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Abstract

We demonstrate efficient planar perovskite solar cells using dopant-free donor-acceptor (D-A)
conjugated small molecule as hole transport material. The photovoltaic cell reaches a power
conversion efficiency (PCE) of 14.9 %, which is comparable or even better than that of the
devices using traditional doped 2,2',7,7'-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9'-
spirobifluorene (spiro-OMeTAD) hole transport material under equivalent conditions. We
ascribe the high performance to the excellent charge transporting properties of the D-A
conjugated small molecule. Time-resolved photoluminescence (PL), transient photocurrent
response, and impedance spectroscopy characterization indicate that this D-A conjugated small
molecule plays a key role in hole collection and extraction in perovskite based photovoltaic

devices. The dopant-free D-A small molecule hole transport material used here not only
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improves the efficiency, but also facilitates the fabrication process and thus potentially reduces

the fabrication cost of perovskite solar cells.

Introduction

Photovoltaic technology is one of the most effective approaches to utilize solar energy, which
directly converts sunlight into electricity. Presently, the majority of commercial solar cells are
based on inorganic materials such as silicon.' However, the high cost and large energy
consumption of raw materials and expensive fabrication processes of the solar cells hinder their
wide applications. To produce low-cost and high efficiency solar cells, many new photovoltaic
technologies are being developed,®® which include perovskite based organic-inoganic hybrid
solar cells. This new class of photovoltaic devices has the promise to compete with current
commercialized inorganic solar cells as they feature both a low cost fabrication process as well
as high efficiency.

Recently, hybrid metal halide perovskites-such as CH3NH3Pbls and CH3NH3Pbls xClx show
high photovoltaic performance due to their direct band gap, large absorption coefficient and high
charge carrier mobility as well as very low loss in charge recombination.”*? An early reported
power conversion efficiency (PCE) of 3.8% in 2009 has been promoted to over 16%, as new
materials and novel device protocol were developed in the past few years.>** 32 Although
perovskites are efficient light harvesting materials with bipolar transport properties, recent
reports of hole transport layer (HTL) free TiO,/CH3NH3Pbls heterojunction solar cells have
resulted in PCEs of 8% to 10.85%,%*%* which are still much lower than that of the devices with
HTLs. It indicates the necessity of interface modification for effective hole extraction from the

perovskite layer to the anode. Proper energy level alignment and good hole transport properties
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should be guaranteed to minimize any loss in electrical potential and charge recombination. To
date, some HTL materials have been demonstrated in high-performance hybrid solar cells,
among which 2,2'7,7'-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9'-spirobifluorene  (spiro-
OMEeTAD) is the ubiquitous material used. Using spiro-OMeTAD as a HTL, PCE of over 15%
have been reported.*® 16202

Spiro-OMeTAD HTL based perovskite photovoltaic devices have achieved the highest PCEs
so far.! However, a pristine spiro-OMeTAD film suffers from a low hole mobility of ~10* cm?
V's™" and low conductivity of ~10° S cm™ (compare with 10° S cm™ for a typical halide
perovskite) due to its amorphous nature.?* % Thus ionic additives or p-type dopants, such as
lithium bis(trifluoromethylsulfonyl)-imide (Li-TFSI), are required for spiro-OMeTAD HTL to
generate free carriers and to increase its conductivity.® ** *® However, this material still has
several disadvantages such as: (1) material cost due to the necessity of a thick spiro-OMeTAD
layer (typically ~300 nm);*® 2% 2! (2) degradation of perovskite active layer as spiro-OMeTAD
HTL based devices requires exposure to ambient atmosphere for proper functioning;”® ?” (3)
complex fabrication due to spiro-OMeTAD doping process.”®

Thus alternative hole transport materials should be developed to replace spiro-OMeTAD.?**
Recently, a doped low band gap polymer, PDPPDBTE, was incorporated as HTL by Park et al.
and the devices showed a PCE of 9.2%.3* Seok et al. introduced a doped polymer hole transport
material, poly-(triarylamine) (PTAA), yielding a certified PCE of 17.9% very recently, making
the PTAA the best polymer HTL so far.*” In addition, several conjugated polymers, such as
P3HT, PCPDTBT and PCDTBT and so on, can be used, in spite of inferior PCEs.?® % In all the
cases, doping process is necessary, indicating these materials cannot afford enough carrier

mobility, and thus certain carriers concentration is required for efficient hole extraction from
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perovskite film. These potential challenges for HTLs, including the high cost, low mobility, and
requirement of doping, should be tackled in order for us to make further advancement of
perovskite solar cells.

