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Abstract:

A new small molecule-based hole selective material (HSM),
4,4'4"-(7,7',7"-(5,5,10,10,15,15-hexahexyl-10,15-dihydro-5 H-diindeno[ 1,2-a:1',2'-c]fluorene-
2,7,12-triyl)tris(2,3-dihydrothieno[ 3,4-b][ 1,4]dioxine-7,5-diyl))tris(N, N-bis(4-methoxyphenyl
)aniline) (TRUX-E-T), has been developed by a facile synthesis with reduced cost. The
highest occupied molecular orbital energy level and lowest unoccupied molecular
orbital energy level of TRUX-E-T are -5.10 and -2.50 eV, respectively, making it a suitable
HSM for lead iodide perovskite solar cells. TRUX-E-T can be smoothly deposited onto
perovskite layers, enabling efficient perovskite solar cells with thin TRUX-E-T layers (~50
nm), which helps cut the unit cost of the HSL used in PVSCs to approximately one-fortieth
(1/40) of 2,2'7,7'-Tetrakis (N,N-di-p-methoxyphenylamino)-9,9'-spirobifluorene
(spiro-OMeTAD). Additionally, TRUX-E-T exhibits hole mobility as high as 2.47x10™
cm?/Vs, better than spiro-OMeTAD. As a result, our perovskite solar cells using TRUX-E-T
have shown high fill factors up to 82%. The champion cell achieved a maximum power
conversion efficiency of 18.35% (16.44%) when measured under reverse (forward) voltage
scan under AM1.5 G 100 mW/cm? illumination. Our un-encapsulated cells exhibited good
stability in ambient air, maintaining 96.4% of their initial efficiency of 18.35% after 20 days

storage.
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1. Introduction

Perovskite solar cells (PVSCs) have attracted enormous attention in recent years due to
their high optical absorption coefficients and very long carrier lifetimes.'® The power
conversion efficiency (PCE) has increased from 3.8% to over 22% in the past few years.” '
PVSCs are typically fabricated by sandwiching a perovskite absorber layer with an electron
selective layer (ESL) and a hole selective layer (HSL). The ESL and HSL separate and extract
photogenerated electrons and holes in the perovskite absorber, respectively. Therefore, the
PCE of a PVSC relies significantly on the optoelectronic properties of ESL and HSL materials,
such as the energy levels of band edges, bandgaps, and carrier mobility. Inappropriate ESLs
and HSLs can adversely affect the open-circuit voltages (V,.s) and fill factors (FFs) of
PVSCs.'" ' So far, PVSCs with record PCEs typically use TiO, ESLs and spiro-OMeTAD is
2,2'7,7-Tetrakis (N, N-di-p-methoxyphenylamino)-9,9'-spirobifluorene  (spiro-OMeTAD)
HSLs.” ! The main drawbacks of using spiro-OMeTAD HSLs in PVSCs include: (1) high
cost for synthesizing pure spiro-OMeTAD; (2) poor charge transport mobility; (3)
requirements for p-type dopants such as cobalt complexes which may result in chemical
degradation;*® (4) low thermal stability and crystallization at temperatures as low as 60 °C.
These drawbacks limit the large-scale commercialization of PVSCs using spiro-OMeTAD

HSLs. Compared with polymer semiconductors, organic small-molecule HSLs have some

Published on 10 October 2017. Downloaded by University of Newcastle on 10/10/2017 13:14:32.

unique advantages, such as easy modification and purification, low-cost solution processing at
low temperature, well-defined chemical structures, and molecular weights with negligible

21-24

batch-to-batch variation. For example, triazatruxene is one of such organic

small-molecule HSL materials and has been successfully used as HTLs for PVSCs.>" %
However, the synthesis of triazatruxene involves harsh phosphorus oxychloride regent that
greatly hinders its large-scale application.”> >

