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In the past ten years, perovskite solar cells were rapidly developed, but the intrinsic unbalanced charge
carrier diffusion lengths within perovskite materials were not fully addressed by either a planar
heterojunction or meso-superstructured perovskite solar cells. In this study, we report bulk
heterojunction perovskite solar cells, where perovskite materials CH3NHsPbl; is blended with
solution-processed n-type TiO, nanoparticles as the photoactive layer. Studies indicate that one-step
solution-processed CH3NH3Pbl5:TiO, bulk-heterojunction thin film possesses enhanced and balanced
. . charge carrier mobilities, superior film morphology with enlarged crystal sizes, and suppressed trap-
Bulk heterojunction . o N . . .
Perovskite induced charge recombination. Thus, bulk heterojunction perovskite solar cells by CH;NH3Pbl; mixed
TiOy with 5 wt% of TiOyx, which is processed by one-step method rather than typical two-step method, show a
short-circuit current density of 20.93 mA/cm?, an open-circuit voltage of 0.90V, a fill factor of 80% and
with a corresponding power conversion efficiency of 14.91%, which is more than 30% enhancement as
compared with that of perovskite solar cells with a planar heterojunction device structure. Moreover,
bulk heterojunction perovskite solar cells possess enhanced device stability. All these results
demonstrate that perovskite solar cells with a bulk heterojunction device structure are one of apparent
approaches to boost device performance.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Since perovskite solar cells (PSCs) with a power conversion
efficiency (PCE) of 3.8% were first reported by Miyasaka and his
co-workers [1], PSCs have been drawn great attention in both
academic and industrial sectors in the past ten years [2-5]. Over
25% PCE was reported by Korea Research Institute of Chemical
Technology collaborated with Massachusetts Institute of Technol-
ogy [6]. However, the intrinsic electronic properties, ie., the
diffusion length of the hole is greater than that of the electron
(Lefr, n'[Legr, e >1), of hybrid perovskite, which restricted further
boosting device performance of PSCs, was not fully addressed so far
[7]. In order to balance charge carrier transporting, high-
temperature sintered TiOx (or Al,O3) electron extraction layer
(EEL) was used as the scaffold in the meso-superstructured PSCs,
which was similar to that of dye sensitized solar cells [8-13]. On
the other hand, fullerene or fullerene derivatives used as the EEL in
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PSCs with a planar heterojunction (PHJ]) device structure to
enhance the extraction of electrons to the cathode [14]. But the
electrical conductivities of above EELs are still not good enough to
enhance the separated electrons to be transported and then
eventually be collected, thus PCEs of PSCs were still poor [15].
Towards the end, we reported PSCs with a bulk heterojunction
(BHJ) device structure, where perovskite materials were mixed
with n-type electron acceptors, for balancing charge carrier
transport properties, and then boosting PCEs of PSCs [15,16].
Based on our previous report on BH] PSCs [15-18], we report
BHJ PSCs in this study, where perovskite materials CHsNH3Pbl; is
mixed with solution-processed n-type TiOx nanoparticles rather
than organic molecules. Solution-processed n-type TiO, nano-
particles are selected as the electron acceptors since it possesses
high electron mobility and has a good solubility in the solvent
which is used for dissolving CH3NHsPbls. It is found that
CH3NH3PbI3:TiOy BHJ thin film possesses enhanced and balanced
charge carrier mobilities, superior film morphology with enlarged
crystal sizes, and suppressed trap-induced charge recombination.
Thus, BH] PSCs exhibit more than 30% enhancement in PCEs as
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thin film or the CH5NH;3PbI5:TiOx BH] composite thin film was
prepared by one-step method rather than typical two-step method,
i.e., either pristine CH3NH3PbI; thin film or the CH3NH3PbI5:TiOy
BH] composite thin film was deposited on the top of PEDOT:PSS
layer by spin-coat with a spin speed of 4000 RPM for 30s from
corresponding CH3NH3Pblz solution or CH3NH3Pbl; mixed with
TiOyx solution (with 5% and 10% by weight). After that, thin films
were thermally annealed at 100 °C for 10 min and then cooled down
to room temperature. Afterward, ~ 40 nm PCg;BM thin film was
spin-coated on the top of photoactive layer with a spin speed of
1500 rpm for 30 s. Finally, ~100 nm Al was thermally deposited on
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Scheme 1. Device structures of perovskite solar cells with (a) a planer
heterojunction and (b) bulk heterojunction device structures. (¢) The LUMO and
HOMO energy levels of CH3NH3PbI3 (MAPbI3), TiOX and PC61BM and the work
functions of ITO, PEDOT:PSS and Al, respectively.

compared with that of PHJ PSCs. In addition, BHJ PSCs possess
enhanced device stability.