As discussed above, an dopant-free HTL is highly desirable, though there has been no report
on excellent photovoltaic performance based on HTL materials with such properties. Donor-
Acceptor (D-A) conjugated small molecules with planar structures, possess tunable optical and
electrical properties, facile synthesis, low production cost, and versatile wet processing
procedures. The strong intermolecular interaction makes strong crystallization in solid thin films,
and enables high charge carrier mobility. Therefore D-A conjugated small molecules are
appropriate choices as HTLs and have been widely used as active semiconductor materials in
organic electronic devices. Conjugated D-A small molecules HTLs have planar structure without
diphenylamine group, which is the component of spiro-OMeTAD, increase the crystallinity and
improve the mobility and conductivity of the pristine film. Also these molecules have easily
tunable HOMO (highest occupied molecular orbital) energy level to allow for proper alignment
with the perovskite absorbers. Thus D-A conjugated small molecules HTLs, though few, have
shown good performance for perovskite solar cells.** ** However, the study and comparison of
D-A conjugated small molecules and traditional spiro-OMeTAD HTLs’ effect on the
performance of perovskite solar cells has rarely been reported.** *®

In this work, we introduced a D-A conjugated small molecule DOR3T-TBDT (Figure 1),
which shown good performance as a donor material in organic solar cells,* as dopant-free HTL
in organic-inorganic hybrid solar cells consisting of CH3NH3Pbl; xClx as the light harvester and
TiO; as the electron transport layer (ETL). The photovoltaic devices using doped or dopant-free

spiro-OMeTAD HTLs were also fabricated and tested for comparison. The device structure is
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ITO/TiO2/CH3NH3Pbl3 xClx/HTL/M0O3s/Ag. The optimized devices showed a PCE up to 14.9%,
which is the highest reported value so far for perovskite solar cells using dopant-free HTL. The
performance of the perovskite solar cells using dopant-free small molecule HTL is comparable
even better than that of the devices using traditional doped spiro-OMeTAD HTL under
equivalent conditions. Our results highlight the application promise of the organic-inorganic
hybrid perovskites solar cells using D-A conjugated small molecules with planar structure as
dopant-free HTL due to its good packing structures thus relatively high mobility and

conductivity.

DOR3T-TBDT

47
s 1105 CH3NH,Pbl3 Cly

ITO

Energy versus vacuum {eV)
lasi-1e¥0a

Figure 1. (a) Chemical structure of hole transport material DOR3T-TBDT. (b) SEM image of
cross-sectional structure of the representative device. (c) Device structure of the solar cell. (d)
Energy level diagram of the corresponding materials used in the device. (e) top-view SEM
images  of  glass/TiO,/perovskite  film; ()  top-view SEM images  of
glass/TiO/perovskite/DOR3T-TBDT film. Insets are the tapping-mode AFM 3D topographic
images of the related films.

Results and discussion
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The resistivity of DOR3T-TBDT was measured by transmission line model at room temperature,
showing bulk conductivity of ~4x10* S cm™, which is comparable with those of lead halide
perovskite (~10° S cm™) and doped spiro-OMeTAD (~10* S cm™).*® High conductivity is
expected to reduce the series resistance and improve the FF. The high conductivity is partially
due to the high hole mobility. By using DOR3T-TBDT as a semiconductor layer in standard
bottom-contact organic field-effect transistor (OFET), hole mobility of DOR3T-TBDT extracted
from the linear regime was 0.26 cm® Vs, which is three orders of magnitude larger than that of
pristine spiro-OMeTAD (~10* cm? vV *s).?