Aiming to obtain an ideal HSL with low cost, high thermal stability and high hole
transport  without using Co dopant, we have designed a new HSL,
4,4' 4"-(7,7',7"-(5,5,10,10,15,15-hexahexyl-10,15-dihydro-5 H-diindeno[ 1,2-a:1',2'-c]fluorene-
2,7,12-triyl)tris(2,3-dihydrothieno[3,4-b][ 1,4]dioxine-7,5-diyl))tris(V, N-bis(4-methoxyphenyl

)aniline) (TRUX-E-T), with a planar molecular geometry containing truxene as the core, with
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3,4-ethylenedioxythiophene (EDOT) as a m-linker, and methoxy-substituted triphenylamine
(TPA) as arms. Unlike the orthogonal spiro core, truxene has a planar and fused molecular
structure, which enables the HSL to show strong m-m stacking through intermolecular
interactions, thereby leading to enhanced hole mobility. The fully conjugated truxene core
also provides great potential for improved thermal and optical stability. Moreover, it offers
good chemical versatility to tune solubility, 3D configuration and optoelectronic properties.*”
2 Compared to triazatruxene, truxene can be synthesized by facile methods and it consists six
hydrophobic hexyl chains which should work better for both preventing the perovskite surface
from the moisture and suppressing crystal growth of HSL to obtain better film.?”** As proven
in previous reports, the incorporation of EDOT unit can enhance charge transport and improve

device performance without sacrificing stability.’* *'

TPA has 3D m-conjugated molecular
configuration, which can restrict aggregation and promote exciton separation. The
propeller-like structure of TPA is also beneficial for forming uniform and smooth thin films
with stable amorphous morphology and homogeneous features.”> A combination of EDOT
bridge with TPA arms can endow TRUX-E-T with suitable energy levels and efficient
hole-transporting properties.'® 2> 26:33-3

With the aforementioned considerations, we herein report on the synthesis and
characterization of TRUX-E-T and its application as HSLs in efficient PVSCs. We show that
high-quality TRUX-E-T can be synthesized by a facile route, ensuring a low cost.
Characterizations reveal that the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LOMO) energy levels of TRUX-E-T are at -5.10 and -2.50
eV, respectively, which are suitable as HSLs for effective charge transfer in PVSCs.
TRUX-E-T exhibits hole mobility as high as 2.47x10* ¢m?/Vs as well as efficient charge
transfer at the perovskite/TRUX-E-T interface. As a result, our PVSCs using TRUX-E-T have
shown high fill factors (FFs) up to 82%. Additionally, TRUX-E-T can be smoothly deposited
on perovskite layers, enabling PVSC to use thin TRUX-E-T layers. Our best-performing
PVSCs use only ~50 nm-thick TRUX-E-T HSLs, which helps to reduce the unit cost of the
HSL used in PVSCs to approximately one-fortieth (1/40) of that for devices made using
spiro-OMeTAD. The champion cell achieved a maximum PCE of 18.35% (16.44%) when

measured under revese (forward) voltage scan under AM1.5 G 100 mW/cm® illumination.
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Our un-encapsulated cell exhibited good stability in ambient air, maintaining 96.4% of its
initial efficiency of 18.35% after 20 days storage. It is worth noting that TRUX-E-T HSLs do

not require Co complex doping, eliminating a significant route for possible degradation.
2. Experimental section
2.1. Material synthesis

TRUX-E-T: A solution of the compound
2,7,12-tribromo-5,5,10,10,15,15-hexahexyl-10,15-dihydro-5H-diindeno[ 1,2-a: 1',2'-c]fluorene
(450.0 mg, 0.42 mmol) and
4-methoxy-N-(4-methoxyphenyl)-N-(4-(7-(tributylstannyl)-2,3-dihydrothieno[3,4-5][ 1,4]diox
in-5-yl)phenyl)aniline (1.1 g, 1.49 mmol) in dry toluene (40 mL) was degassed twice with N,
then Pd(PPhs)s (71.9 mg, 0.062 mmol) was added. After stirring at 110°C for 48 h under Ny,
the mixture was cooled to room temperature. After removal of toluene, the crude product was
purified by column chromatography on silica gel (petroleum ether/ethyl acetate, 7:1, v/v) and
recrystallized from methanol to afford TRUX-E-T (610.0 mg, 67.5%) as a light-yellow solid.
'H NMR (500 MHz, CDCl;, 8): 8.34 (d, J = 8.5 Hz, 3H), 7.85 (d, J = 8.1 Hz, 3H), 7.76 (s,
3H), 7.66 — 7.58 (m, 6H), 7.09 (d, J = 8.4 Hz, 12H), 6.96 (d, J = 8.0 Hz, 6H), 6.89 — 6.79 (m,
12H), 4.50 — 4.34 (m, 12H), 3.81 (s, 18H), 2.93 (m, 6H), 2.18 - 2.06 (m, 6H), 1.03 — 0.78

