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is a significant challenge to integrate all these desirable features

ABSTRACT: Herein we present a new structural design into a single HTM.

of hole-transporting material, Trux-OMeTAD, which In this study, we present a new design of HTM that promotes
consists of a Cy, Truxene-core with arylamine terminals excellent contact between perovskite and the underneath
and hexyl side-chains. This planar, rigid, and fully transparent electrode. The new HTM, Trux-OMeTAD, consists
conjugated molecule exhibits excellent hole mobility and of a Cy, Truxene-core with three arylamine groups, and six hexyl
desired surface energy to the perovskite uplayer. Perovskite side-chains, adapting a planar, rigid, and fully conjugated
solar cells fabricated using the p-i-n architecture with Trux- molecular geometry. These features enable Trux-OMeTAD to
OMeTAD as the p-layer, show a high PCE of 18.6% with have high hole mobility, suitable surface energy, and matched
minimal hysteresis. frontier energy level with the top perovskite layer. As a result,

PVSCs fabricated with the p-i-n architecture using Trux-
OMeTAD as the p-layer show a high PCE of 18.6% with

erovskite solar cells (PVSCs) made with ammonium lead minimal hysteresis under AM 1.5 G illumination, which is one of
halide," such as CH;NH;Pbl; have recently gained the highest values reported so far for the p-i-n PVSC devices
significant attention due to their capabilities in achieving high employing dopant-free HTMs.
power conversion efficiency (PCE) through cost-effective The synthetic routes for making Trux-OMeTAD are shown in
fabrication.' ™ The PCE of PVSC has shown exceptionally fast Figure la, with details described in the Supporting Information

(SI). The Truxene unit was first synthesized through the
condensation of I-indanone.”> The para-methoxy diphenyl-
amine was then introduced by the Buchwald—Hartwig amination
reaction, resulting in Trux-OMeTAD in 70% yield (Figure S1).

growth rising from 3.8% to 20.1% within only six years."~ In
the well-performing PVSCs, charge-transporting layers consist of
organic/inorganic electron (ETM) and hole (HTM) trans-
porting materials are needed in order to facilitate the free carrier
collection to the corresponding electrodes.'”~*" Although
significant development of PVSC has been achieved, this is

accomplished through very limited number of good HTMs, such @) "
as the frequently used poly(3,4-ethylenedioxythiophene) poly- e o T \CLOME
styrenesulfonate (PEDOT:PSS), arylamine based derivatives, @Q—’ Padbaly P

Na(t-BuO), toluene
100°C, 10 h

2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobi-
fluorene (Spiro-OMeTAD), and polytriarylamine (PTAA). In
addition to the limited HTM availability, there are also several

obstacles that need to be overcome in order to facilitate the (b) ©
further development of versatile and efficient PVSCs, such as the
complicated doping protocol, mismatched energy levels, - ¥

In this regard, it is highly desirable to develop new HTM for
further improving PVSC device efliciency and stability and

. & . ,
relatively high cost, and limited long-term stability. )&%\‘?’l{, “,ag@‘;‘

HOMO ) LUMO C;, Geometry

probing their structure—property correlations. There are several
factors beyond mobility and energy level that need to be Figure 1. (a) Four-steps synthetic routes for Trux-OMeTAD. (b)
considered when design new HTMs. Recent reports revealed HOMO, (c) LUMO, and (d) optimized molecular conformation

that hydrophobic surface,” perovskite surface passivation,” and obtained from DFT calculations.

even UV light cutoff can all be engineered as part of HTM
properties to either facilitate the growth of large crystal grain or Received: January 4, 2016
prevent UV light induced perovskite degradation.”* However, it Published: February 15, 2016
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The pale yellow final product was characterized by 'H and *C
NMR spectra and MALDI-TOF mass spectrometry (Figures
$2—S4). Thermal properties of Trux-OMeTAD were tested via
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) (Figures SS and S6). The TGA curves
indicated that Trux-OMeTAD is thermally stable up to 400 °C.
The melting peak at 212 °C appeared on the DSC curve indicates
this material is crystalline in solid-state. This coincides well with
the observation of polarized optical microscopy (POM) showing
the formation of needle-like crystals during drying of the
saturated Trux-OMeTAD hexane solution on glass slides (Figure
$7). Note that the Truxene is a typical discotic mesogen,”® which
tends to form face-on packed molecular assemblies with a
columnar arrangement.”” This is one of the ideal superstructures
for n-conjugated molecules to facilitate vertical hole transport.