The cross-section SEM image and schematic of the device structure are shown in Figure 1b
and 1c. The overlayer of the small molecule HTL is seen to uniformly cap the perovskite layer.
The cross-section SEM image of device confirms that the device configuration is a well-defined
layer-by-layer structure. The thicknesses of the TiO,, CH3NH3Pbl;.xClx and DOR3T-TBDT
layers are ~40, ~320, and ~60 nm, respectively. Here, the CH3NH3Pbl;.xClx layer is thick
enough to serve as the light absorber and can effectively extract the charge carrier due to its long
carrier diffusion lengths and good charge transport properties.”® Figure 1d shows the relevant
energy level diagram of the materials used to prepare the perovskite solar cells. In the case of
CH3NH3Pbls Cly, the valance band (VB) is ~5.4 eV, which is measured from ultraviolet
photoelectron spectroscopy (UPS).*” Note that the HOMO level of DOR3T-TBDT is -5.5 eV
according to cyclic voltammetry (CV) measurement in its film state.** For comparison, we
measured the HOMO level of DOR3T-TBDT and spiro-OMeTAD in film states using UPS
(Figure S2, Supporting Information). The HOMO level of DOR3T-TBDT and spiro-OMeTAD
are calculated to be -5.1 and -5.0 eV, respectively. The LUMO level of -3.3 eV for DOR3T-

TBDT was calculated from its optical band gap (1.77 eV)** and HOMO level. As can be seen by
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the band alignment, CH3NH3Pbl;.xClx has a matched band position for heterojunction solar cells
with TiO, as ETL and DOR3T-TBDT as HTL.

The top-view scanning electron microscopy (SEM) images of the CH3NH3Pbls xClx film on
TiO, and DOR3T-TBDT film on CH3NH3Pbl;.xClx are shown in Figure 1le and 1f. The results
reveal that the perovskite film is uniform but exhibits relatively high roughness, though after
coating small molecule HTL on the top of the perovskite layer, the surface appears smooth with
complete coverage by HTL. The thin layer of DOR3T-TBDT efficiently prevents direct contact
between the CH3NH3Pbl; xClx layer and the electrode, and at the same time plays a role in both
hole extraction and transport. The surface morphology can also be seen from the tapping mode
AFM images (5 um x5 um) (insets of Figure 1e and 1f). The roughness was reduced to 23.1 nm

from 32.7 nm after spin coating a layer of DOR3T-TBDT on perovskite.
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Figure 2. (a) Current density versus voltage (J-V) curves of perovskite solar cells using different
HTLs under AM 1.5 G irradiation at 100 mW cm™. (b) EQE of the corresponding device using
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different HTLs. (c) Jsc as a function of light intensity in a double-logarithmic scale for devices
using different HTLs. (d) Voc as a function of light intensity in a semi-logarithmic scale for

devices using different HTLSs.

To understand the effect of HTL on the performance of perovskite solar cells, various HTL
materials including dopant-free small molecule DOR3T-TBDT, and dopant-free and doped
spiro-OMETAD were used for comparison. Figure 2a shows the current density—voltage (J—V)
curves of the optimized performance of three types of devices. As can be seen in the J—V curves
and the summarized performance parameters in Table 1, the device with dopant-free spiro-
OMeTAD has a PCE of 3.5% with a low Jsc of 16.6 mA cm™ and a poor FF of 22%. With
reducing the incident light intensity to below 10 mW cm™, the FF increases to over 60% (Figure
S7, Supporting Information). It indicates that the low hole mobility and conductivity of dopant-
free spiro-OMeTAD cause strong holes accumulation and the unusual J-V curve under AM1.5G
1 sun illumination. Using doped spiro-OMeTAD HTL, we observed a dramatically enhanced
performance with the highest PCE of 14.0%, combined with a Jsc of 19.5 mA cm™, an open
circuit voltage (Voc) of 1.04 V, and an FF of 69.0%, mainly due to the improved conductivity of
the spiro-OMeTAD HTL, which is consistent with previously published results.*® *® Using
DOR3T-TBDT as a HTL, the champion device exhibits a Jsc of 20.7 mA cm™, a Voc of 0.97 V,
and a very notable FF of 74%, yielding a PCE of 14.9%, which, to the best of our knowledge, is
the highest PCE in planar heterojunction perovskite solar cells using an dopant-free HTL. The
statistical data of perovskite solar cells containing dopant-free spiro-OMeTAD, doped spiro-
OMeTAD and dopant-free DOR3T-TBDT HTLs are shown in Figure S9 (Supporting
Information). It is worth noting that the dopant-free DOR3T-TBDT HTL facilitates very good
charge injection under the forward bias, and thus yields a very low series resistance. However

the doped spiro-OMeTAD based device still exhibits higher resistance, which shall be