Poly(3,4-ethylene dioxy-thiophene):poly(styrene sulfonate)
(PEDOT:PSS, SCA 388-20) was purchased from Heraeus. Lead
iodide (Pbl,, 99.99.5% metals basis) was purchased from Alfa Aesar.
Phenyl-C61-butyric acid methyl ester (PCe;BM, 99.5%) was
purchased from Solenne BV. Dimethylformamide (DMF, anhy-
drous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous, 99.9%),
toluene (anhydrous, 99.8%), and chlorobenzene (anhydrous,
99.8%) were purchased from Sigma-Aldrich. All materials are used
as received without any further processing. Methyl-ammonium
iodide (MAI, CH3NH3l) was synthesized in our laboratory [19-22].

Perovskite precursor solution was prepared by dissolving Pbl,
and MAI (molar ratio of 1:1) into DMF:DMSO (volume ratio of 4:1)
with the concentration of 1 mol/L. TiOx precursor solution was
prepared by diluting tetrabutyl titanate (TBT) with isopropyl
alcohol solution (concentration of 3 vol%). PCs;BM was dissolved in
chlorobenzene with a concentration of 20 mg/mL.

The pre-cleaned indium tin oxide (ITO)/glass substrates were
treated by UV-ozone plasma for about 20 min. Then, a ~ 40 nm
PEDOT:PSS thin film was spin-cast on the top of the substrates with a
spin speed of 3500 rpm for 30 s, followed with thermal annealing at
150°C for 10 min. After PEDOT:PSS coated substrates are cooled
down to room temperature, and then transferred into the glovebox
with a nitrogen atmosphere. Afterward, either pristine CH3NH3Pbls
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the top of PCg;BM thin film in vacuum system with a base pressure of
10~ Torr. The device area was measured to be 0.045 cm?.

The current density versus voltage (J-V) characteristics of PSCs
was tested by a Keithley model 2400 source measure unit. The light
source was a Newport Air Mass 1.5 Global (AM1.5 G) full spectrum
simulator with a light intensity of 100 mW/cm?. The external
quantum efficiency (EQE) spectrum was obtained on the solar cell
quantum efficiency measurement system (QEX10). The scanning
electron microscopy (SEM) images were got from a field emission
scanning electron microscopy (Model JEOL-7401). Impedance
spectroscopy was obtained on an HP 4194A impedance/gain-phase
analyzer. Time-resolved photocurrent (TPC) measurement was
done by the home-made set-up in our laboratory [23-26].

Schemes 1a and b display PHJ PSCs with a device configuration
of ITO/PEDOT:PSS/CH5NH;3PbI3/PCs;BM/Al and BH] PSCs with a
device structure of ITO/PEDOT:PSS/CHsNH3Pbls:TiOx/PCgBM/AL It
is clear that the only difference in PH] PSCs and BHJ PSCs is the
photoactive layer. In PHJ PSCs, the photoactive layer is pristine
CH5NH5PbI; thin film, whereas, in BH] PSCs, the photoactive layer
is CH3NH3PbI5:TiOx thin film. Scheme 1c displays the highest
occupied molecular orbit (HOMO) energy levels and the lowest
unoccupied molecular orbit (LUMO) energy levels of CH;NH5PbIs,
TiOx and PCg:BM, and the work functions of ITO, PEDOT:PSS and Al,
respectively [5,19]. According to the band alignment, the
introduction of TiOx would decrease the energy barrier between
CH3NHs3PbI; thin film and the PCs:BM EEL, which would benefit for
electronsto be transported, resulting in an enhanced short-circuit
current (Jsc) from BHJ PSCs as compared with that of PHJ PSCs.
Thus, n-type TiOx acts as the electron acceptors in BH] PSCs, which
is similar to that of BHJ organic solar cells [27].

The J-V characteristics of PHJ and BH] PSCs under white light
illumination with a light intensity of 100 mA/cm? are shown in
Fig. 1a. The PHJ PSCs exhibit a Jsc of 18.83 mA/cm?, an open-circuit
voltage (Voc) of 0.82V, a fill factor (FF) of 74% and with a
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Fig.1. (a) The J-V characteristics of PHJ PSCs by pristine CHsNH5Pbl; thin film and BH]J PSCs by CH3NH3Pbl; mixed with different ratios (5 wt% and 10 wt%) of TiOx thin films.
(b) The EQE spectra of PHJ PSCs by pristine CH3NH3Pbl; thin film and BHJ PSCs by CH3NH3Pbl; mixed with 5 wt% of TiOx thin film.
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Fig. 2. Top-view SEM images of (a) pristine CH3;NH5Pbl; thin film and (b)
CH3NH;PbI3:TiOx BHJ composite thin film.