To gain further understanding on its electronic structure, the
molecular orbitals (MO) of Trux-OMeTAD were calculated
through the density functional theory (DFT) (SI). As shown in
Figure 1b—d, both the highest occupied and the lowest
unoccupied MOs, HOMO and LUMO, respectively show that
the electron density of Trux-OMeTAD is fully delocalized within
the whole molecule. The methoxy group bearing oxygen lone-
pair points out-of-plane. Note that the Lewis basic heteroatom,
can potentially passivate perovskite surface, i.e., by coordinating
with lead ion via halide vacancies.'®*****” In addition, the planar,
rigid, and fully conjugated molecule with the C;, geometry
enables Trux-OMeTAD to have ordered assemblies for better
charge transport in film state.

Figure 2a shows the UV—vis absorption and transmittance of
Trux-OMeTAD film, displaying an absorption edge at 410 nm,

100 0.4

(a) (122 — Trux-OMeTAD
= N

—_ ~ & |— Spiro-OMeTAD
g® 033 E %f
3 60 Transmittance : &)
=1 ——ITO 02; ] t
£ ——Trux-OMeTAD 7“8 8
g 40 Absorbance =5 's \
Z ——Trux-OMeTAD Jo; & E
= 20 < o
-
& z

ol— " n L 1 0.0 N b N

350 400 450 500 550 600 0.0 0.2 0.4 0.6 0.8 1.0
‘Wavelength(nm) Potential (V)

(c) PEDOT:PSS (e) Trux-OMeTAD

T

(d) Spiro-OMeTAD
| .
Figure 2. (a) UV—vis transmittance and absorbance of Trux-OMeTAD
film (15 nm). (b) Cyclic voltammograms of Trux-OMeTAD and Spiro-

OMeTAD. Water contact angles on (c) PEDOT:PSS, (d) as-cast Spiro-
OMeTAD, and (e) Trux-OMeTAD films.

which is corresponding to an optical bandgap of 3.02 eV. It is
nearly transparent in the region between visible and near-infrared
region. These are the desired optical properties for a HTM layer
in perovskite-based solar cells. Additionally, we observed a
slightly red-shifted absorption peak together with a shoulder
peak appeared upon thermal annealing of Trux-OMeTAD film
(Figure S8), suggesting the possible thermotropic alignment of
molecules. More interestingly, the absorption of Trux-OMeTAD
layer can reduce UV light that is known to cause light-induced
perovskite degradation.” To probe these relative energy levels
between Trux-OMeTAD and Spiro-OMeTAD, cyclic voltam-
metry was employed to compare the redox properties (Figure
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2b). The results indicate that the HOMO energy level of Trux-
OMeTAD (—5.28 eV) is 0.18 eV deeper than that of Spiro-
OMeTAD (—5.10 eV), which is better matched with the valence
band of CH;NH,PbI; perovskite (—5.4 €V).

In addition to frontier energetics, surface wettability of the
bottom charge-transporting layer is also an important factor that
significantly affects the morphology of perovskite films. Recent
reports suggested that a relatively hydrophobic surface will
facilitate the formation of good quality perovskite polycrystalline
films, comparing with those fabricated atop of a hydrophilic
surface.”” In Trux-OMeTAD, in addition to its aromatic Truxene
plane, six aliphatic chains were introduced. The nonpolar, flexible
chains can modulate the HTM surface energy, i.e., staying at the
solid/gas interface. This is quite different from those of Spiro-
OMeTAD and PTAA, bearing no aliphatic chains. The contact
angle tests showed that PEDOT:PSS, as expected, exhibits a
smaller contact angle (16.9°) to water droplet (Figure 2c). The
as-cast Spiro-OMeTAD exhibits a contact angle of 38.7°. As a
sharp contrast, the Trux-OMeTAD exhibits a much larger
contact angle of 90.4° (the film was annealed at 150 °C for 10
min) (Figure 2d,e). The surface morphology of HTMs layers was
measured by tapping mode atomic force microscopy (AFM)
(Figure S9), showing a smooth surface with a root-mean-square
(RMS) roughness of 2.4 nm. Such hydrophobic and smooth
HTM layer should be beneficial for achieving high-quality
perovskite films.