8

Page 8 of 21



Page 9 of 21

Journal of Materials Chemistry A

responsible for the lower FF and slightly higher Voc than those of DOR3T-TBDT based devices.
Indeed, the overall performance of the device using dopant-free DOR3T-TBDT HTL was
comparable and even higher than that of the device using doped spiro-OMeTAD HTL. The high
performance may stem from the matched HOMO energy level, high mobility and conductivity of
this small molecule. We further doped DOR3T-TBDT with same dopants as in spiro-OMeTAD
HTL, however, the device showed lower PCE (< 10%) (Figure S8, Supporting Information).
Considering the doping efficiency, DOR3T-TBDT has a HOMO level of 5.1 eV, deeper than that
of spiro-OMeTAD (5.0 eV). That means the dopants that work well with spiro-OMeTAD might
not be able to generate free carriers in DOR3T-TBDT.* And also the dopants might play a
negative role of disturbing the molecular packing. Nevertheless, p-type dopants with higher
electron-affinity are expected to promote hole transport in the case of DOR3T-TBDT.

Table 1. Performance parameters for optimized photovoltaic devices prepared with different

HTLs at reverse voltage scan.

HTLs Voc Jsc PCE FF

V) (MAcm?) (%) (%)

Dopant-free spiro-OMeTAD 0.96 16.6 35 22
Doped spiro-OMeTAD 1.04 195 14.0 69
Dopant-free DOR3T-TBDT 0.97 20.7 149 74

From the J-V curve in Figure 2, the optimized device based on dopant-free small molecule
HTL shows low serial resistance and good charge injection, resulting in a FF of 74%. The results
indicate that this dopant-free small molecule HTL helps form ohmic contact between perovskite

and anode for hole extraction and injection. Note that the film thickness of DOR3T-TBDT HTL
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iIs ~60 nm, which is thinner than that (~300 nm) of doped spiro-OMeTAD HTL. The thin
DOR3T-TBDT layer can potentially reduce material consumption for mass production. Our
results indicate that comparable or even higher performance can be obtained for perovskite solar
cells using dopant-free D-A small molecule with planar structure as HTL than that of dopant-
free/doped spiro-OMeTAD HTLs (see Supporting Information, Figure S9, for statistical
analysis). Note that MoOs; used here formed a high work function contact buffer for efficient
hole injection/extraction, and protected the underneath layers from damage caused by Ag
deposition.®® ** Figure 2b shows the EQE spectra of the devices using different HTLs and Jsc
values calculated from the integral of EQE curves over AM1.5G solar spectrum are summarized
in Table S1. The perovskite solar cells using DOR3T-TBDT as HTL show an excellent
photocurrent response from 400 to 800 nm, with the EQE reaching a maximum of 86% at 480
nm, while dopant-free and doped spiro-OMeTAD based devices showed maximum EQE of 66%
at 670 nm and 80% at 510 nm, respectively. The EQE values indicate that the photoresponse is
very efficient for the device using DOR3T-TBDT HTL, which is slightly better than that of
doped spiro-OMeTAD HTL.