Published on 10 October 2017. Downloaded by University of Newcastle on 10/10/2017 13:14:32.

(m, 36H), 0.68 — 0.50 (m, 30H).”C NMR (125 MHz, CDCls, 8)156.25, 154.56, 147.68,
141.25, 139.16, 139.06, 138.12, 127.21, 126.88, 125.11, 124.26, 121.18, 119.65, 115.09,
65.14, 65.00, 56.10, 55.90, 37.52, 31.95, 29.98, 24.43 , 22.73, 22.67, 14.42, 14.32.
MALDI-TOF MS: m/z=2177.0612 [M+H]", calcd. for C141H53N301,S3: 2176.0616.

2.2. Solution preparation

Perovskite precursor: The MA,7FA(3Pbl; perovskite precursor was prepared using a
mixture of methylammonium iodide (MAI, Dyesol), formamidium iodide (FAI, Dyesol), lead
iodide (Pbl,, Alfa Aesar,99.9985%) and lead thiocyanate (Pb(SCN),, Sigma-Aldrich, 99.5%)
in dimethyl sulfoxide (DMSO, Sigma-Aldrich) and N,N-dimethylformamide (DMEF,
Sigma-Aldrich). The details about the precursor preparation can be found in our previous

papers.** %% The precursor solution was stirred on a hotplate at 60°C for several hours. The
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resulted precursor was purified using a 0.45 pm filter before spin-coating

Ce0-SAM: Cgo-self-assembly (SAM) (1-Materials) was used as purchased. Cg-SAM has a
concentration of 4 mg/mL inchlorobenzene (Sigma-Aldrich, 99.8%).

Spiro-OMeTAD: 2,27, 7’-Tetrakis(N, N’-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(spiro-OMeTAD) was used to fabricate the reference HSLs and deposited on the perovskite
film at 2000 rpm for 60 s. The spiro-OMeTAD was co-doped using Co(Il)-
bis-(trifluoromethanesulfonyl) imide (TFSI) and Li-TFSI. The spiro-OMeTAD solution was
prepared by dissolving 72.3 mg spiro-OMeTAD (Shenzhen Feiming Science and Technology
Co., Ltd.) in 1 mL chlorobenzene (CB) with 28 pL 4-tert-butylpyridine (zBP) (Sigma-Aldrich),
18 puL Li-TFSI (Sigma-Aldrich) (520 mg/mL in acetonitrile) and 18 pL Co(II)-TFSI salt
(FK102, Dyesol) (300 mg/mL in acetonitrile).

TRUX-E-T: A solution of TRUX-E-T/chlorobenzene (20mg/ml) with an additive of 15 pl
Li-TFSI (170 mg/mL in acetonitrile) and S8uL /BP.