corresponding PCE of 11.40%. All these device performance
parameters are in good agreement with those reported values
from PHJ PSCs, where CH3NH;3PblIs thin film was processed by one-
step method [28].The BH] PSCs, where CH;NH3Pbl; mixed with 5 wt
% of TiOx, show a Jsc 0f 20.93 mA/cm?, a Vo 0f 0.90 V, a FF of 80% and
with a corresponding PCE of 14.91%, which is more than 30%
enhancement as compared with that of PHJ PSCs. However, as the
ratio of TiOx is increased to 10 wt% in CH3NH3Pbl3:TiOx thin film, the
BHJ PSCs exhibit a Jsc 0f 17.52 mA/cm?,a Vo 0f 0.88 V, a FFof 80% and
with a corresponding PCE of 12.28%, which show poor device
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performance. Such poor device performance is probably attributed
to the crystallinity of perovskites is tuned by the excess TiOx
nanoparticles. The reproducibility of device performance is shown
in Fig. S1 (Supporting information).

The EQE spectra of both PHJ PSCs and BH]J PSCs are shown in
Fig. 1b. It is obvious that BH] PSCs possess larger EQE values than
those of PHJ PSCs from 380 nm to 800 nm. Based on the EQE
spectra, the integrated photocurrent densities are 16.90 mA/cm?
and 19.07 mA/cm? for PH] PSCs and BH] PSCs, respectively. The
photocurrent densities obtained from the EQE spectra are
consistent with Jsc values from the J-V characteristics (Fig. 1a).
All these results demonstrate that TiOy as the electron acceptors
could facility separated electrons to be efficiently transported,
resulting in boosted device performance of BHJ PSCs.

In order to understand the underlying enhanced device
performance of BHJ PSCs, SEM is carried out to study film
morphologies of pristine CH3NH5PbI3 thin film and CHsNH5Pbls:
TiOx BH] composite thin film. Fig. 2 displays the top-view SEM
images of pristine CHsNH5Pbls thin film and CH3NH3Pbl5:TiOx BHJ
thin film. Lots of pinholes and grain boundaries are presented in
pristine CH3NH;3Pbls thin film. As a result, PHJ PSCs exhibit poor
device performance. On the contrast, a smoother and more
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Fig. 3. The “log-log” plot of the J-V characteristics of (a) the electron-only diodes and (b) the hole-only diodes made by either pristine CH3NH5Pblsthin film or CH3NH5Pbls:
TiOx BHJ composites thin film. (¢) The Nyquist plots of PHJ and BH] perovskite solar cells measured under a one-sun illumination at an applied voltage of Voc. (d) The light

intensity dependence of V¢ for PHJ PSCs and BHJ PSCs.
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compact surface is observed from CH3NH5Pbls: TiOx BHJ composite
thin film, which indicates that the pinholes are probably filled with
TiOx nanoparticles. Furthermore, the grain size of CH3NH3Pbls:
TiOx BHJ composite thin film is ~ 300 nm, which is significantly
larger than that (~100nm) of pristine CHsNH5Pbls thin film,
reflecting that the introduction of TiOx nanoparticles could tune
the crystallization rate and promote the growth of larger
perovskite crystals. Superior film morphology and large grain size
would facility charge carriers to be transferred in CHsNH3Pbl5:TiOx
BH] composite thin film. Therefore, as expected, BH]J PSCs exhibit
enhanced device performance.

In order to investigate charge carrier transporting properties,
charge carrier mobilities of pristine CH3NH5Pbl; thin film and
CH3NH;PbI5:TiOx BH] composite thin film are studied based on
space charge limited current (SCLC) method according to Mott-
Gurney law [29-31]. The J-V characteristics of the electron-only
diodes with a device structure of ITO/Al/active layer/PCs;BM/Al
and the hole-only diodes with a device structure of ITO/PEDOT:
PSS/active layer/MoOyx/Ag, where active layer is either pristine
CH3NH3PblI; thin film or CH3NH5Pbls:TiOx BHJ composite thin film,
are shown in Figs. 3a and b. At a low voltage, the J-V curves are in
the ohmic region, which indicates that the current is followed the
Ohm’s law. In the trap-filling region, the SCLC is dominated and