In order to further understand losses due to the carrier recombination in the device, light
intensity dependence of J-V characteristics of the device using different HTLs was measured
under illumination of solar simulator with a set of neutral density filters. Shown in Figure 2c is
the linear relation of photocurrent on light intensity in a double logarithmic scale for the device
using dopant-free/doped spiro-OMeTAD and DOR3T-TBDT with a slope of very close to 1,
indicating that the bimolecular recombination is very weak in these devices. Figure 2d gives
Voc as a function of light intensity. We can see that Voc increases monotonically with light

intensity for the perovskite solar cells using different HTLs. The dependence of Voc on light
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intensity implies that trap-assisted Schockley-Read-Hall recombination plays a role.”* We
noticed that the slopes of Voc vs light intensity of the two high performance devices are still
different. The doped spiro-OMeTAD based device has a smaller slope, which is tentatively
ascribed to large shunt, since the thick HTL of 300 nm should be enough to ensure a large device
shunt, and avoid any contact between perovskite photoactive layer and anode. On the other hand,
the thickness of dopant-free DOR3T-TBDT layer is much smaller (~60 nm). Though it forms
full coverage over the perovskite layer as shown in Fig. 1b, the shunt may still play a role
reducing the Voc under weak light. Such recombination behaviors are consistent with FF vs light
intensity as shown in Figure S7 (Supporting Information). The devices using dopant-free/doped
spiro-OMeTAD showed low FF with increasing light intensity, suggesting charge recombination
is dependent on photogenerated carrier density. On the contrary, the device using DOR3T-TBDT
HTL showed high FF nearly constant under variable light intensity.

So far we show that hole extraction and transport are strongly dependent on the HTLs. To
further look into the charge dynamics, we measured charge generation of the perovskite films via
steady-state photoluminescence (PL) and time-resolved PL characterization. The steady-state PL
spectra of glass/ICH3NH3PblsxClx,  glass/TiO,/CH3NH3Pbls xClx,  glass/CH3NH3Pbls.
xClx/DOR3T-TBDT, and glass/TiO,/CH3sNH3Pbl;.xClx/DOR3T-TBDT are showed in Figure 3a.
From the PL spectra, we observed a significant PL quenching when the pevoskite layer is in
contact with TiO, or DOR3T-TBDT layer, indicating efficient charge transfer at both
interfaces.>® ** Comparing with a perovskite film on glass substrate structure, the PL intensity is
quenched to ~0.5% for perovskite layer coated on glass/TiO, substrate. The DOR3T-TBDT

coated perovskite film shows almost completely quenched PL, and the sample exhibits roughly
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0.2% PL, suggesting that this dopant-free DOR3T-TBDT HTL can extract charge charier

efficiently.
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Figure 3. (a) The steady-state PL spectra and (b) Time-resolved PL decay transients spectra of
glass/CH3NH3Pbl;xClx, glass/TiO,/CH3NH3PblsxClyx, glass/CH3NH3Pbl; xClx/DOR3T-TBDT,
and glass/TiO2/CH3NH3Pbl; xClx/DOR3T-TBDT. (c) Normalized photocurrent transients for
perovskite solar cells with doped spiro-OMeTAD and dopant-free DOR3T-TBDT as HTL, set to
the same background illumination intensity (50 mW cm®). (d) Charge transport lifetime
determined by small-perturbation transient photocurrent decay measurement of perovskite solar
cells with doped spiro-OMeTAD and dopant-free DOR3T-TBDT as HTLs.

The time-resolved PL decay has been measured via monitoring the peak emission at 768 nm as
shown in Figure 3b. Fitting the data with two-component exponential decay (here, the longer
lifetime was used for comparison) yields the lifetime of carriers. The PL decay of the neat

CH3NH3Pbls.Cly film exhibits a PL lifetime of 483 ns, which is larger than previous reports,*® >

and is tentatively ascribed to the Cl doping effect®®. The PL lifetimes were substantially
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shortened when perovskite was interfaced with the TiO, layer with a PL lifetime 80 ns. As
shown in Figure 3b, the decay of the perovskite/DOR3T-TBDT is significantly faster than that
of TiOy/perovskite. In addition, the PL lifetime cannot be monitored at the current temporal
resolution, which indicates efficient charge-carrier transfer at the perovskite/DOR3T-TBDT
interface.