2.3. Device fabrication

The Florine-doped Tin Oxide (FTO) glass substrates were cleaned by ultra-sonication in
diluted Micro-90 detergent, deionized water, acetone, and 2-propanol for 15 min, respectively.
SnO, ETLs were deposited on FTO using a plasma-enhanced atomic layer deposition
(PEALD) method***"* and then annealed on a hotplate at 100°C for 1 hour in ambient air
(approximately 25 °C and 55% relative humidity). The substrates were then transferred into a
nitrogen filled glove box. The C¢-SAM solution was spin-coated onto the SnO; layer at 3000
rpm for 1 min. The perovskite layer was deposited by dripping diethyl ether via the
anti-solvent technique. The perovskite film was annealed at 100 °C for 5 min.
Spiro-OMeTAD was deposited on the perovskite film at 3000 rpm for 60 s. The TRUX-E-T
was spin-coated on the perovskite film at 3500 rpm for 45s, leading to an approximately 50
nm-thick layer. A layer of 50 nm gold was finally deposited on the top of the HSLs using
thermal evaporation. The active area of the device was 0.08 cm” as defined by a shadow mask
during the Au evaporation. For hole-only devices, a 30 nm PEDOT:PSS layer was coated on
ITO substrate, followed by the deposition of TRUX-E-T or spiro-OMeTAD layer and then 8

nm MoOs, and 75 nm Ag layers. MoO; and Ag were thermally evaporated to complete the
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device fabrication.

2.4. Film and device characterization

Cross-sectional scanning electron microscopy (SEM) image of the completed
devices was taken with Hitachi S-4800. Tapping-mode atomic force microscopy (AFM)
images were taken with a Veeco Nanoscope V instrument. Layer thicknesses were
determined using a Dektak surface profiler and cross-sectional SEM images. Samples
were illuminated through the glass side for photoluminescence (PL) measurements. A
532 nm cw laser at 38 mW cm™ was used as a source of excitation for steady-state PL
while a 532 nm pulsed laser (pulse width ~5 ps) at ~10° photons-pulse”-cm™ was used
as a source of excitation for TRPL measurement. PL decay curves were fitted by
iterative re-convolution with the measured system response function. Mean
photogenerated carrier lifetimes for the bi-exponential fit were calculated by the
weighted average method.*®

J-V curves were recorded in air under 100 mW/cm>AM1.5G solar irradiation (PV
Measurements Inc.) with a Keithley 2400 Source Meter. The light intensity for J-V
measurements was calibrated by a standard Si solar cell and our perovskite solar cells
certified by Newport.16 External quantum efficiency (EQE) spectra were measured on

a QE system (PV Measurements Inc., model IVQES-C QE system without bias

Published on 10 October 2017. Downloaded by University of Newcastle on 10/10/2017 13:14:32.

voltage)using 100 Hz chopped monochromatic light. The steady-state efficiencies were
obtained by tracking the maximum output power point. The J-V curves for light
intensity dependence were taken by neutral density filters between 1 and 100 mW/cm®.
The un-encapsulated cells for stability test were stored in ambient air (45% humidity
and room temperature). All characterizations and measurements were performed in the

ambient air.
3. Results and discussion

3.1. TRUX-E-T synthesis and characterization
The synthesis of TRUX-E-T is displayed in Scheme 1. A one-step Still coupling of
2,7,12-tribromo-5,5,10,10,15,15-hexahexyl-10,15-dihydro-5H-diindeno[ 1,2-a:1',2'-c]fluorene

and
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4-methoxy-N-(4-methoxyphenyl)-N-(4-(7-(tributylstannyl)-2,3-dihydrothieno[ 3,4-5]

[1,4]dioxin-5-yl)phenyl)aniline was readily afforded TRUX-E-T with a yield of 67.5%.
The tribromotuxene 3 was prepared via a three-step procedure, i.e., cyclization of
truxene using 1-indanone, alkylation and bromination. The tin reagent was prepared
according to the literature.* The synthetic pathways and experimental details are
available in Electronic Supplementary Information (ESI). TRUX-E-T was acquired
as a light-yellow solid after silica-gel column chromatography and recrystallization
from methanol. During the purification of TRUX-E-T, no expensive sublimation step
is involved, which is necessary for spiro-OMeTAD instead.* The structure of
TRUX-E-T is confirmed by 'H and *C NMR spectra and MALDI-TOF mass

spectrometry (Figure S1-S6).