Prior to solar cell fabrication, the hole-transport of Trux-
OMeTAD was measured by using the space-charge-limited-
current (SCLC) technique (Figures S10 and S11). To verify the
effect of film annealing on the correspondent hole-transport, the
HTM film was annealed at different temperatures. The as-cast
Trux-OMeTAD film exhibits a hole mobility of 2.3 X 107> cm™
V157, and increases to 3.6 X 1073 cm>V ls7! after being
annealed at 150 °C for 10 min. This is nearly 2 orders of
magnitude higher than those of neat Spiro-OMeTAD and PTAA
(between 10~° and 107 em®V~!s™!, Table S1).*' The high
mobility allows it to function as an effective HTM without the
need of extra doping process, which significantly simplifies device
fabrication.

With these data in hand, the p-i-n structure PVSCs was
fabricated (Figure 3a) to elucidate the structural—property
correlations of Trux-OMeTAD as a p-layer for hole extraction.
The device was made by fabricating of a layer of CH;NH;PbI;
(~300 nm) atop of Trux-OMeTAD (~15 nm) using the two-
step deposition method (SI). The ETM layer employs a bilayer
of PCBM (~40 nm) and ZnO nanoparticles (~40 nm), and Al
(~100 nm) was used as cathode. The energy diagram of each
layer is shown in Figure 3b. It displays better matched HOMO
levels between Trux-OMeTAD and perovskite that not only
facilitate efficient hole transfer and extraction but also decrease
energy loss in between. The high LUMO (—2.3 eV) of Trux-
OMeTAD can also effectively block electrons to prevent
recombination at anode. The devices were optimized by
annealing the Trux-OMeTAD layer at different temperatures
and thickness without applying any dopants or additives (Figures
S12 and S13). The performance showed negligible sensitivity
toward the varied thickness in the range of 2—30 nm. The best
device was achieved with the HTL annealed at 150 °C for 10 min
(Table S2).

Figure 3¢ shows the current density—voltage (J—V) curves for
the best device under the standard AM 1.5G illumination. The
results are summarized in Table 1. The best device yields a high
PCE of 18.6% with an open circuit voltage (Voc) of 1.02 'V, a
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Figure 3. (a) Schematic of the planar p-i-n PVSC with Trux-OMeTAD
HTM. (b) Energy level diagram for each layer of the PVSC device. (c)
J—V curves of the device with 150 °C annealed HTM. (d) Stabilized
photocurrent measurement of the best device and its power output.

Table 1. Current Density—Voltage (J—V) Curves of PVSCs
Using Trux-OMeTAD HTM under AM 1.5G Ilumination
(100 mW+-cm™2)

devices Voc [V] Jsc [mA-cm™2] FF PCE [%]
forward scan 1.02 234 0.74 17.5
reverse scan 1.02 232 0.79 18.6

short circuit current density (Jsc) of 23.2 mA-cm™2, and a fill
factor (FF) of 0.79, by sweeping from forward bias (1.2 V) to
reverse bias (—0.1 V). In the reverse scan from reverse bias (—0.1
V) to forward bias (1.2 V), a PCE of 17.5% can be retained with a
Voc of 1.02 V, a Joc of 23.4 mA-cm ™2, and a FF of 0.74. No
apparent hysteresis could be detected during forward and reverse
scans. The external quantum efficiency (EQE) spectrum of the
perovskite solar cell is shown in Figure S14, which is consistent
with measured Jsc. The PCE of 18.6% is one of the highest values
among the p-i-n PVSC devices employing dopant-free HTMs up
to date. The widely used HTMs, such as PEDOT:PSS, PTAA,
and Spiro-OMeTAD were tested using the same device
architecture showing the PCEs of around 16%, which are clearly
lower than that obtained for Trux-OMeTAD based devices.
HTM-free device was also fabricated that showed much lower
PCE of 8.61% than those devices with HTM layer (Figure S15,
Table S3). To confirm our results, the photocurrent density and
PCE as a function of time at the maximum power point (0.84 V)
were measured. As shown in Figure 3d, the photocurrent and
PCE remained stable toward 300 s scan, and a stable PCE output
over 18% was demonstrated.