To further investigate the dynamical processes operating under real device conditions, we
measured carrier lifetimes by transient photocurrent measurements. As shown in Figure 3c, we
observed that the DOR3T-TBDT devices exhibit faster transient photocurrent decays as
compared to doped spiro-OMeTAD devices over various background light bias. Figure 3d
displays the normalized photocurrent transients for DOR3T-TBDT based cells and for doped
spiro-OMeTAD based cells, shows that the carrier collection in DOR3T-TBDT based cells is
enhanced. Our results indicate that hole extraction has been improved by replacing doped Spiro-

OMeTAD with DOR3T-TBDT.
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Figure 4. Bias dependence of Cole-Cole plots of device with (a) dopant-free spiro-OMeTAD
HTL (b) doped spiro-OMeTAD HTL (c) dopant-free DOR3T-TBDT HTL. (d) Resistance
extracted from impedance spectroscopy measurements at different potentials.

Again carrier recombination is still one of the major loss channels in photovoltaic cells. To
gain more insight into the issue, electrochemical impedance spectroscopy (EIS) measurements
were conducted on the completed devices under working conditions. Representative impedance
spectra of perovskite devices using doped spiro-OMeTAD, dopant-free spiro-OMeTAD or
DOR3T-TBDT as HTL were recorded at different applied voltage over the frequency range from
100 Hz to 1MHz under simulated AM1.5G 1 sun illumination (100 mW cm™). As shown in
Figure 4, the Nyquist plots of these devices show two distinct features: (1) One main arc is
observed for all the devices over the frequency range in the measurement; (2) a second arc can
be partially seen in the spectra of the doped spiro-OMeTAD and DOR3T-TBDT cells. The
absence of transmission line behavior, which is usually associated with significant tail states of
TiO,, is likely due to the very thin TiO- layer employed in the devices.*® For mesoporous TiO,
based solid state dye sensitized solar cells, the high frequency features represent the hole
transport properties.”’ In addition, since the active layer and ETL conditions are kept the same,
the different diameters (resistance) shall be related to the carrier transport and contact-resistance
in various HTL layers. Thus, we fitted the spectra with a resistance in series of a high frequency
parallel RC circuit, so as to extract the information regarding hole transport and extraction. We
exclude the low frequency features in the fitting, considering that the electron transport is not in
the scope of this study. The fitting results are summarized in Figure 4d, showing the dependence
of hole transport resistance on applied voltages. The hole transport resistance decreases with
increasing potential for both DOR3T-TBDT and doped spiro-OMeTAD based devices, and the
resistance value for DOR3T-TBDT based device decreases more dramatically than that of doped

14
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spiro-OMeTAD, indicating the smoother carrier movement as a result of reduced resistive losses.
This is consistent with its enhanced FF. In contrast, the device using dopant-free spiro-OMeTAD
HTL exhibits severe charge accumulation due to poor hole conductivity in the HTL, and the
behavior of the solar cell resembles that of a huge resistor or injection barrier due to the lack of
the doping ions in spiro-OMeTAD. It might be a concern that the absorption of HTL overlaps
with that of perovskite photoactive layer, and reduces photovoltaic efficiency. We argue that the
photogenerated excitons can still be converted into free carriers and collected with proper device
design.”® Note that the representative perovskite/DOR3T-TBDT based device shows hysteresis
in the J-V curves (Figure S10, Supporting Information), which is similar to those seen in typical
perovskite devices.?" **®! The detailed data are shown in Table S2 (Supporting Information).
Conclusions

In conclusion, we have successfully demonstrated efficient planar structure perovskite solar cells
employing a dopant-free small molecule HTL. The optimized device exhibits an impressive PCE
of 14.9%, which is comparable even better than that of the devices using traditional doped spiro-
OMeTAD hole transport layer under equivalent conditions, and thus highlights the potential of
dopant-free small molecule HTL for high performance perovskite solar cells. Time-resolved
photoluminescence (PL), transient photocurrent, and impedance spectra characterization indicate
that this D-A conjugated small molecule can efficiently extract holes from the perovskite film to
the anode. Our device legitimizes the use of D-A small molecules as HTLs in perovskite based
solar cells as our small molecule HTL improves the efficiency, facilitates the fabrication process
and reduces the fabrication cost. Our results indicate that D-A conjugated small molecules,
which have good packing structure thus relatively high mobility and conductivity, are a class of

promising hole transporting materials, thus broader organic molecular semiconductors can be
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applied to the perovskite solar cells. The use of dopant-free D-A conjugated small molecule
HTLs will greatly enhance the potential for commercial applications of perovskite solar cells and

thus can compete with the traditional inorganic solar cells.