OCH;3

. 3

o $
Cetis O‘O Br 4 Pd(PPh;),
)

toluene, 110°C

oL
H;CO OCH;

CgH13CeH13

OCH;

TRUX-E-T OCH;

OCH,

Scheme 1. Synthetic route of TRUX-E-T

Figure S7 shows thermogravimetric analysis (TGA) of TRUX-E-T, exhibiting
decomposition temperature (5% weight loss) at 421°C in nitrogen atmosphere. This
result indicates the excellent inherent thermal stability of TRUX-E-T, which would
benefit the long-term stability of PVSCs with TRUX-E-T HSLs. Differential scanning
calorimetry (DSC) shown in Figure S8 exhibits a clear glass transition at around

202°C, indicating the amorphous nature of as-synthesized TRUX-E-T.
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Figure 1. (a) Absorption and PL spectra of a TRUX-E-T film. (b) Cyclic voltammetry (CV) of

TRUX-E-T. The inset shows CV plot for ferrocene/ferrocenium as reference. DFT-calculated

electronic structure of TRUX-E-T, showing the electronic energy levels of (c¢) HOMO and (d) LUMO.

(e) Calculation of the hole reorganization energy for TRUX-E-T.

Published on 10 October 2017. Downloaded by University of Newcastle on 10/10/2017 13:14:32.

The normalized absorption and photoluminescence (PL) spectra of a TRUX-E-T film are
shown in Figure 1a. TRUX-E-T shows absorption of photons with an edge of 477 nm and a
maximum peak located at 415 nm. The shoulder in UV region can be attributed to n-m*
transition.”® The optical bandgap (Eg”) of TRUX-E-T is estimated at 2.60 eV. PL spectrum
shows that TRUX-E-T has a main emission wavelength centred at 502 nm.

To check energy levels of TRUX-E-T, electrochemical cyclic voltammetry (CV)
was employed to evaluate its electrochemical properties. Ferrocene/ferrocenium was
used as a reference with a potential of 0.55V vs. Ag/AgCl electrode. As shown in
Figure 1b, a clear oxidation peak was observed. From the onset potential for oxidation
(Eox), the HOMO energy level was determined to be -5.10 eV for TRUX-E-T, which is
favourable for hole transfer. The corresponding LUMO energy level was estimated to

be -2.50 eV according to the measured E,”".
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The electronic structure and geometry of TRUX-E-T were also investigated with
density functional theory (DFT) calculation using Gaussian program at the
B3LYP/6-31G (d,p) level, as shown in Figure 1c¢ and d. The dihedral angles between
three arms and central truxene core arel7°, 21°, and 22°, respectively. The relatively
planar molecular configuration can facilitate intermolecular interaction, and thus
enhance charge transport. As shown in Figure le, the calculated hole reorganization
energies (Ajo.) of TRUX-E-T (87meV) is much smaller than that of spiro-OMeTAD
(148 meV), indicating a better hole-transporting property. We compared the hole
mobility of TRUX-E-T and spiro-OMeTAD by making hole-only devices with a
structure of ITO/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)/TRUX-E-T or spiro-OMeTAD/Mo0Os/Ag. The calculation was done by
space charge-limited current (SCLC) model. The hole mobilities are estimated to be
1.41x10* cm* Vs and 2.47x10* cm* V"5 for spiro-OMeTAD and TRUX-E-T,
respectively, as shown in Figure S9 (Electronic Supplementary Information (ESI)).
A higher hole mobility indicates a better hole transport, benefiting the improvement in
charge transport balance within PVSCs. Our calculation and experimental
characterization thus reveal that TRUX-E-T is suitable as a HSL material for PVSC

fabrication.
3.2. PVSC fabrication and characterization

-2.50eV

— Au .
<—— TRUX-E-T

<—— MA,;FA, ;Pbl,

Au

<€— Sn0,/C;-SAM -5.10eV -5.10eV

<—FTO

-

) 500 nm '

