the active layer
were easily transported to the electrode through the TIPO inter-
layer. Therefore, the internal quantum efficiency (IQE) of the
device was quantified to confirm the improved charge transport
and extraction by introducing the TIPO interlayer. Notably, the
IQE entails the calculation of the number of charge carriers
extracted from the device versus the number of photons absorbed
in the active layer. The IQE value in Fig. 8(a) is calculated as
follows, through which the current flow of the device and the
extraction of charge from the electrode can be confirmed.

IQE = EQE/(1 — reflectance)

The average IQE of pristine devices shows a response of 85% at
400-750 nm, and the devices with the BIPO or TBIT interlayer
showed a similar percentage response rate. However, the IQE
graph of the device with the TIPO interlayer showed an average
of more than 91% response from 400 to 600 nm. In particular,
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Fig. 8 (a) Internal quantum efficiency (IQE) profile measurements of
BIPO, TIPO and TBIT interlayers in perovskite solar cells, (b) impedance
of devices with BIPO, TIPO and TBIT interlayers in the light.

the IQE response close to 98% at approximately 500 nm showed
a 94% IQE current flow between 680 and 750 nm. The TIPO
interlayer device with a high current density value indicated
that almost all the absorbed photons were extracted and
converted into a photocurrent value. The IQE value is improved
by extracting the generated electrons wherein phosphine
oxide,”* the core of the TIPO interlayer, and strong n-r stacking
are formed between BIZ molecules to induce high electron
mobility. The combined BIZ molecule and the phenyl group
induce intermolecular charge-transfer transitions, and the elec-
trons are effectively extracted.***> In addition, Ag-amine bonds at
the metal interface inhibit the formation of insulating Ag-I bonds
on the Ag electrode surface, thereby leading to smooth electron
flow inside the TIPO interlayer device.”® Therefore, improved
electron mobility, excluding optical properties, was most optimized
in the device with TIPO.>

Additionally, the resistances of the devices were measured
through electrochemical impedance spectroscopy (EIS) analysis.
The charge transport resistance exhibited upon the introduction of
BIPO, TIPO, and TBIT interlayers in the light and 0 V environment
was confirmed. The device with the TIPO interlayer had a reduced

This journal is © The Royal Society of Chemistry 2021
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semi-circular radius compared to the pristine device, indicating a
decrease in the electron transport resistance (Fig. 8(b)). In addi-
tion, the improvement in the flow of charges is demonstrated
because devices with the BIPO interlayer exhibit reduced resistance
compared to the pristine device. However, TBIT exhibits a slightly
reduced charge transport resistance compared to the pristine
device, resulting in a higher electron transport resistance than
the devices with the TIPO and BIPO interlayers, resulting in a
reduced Jgc of the device with the TBIT interlayer. Therefore, the
device with the TIPO interlayer reduces the electron transport
resistance by 52% compared to the pristine device, thereby
suppressing the recombination of charges and improving the
electron transport. At the PC,,BM/Ag interface, the high polarity
properties combined with the amine groups of the TIPO molecule
are due to the rapid transfer of the generated charge to the
electrode before recombination. The improved electron transport
capability has been demonstrated to increase the device perfor-
mance by increasing the current density.>>

The long-term stability of the device incorporating small
molecules containing the BIZ group was predicted to be
improved and verified through stability tests. The PCE decay
versus storage time is plotted in Fig. 9. The pristine device

—
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Fig. 9 (a) Stability test of devices with BIPO, TIPO, and TBIT interlayers, (b)

XPS analysis of the | 3d region on the surface of the structures with [TO/
PEDOT:PSS/MAPbI3/PC70BM and ITO/PEDOT:PSS/MAPbI3/PC7oBM/TIPO.
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showed a 100% decrease in efficiency after 24 days, and the PCE
of the device with the BIPO interlayer also showed a steady
decrease of 49% after 16 days. Nonetheless, the devices with
TIPO and TBIT showed relatively high stability, and in particular,
the former maintained excellent stability consistently for over
24 days. According to a previous report, PSC decomposition
under an Ar atmosphere is mainly caused by the immigration
of 1" ions, which gradually corrodes the Ag cathode.>® Never-
theless, it has been demonstrated that some N-containing mate-
rials might be able to capture the immigrated I anions, thereby
inhibiting the corrosion of Ag cathodes.”*° The I 3d signal was
confirmed through XPS analysis on the structures of ITO/PED-
OT:PSS/MAPDI;/PC,,BM depending on TIPO interlayers after
aging for 1 week (see Fig. 9(b)). In the structure without TIPO,
the I 3d signals showed 620.3 eV and 631.9 eV peaks, which are
identified as peaks of 1°, not ion state, indicating the fast
degradation of the pristine device.>*>® On the other hand, the
618.3 eV peak observed in the structure with the TIPO interlayer
indicates negatively ionized iodide (I7),°>*® which is related to
the initial state of MAPbI;.”” Thus, the I” ions were captured by
the N atoms of the BIZs before reaching the electrode.>**"*® The
I” peak implied that the TIPO interlayer suppressed the for-
mation of insulating Ag-1 bonds by blocking the ion migration.*!
Furthermore, the high stability of the device with TIPO is due to
the effect of three functional groups of phenyl BIZ, and the TIPO
provides an efficient passivation effect with not only the Lewis
acid defects (Pb*") but also the Lewis base defects (I7) of the
perovskite device. Furthermore, the devices with TIPO and TBIT
improved the stability by delaying the I" migration from the
perovskite to the Ag cathode. In addition, the flat molecular
shape of the TBIT makes the surface hydrophobic on the PC,,BM
layer, thereby suppressing the penetration of external moisture
into the perovskite layer (Fig. S22, ESIT).”®*° Therefore, it was
confirmed that the use of PC,,BM/TIPO as the ETL has an
advantage in the operational stability of the device.

Conclusions

The improvement in the performance and stability of the
devices was demonstrated by developing new small molecule
materials that were advantageous for electron extraction. The
TIPO, BIPO, and TBIT materials were synthesised by controlling
the core and the surrounding group and compared as the
interlayer of the device, respectively. The highest efficiency
was confirmed in the device with TIPO, which indicated an
improvement of over 17%. The introduction of a phosphine
oxide core and phenyl benzimidazole induced efficient electron
extraction of the ETL and enhanced electron transport of the
device by forming strong n-m stacking between molecules. In
addition, TIPO contributed to smooth morphology and defect
passivation, which were related to the improved FF and stability.
The improvement of the jsc and FF increased the PCE of the
device, the effect of the device was verified through optical and
electrical analyses, and the surface of the film was confirmed
through the AFM images.
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