Experimental Section

Solar cell fabrication and measurement: A 40-nm-thick layer of TiO, nanoparticle in ethanol
with the appropriate amount of TiIAcCAc was spin-coated onto an ITO glass substrate and
annealed at 150 °C for 30 min. Next, the substrates were transferred into a nitrogen-filled glove
box. A solution of CH3NH3Pbl;.xClx in DMF was then spin coated onto the ITO/TiO, substrate
by spin-coating at 2000 rpm for 30 s. For the CH3NH3Pbl; xClx perovskite layer, the CH3NH;3l
powder was mixed with PbCl, at a 3:1 mol ratio in DMF at 60 °C for 12 h. Specifically, the
concentration of the PbCl, and CH3sNH3;l were 0.7 and 2.1 M, respectively. The films were then
dried on a hot plate at 95 °C for 90 min in air. The dopant-free DOR3T-TBDT HTL was spin-
coated onto the perovskite layer. Here the concentration of DOR3T-TBDT is 18 mg ml™ in
chloroform and the film thickness is ~60 nm. The doped DOR3T-TBDT/chloroform (18 mg/ml,
0.4ml) solution was prepared with addition of 3 puL Li-TFSI/acetonitrile (260 mg/mL), and 5 pL
tert-butylpyridine (tBP). The doped or dopant-free spiro-OMeTAD HTL was coated by spin
coating (2,000 r.p.m. for 30 s) 25 pl of chlorobenzene solution. The spiro-OMeTAD without
dopant has the concentration of 160 mg/ml. For a doped solution, a spiro-
OMeTAD/chlorobenzene (160 mg/1 mL) solution was employed with addition of 35 pL Li-
TFSl/acetonitrile (260 mg/mL), and 28 pL 4-tert-Butylpyridine. Finally, a 15 nm MoOs; layer
and a 150 nm Ag layer were deposited in sequence on the HTL through shadow masks via
thermal evaporation under high vacuum (~2x10° Torr). The effective area was 0.1 cm® The
current density-voltage (J-V) characteristics of photovoltaic devices were obtained by a Keithley
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2400 source-measure unit. The photocurrent was measured under AM 1.5 G illumination at 100
mW cm™? under a Newport Thermal Oriel 91192 1000 W solar simulator. Unless stated
otherwise, the devices were masked and measured under the reverse voltage scan with a scan rate
of 1 V s™. The light intensity was calibrated by KG-5 Si diode. External quantum efficiencies
were measured by an Enli Technology (Taiwan) EQE measurement system. The effective area of
each cell was 0.1 cm? defined by masks for all the photovoltaic devices discussed in this work.

Transient photocurrent decay measurements: A white light bias was generated from an array
of diodes (Molex 180081-4320) to simulate 1 sun working condition. A pulsed red dye laser
(Rhodamine 6G, 590nm) pumped by a nitrogen laser (LSl VSL-337ND-S) was used as the
perturbation source, with a pulse width of 4 ns and a repetition frequency of 10 Hz. The
perturbation light intensity was attenuated to keep the amplitude of transient AV below 5 mV.
The current dynamics were recorded on a digital oscilloscope (Tektronix DPO 4104B), and the
currents at short circuit condition were measured over a 50Q resistor.

Impedance spectroscopy measurements: The complex impedance of the devices was recorded
over the frequency range from 100 Hz to 1 MHz at the room temperature under 1 sun, using the
Z-06 mode of a HP 4284A LCR precision meter. An AC drive bias of 30 mV and different DC
voltages range from 0 to 0.9 V with a step of 0.1 V was employed. The EIS Spectrum Analyzer

was used for the fitting of the impedance spectra.
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Planar heterojunction perovskite solar cells using dopant-free organic hole transport material
have been developed and efficiency of 14.9% has been demonstrated.