Figure 2. (a) Cross-sectional SEM image of our regular PVSC with TRUX-E-T HSL. (b) Energy band

diagram of our regular PVSC with TRUX-E-T as HSL.
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Figure 2a shows a cross-sectional SEM image of our PVSC using TRUX-E-T as HSL. The
perovskite absorber is MA(7FA3Pbl; and the PVSC has the regular n-i-p configuration of
FTO/SnO,/Cg¢-SAM/peroskite/ TRUX-E-T/Au. The SnO, layer was prepared by
plasma-enhanced atomic-layer deposition (PEALD) and has a thickness of about 20 nm.**>"
384027 perovskite layer was grown by a one-step deposition method and has a thickenss of
about 450 nm. We find that TRUX-E-Tcan be smoothly deposited onto the perovskite
absorber layer by solution processing, as evidenced by the AFM images shown in Figure S10.
The root mean square (RMS) roughness of perovskite layer is 10.9 nm, which is reduced to
2.9 nm after the deposition of 50 nm TRUX-E-T. Figure 2b shows the energy level diagram
of our device using TRUX-E-T HSL, presenting selective transfer of photogenerated electrons

and holes, i.e., electrons are reflected by TRUX-E-T and transfer through SnO, and holes are
reflected by SnO; and transfer through TRUX-E-T, which is suitable for PVSCs.

Published on 10 October 2017. Downloaded by University of Newcastle on 10/10/2017 13:14:32.
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Figure 3. (a) PL spectra and (b) TRPL decays of perovskite film and perovskite/TRUX-E-T.

To evaluate the effectiveness of hole transfer at the perovskite/TRUX-E-T interface, we
performed steady-state photoluminescence (PL) and time-resolved PL (TRPL) measurements
on perovskite films deposited on bare glass substrates and coated with poly(methyl
methacrylate) (PMMA) for protection and TRUX-E-T. As shown in Figure 3a, the PL
emission of the perovskite film with TRUX-E-T coated shows a significant quenching as
compared to that of the perovskite film with PMMA coated, indicating an effective charge
transfer at the perovskite/TRUX-E-T interface. The results are consistent with the TRPL
decays measured from these samples (Figure 3b). The deposition of TRUX-E-T layer on

perovskite shortens the mean carrier lifetime for perovskite from 650 ns to 23 ns, confirming
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a fast charge transfer at the perovskite/TRUX-E-T interface.
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Figure 4. (a) J-V curves of our best-performing PVSC with TRUX-E-T HSL measured under AM
1.5G illumination at reverse and forward voltage scans. (b) EQE spectrum and integrated J. of the
best-performing PVSC based on TRUX-E-T HSL. (¢) Maximum power point tracking of PCE and (d)
Photovoltaic parameters versus time of PVSC with TRUX-E-T HSL.

Figure 4a shows the current density-voltage (J-V) curves of the best-performing PVSC
using a 50 nm TRUX-E-T HSL measured under reverse and forward voltage scans.Our
champion cell achieves a PCE of 18.36 (16.44)% with a V,. of 1.08 (1.04) V, a J,. of 20.8
(20.8) mA/cm?, and a FF of 81.8 (76.2)% when measured under reverse (forward) voltage
scan. This performance is slightly lower than that of the PVSC with spiro-OMeTAD HSLs
(PCE of 19.13 (18.12)% with a V. of 1.10 (1.09) V, a J,. of 21.9 (21.9) mA/cm?, and a FF of
78.7 (76.4)% under reverse (forward) voltage scan), as shown in Figure S11. Since the J-V
hysteresis has been found in both PVSCs with TRUX-E-T and spiro-OMeTAD HSLs, it might

be attributed to the ESL/perovskite interface®” *

or perovskite film itself such as ion
migration,™ and/or trap states.*® The EQE spectrum of this cell is shown in Figure 4b. The
integrated Js. of over a 100 mW/cm? AM1.5G solar spectrumis 20.92 mA/cmz, which is in

good agreement with the Jy. obtained from the J-V curves. The stabilized PCE measured by
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the tracking maximum power point is 16.42% (Figure 4¢). As mentioned above, TRUX-E-T
has a good thermal stability, which can help to improve the stability of PVSCs. Therefore, we
measured the dependence of each photovoltaic parameter of un-encapsulated PVSCs with
TRUX-E-T HSLs stored in dark and glove box on the storage time. As shown in Figure 4d,
the cell exhibited a good stability for 20 days, maintaining 96.4% of its initial efficiency of
18.35% when measued under reserse voltage scan and in ambient. The main degradation
originates from FFs dropping from 81.8% to 79.2%, which is likely attributed to the contact
damage of our measured cell with isolated pixel. In other words, the results suggest an

encouragingalternative HSL for stable PVSCs.
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Figure 5. Histograms of (a) PCEs, (b) FFs, (¢) Vs, and (d) Ji.s measured for 25 cells with
TRUX-E-T-based PVSCs.