Good reproducibility is also demonstrated for PVSCs using
this dopant-free HTM. The efficiency histogram in Figure 4
shows >75% of the devices (among 30 devices) having PCE
higher than 17%. To further understand the effects of Trux-
OMeTAD HTM on perovskite uplayer, steady-state PL and
time-resolved PL decay measurements were conducted for neat
perovskite film, perovskite with nonannealed HTM, and
perovskite with 150 °C annealed HTM. The surface and cross-
sectional morphology of the perovskite films fabricated atop of
HTM layer are also characterized by scanning electron
microscopy (SEM).

2530

10f

Counts

16

17
Efficiency (%)

18 19

Figure 4. Histograms of 30 device PCEs based on 150 °C annealed
Trux-OMeTAD HTM.

Figure Sa shows the PL spectra of perovskite on different
substrates. The enhanced PL quenching of perovskite was
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Figure S. (a) Steady state photoluminescence (PL) spectra of the
perovskite films on different substrates (glass only, glass/nonannealed
HTM, and glass/annealed HTM). (b) Time-resolved PL measurements
taken at the peak emission wavelength (765 nm) of the perovskite films
on different substrates. A S mW picosecond pulsed diode laser at 638.8
nm excited on the glass side. (c) Top view and (d) cross-sectional SEM
images of the perovskite film atop of annealed HTM layer.

observed for the substrate using 150 °C annealed HTM
compared to those without annealing. This suggests that carriers
created in the excited perovskite layers are more efficiently
extracted by the annealed HTM, which coincides well with the
improved SCLC hole mobility observed in the annealed HTM.
The steady state PL spectra of perovskite on PEDOT:PSS
showed in Figure S16, which indicate PEDOT:PSS is less
effective in quenching the excited perovskite than that of Trux-
OMeTAD. In order to verify the improved hole transfer, the
time-resolved PL measurements were conducted and shown in
Figure Sb, and the results were summarized in Table 2. The

Table 2. Time-Resolved PL Measurements

sample 7; (ns) frac. 1 7, (ns) frac.2  ave. (ns)
none 108.0 1.9% 1004.8 98.1% 987.8
HTM (w/o) 32.0 40.6% 107.1 59.4% 76.6
HTM (150 OC) 21.0 60.8% 67.6 39.2% 39.1
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perovskite-only film exhibits an averaged decay time (ave. 7) of
987.8 ns. After the introduction of Trux-OMeTAD beneath the
perovskite, the averaged 7 is shortened to 76.6 ns (without
annealing) and 39.1 ns (with 150 °C annealing). The fast decay
lifetime 7, of three samples decreased from 108 ns (neat
perovskite) to 32.0 ns (nonannealed HTM) and 21.0 ns (150 °C
annealed HTM), while the weight fraction increased from 1.9%
to 40.6% (without annealing) and 60.8% (with annealing). This
indicates improved hole extraction and charge dissociation from
perovskite to the treated HTM.

Figure Sc illustrated the perovskite film fabricated atop of the
annealed HTM layer, showing a smooth and dense perovskite
film. The cross-sectional SEM images (Figure Sd) showed
ordered and vertically aligned grain boundaries, which should be
beneficial for the infiltration of transporting materials to suppress
recombination loss and enhance carrier collection.”” As
comparison, the perovskite film atop of Trux-OMeTAD
exhibited slightly larger and denser grains than those on
PEDOT:PSS (Figure S17). The PL and morphology results
correlate well with the increased HTM hole mobility, and the
significantly enhanced PVSC performance on annealed HTM
layer.

In summary, a novel HTM was developed by introducing
triarylamine and aliphatic side-chains onto the C;;, Truxene-core
to successfully demonstrate its application for highly efficient and
stable PVSCs. A PCE as high as 18.6% was achieved from devices
fabricated through a simple solution process. The planar and fully
conjugated Cy, HTM result in excellent hole mobility and proper
surface energy for the perovskite layer cast atop to facilitate more
efficient hole extraction for achieving high-performance PVSCs.
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