To evaluate the performance reproducibility of PVSCs using the TRUX-E-T HSLs, we
fabricated and measured 25 PVSCs. The histograms of the PCE, V., J,, and FF measured
under reverse voltage scan are shown in Figure 5a, b, ¢, and d, respectively. The average

PCE, V,., J., and FF for these 25 cells are 17.7420.62%, 1.08+0.03V, 20.88+0.65 mA/cm>,
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and 80.7+1.2%, respectively, revealing a good reproducibility.
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Figure 6. (a) J-V curves of a PVSC with TRUX-E-T HSLs under different light intensities ranging

from 1 to 100 mW/cm®. Light intensity dependence: (b) Ji. versus light intensity; (c) V. versus light
intensity; (d) FF versus light intensity.

To understand the charge extraction and recombination mechanism in the PVSCs with
TRUX-E-T HSLs, the J-V characteristics were measured under light intensities varying from
1 to 100 mW/cm?, as shown in Figure 6a. Figure 6b shows the power law relationship
between J. and light intensity. It is known that a carrier imbalance or an interfacial barrier
could lead to a space charge limited solar cell with a ~ 0.75.*”*° An o value close to 1 means
a solar cell with no space charge effect.””*” The PVSC with TRUX-E-T HSL does not appear
to be space charge limited since the a is 0.99, indicating an efficient charge transfer in this
solar cell. The natural logarithmic relationship between light intensity and ¥V, has a slope of
1.56kgT/q, as shown in Figure 6¢, implying that Shockley Reed Hall recombination is

50-52

dominant in solar cells, which is also consistent with the fact that the FF decreases when

the light intensity increases from 1 to 100 mW/cm® (Figure 6d). Therefore, the high FF
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originates from the efficient charge transfer at the perovskite/HSL interface due to the

appropriate HOMO level and high hole mobility of HSLs.

The estimated lab synthesis and purification cost of TRUX-E-T is about $38.9/g (see cost
calculation for TRUX-E-T in Electronic Supplementary Information (ESI)), which is
one thirteenth of that of spiro-OMeTAD (about $500/g).”® Furthermore, the typical thickness
of spiro-OMeTAD for efficient PVSCs is around 150 nm, while the thickness of TRUX-E-T
HSLs used in our PVSCs is only about 50 nm. Therefore, the unit cost of TRUX-E-T used in
PVSCs is roughly one 40™ of that of spiro-OMeTAD.> Therefore, our TRUX-E-T HSL offers

an attractive potential to commercialization of the emerging PVSC technology.

4. Conclusions

We have synthesized and characterized TRUX-E-T, a new small molecule-based HSL
material using a facile route. Characterizations reveal that TRUX-E-T is suitable as HSL for
PVSCs. We found that TRUX-E-T can be smoothly deposited on perovskite layers, enabling
PVSC to use thin TRUX-E-T layers. Our best-performing PVSCs use only ~50nm thick
TRUX-E-THSLs, which facilitates the reduction in device cost. The estimated unit cost of
TRUX-E-T used in PVSCs is roughly one 40™ of that of spiro-OMeTAD. Finally, TRUX-E-T
exhibits hole mobility as high as 2.47x10* cm?/Vs, which is responsible for the high FFs of

Published on 10 October 2017. Downloaded by University of Newcastle on 10/10/2017 13:14:32.

up to 82% obtained in our PVSCs using thin TRUX-E-THSLs.
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A cost-effective truxene-based hole selective material has been synthesized by facile
approach, leading to efficient perovskite solar cells with 82% FFs.
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