which is described by ]:gsosu‘[—j [31], where ] is the current
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density, o is the permittivity of free space (8.85 x 107 12CV-'1m™), ¢
is the relative dielectric constant of active material, @ is the
mobility of charge carrier, V is the applied voltage and L is the
thickness of active layer.In our study, the value of ¢ is 32 for
CH5NH5PbI3 [20,32] and the film thickness of CH3NH5PbIs is ~
300 nm, which was measured by DektakXT surface profile meter.
For pristine CH3NH3Pbls thin film, the hole mobility is measured to
be 219 x 103 cm? V! s71), which is ten times higher than the
electron mobility of 2.03 x 1074cm?V~!s~\. The charge carrier
mobilities of pristine CH3NH3Pbls thin film are consistent with
reported values [32,33]. The hole mobility larger than the electron
mobility indicates that charge carrier transporting within pristine
CH3NH3PbI; thin film was unbalanced. For CH3NH3Pbl5:TiOyx BH]
composite thin film, the hole mobility is measured to be 3.47 x 10
3cm? V! 57!, which is nearly the same as the electron mobility
(1.84 x 103 cm? V! 571, which is about ten times larger than that
(2.03 x 10*cm? V! s7!) of pristine CH3;NH3Pbl; thin film. These
results not only demonstrate that the electron mobility of
CH5NH5PbI3 thin film is tuned by the TiOx electron acceptors,
but also indicate that charge -carrier transporting within
CH3NH3PbI5:TiOx BH] composite thin film is more balanced
than those of pristine CH3NH3Pbls thin film. As a result, BH]
PSCs by CH3NH5PbIs:TiOx BH]J composite thin film exhibit
boosted Jsc
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Fig.4. (a) The normalized TPC curves and (b) the integrated charge density curves of PH] PSCs and BHJ PSCs, under bias of —1 V. (c) The J-V characteristics of both PHJ PSCs and

BH] PSCs measured in dark. (d) The self-stabilities of PH] PSCs and BHJ PSCs.
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To further understand the underlying of enlarged Jsc from BH]
PSCs, impedance spectroscopy (IS) is applied to investigate the
electric properties of both PH] PSCs and BH] PSCs. In the IS spectra,
the series resistance (Rs) of PSCs is the sum of the electrodes’ sheet
resistance (Rsheet) and the internal charge transfer resistance (Rct)
[18,25,34,35]. Nyquist plots of both PHJ and BH] PSCs under a one-
sun illumination at the voltage of V¢ are shown in Fig. 3¢c. The Rt
of PHJ PSCs is ~46 (), whereas, the Rcr of BH] PSCs is ~ 36 (). The
smaller Rcr, the larger Jsc [18]. Thus, BH] PSCs exhibit a larger Jsc
than that of PHJ PSCs.

The light intensity dependence of Vi is further studied for
investigation of charge carrier recombination in both PH] PSCs and
BH] PSCs. As shown in Fig. 3d, both PHJ PSCs and BH]J PSCs follow
the relationship VocxSIn(I) [36,37], where S is the slope and I is the
light intensity. For PH] PSCs, S=2.98kgT/q, where kg is the
Boltzmann constant, q is the elementary charge and T is the room
temperature in Kelvin, whereas, for BH] PSCs, S = 1.69kgT/q. It
was reported that a smaller S reflects that less trap-assisted
charge recombination happens in PSCs. Thus, BH] PSCs possess less
trap-assisted charge recombination, consequently higher Jsc
compared to that of PHJ PSCs.

The transient photocurrent (TPC) measurement is further carried
out to investigate the difference in charge extraction times between
PHJ PSCs and BHJ PSCs. Fig. 4ashowsthe normalized TPC curves of PH]J
PSCs and BHJ PSCs under —1V bias, in which the charge carrier
recombination process would be suppressed, and all the photocur-
rent is related to the charge extraction process. The charge extraction
times for PH] PSCs and BHJ] PSCs are ~ 100ns and ~ 75ns,
respectively. A shorter charge extraction time indicates that
separated charge carriers are efficiently collected by the electrodes
in BHJ PSCs. The integrated charge densities versus times for both PHJ
PSCs and BH]J PSCs are shown in Fig. 4b. It is obvious that the total
extraction charge densities of BH] PSCs are much larger than those of
PHJ PSCs, indicating that more charge carriers are generated by BHJ
PSCs rather than PHJ PSCs. All these results demonstrate that BHJ
PSCs possess higher Jsc as compared with that of PHJ PSCs.

To understand larger Voc observed from BHJ PSCs, the J-V
characteristics of both PHJ and BHJ PSCs measured in dark are
conducted and the results are shown in Fig. 4c. It is clear that BHJ
PSCs possess lower dark current densities than those of PHJ PSCs
under reverse biases. Based on the electronic properties of two-
term diodes, the V¢ is described as Voc = %ln(]ﬁ'jL 1) [31,38],
where q is the elementary electron charge, kg is the Boltzmann’s
constant, T is the temperature, n is the ideality factor, Jo is the
reverse dark current density, Jpn is the photocurrent, respectively.
Thus, lower dark current densities observed from BHJ PSCs indicate
that BH] PSCs exhibit larger Voc compared to that of PHJ PSCs.

In addition, the self-stabilities of PH] PSCs and BHJ PSCs are
primarily studied. Fig. 4d presents normalized PCEs of both PHJ
PSCs and BH] PSCs versus the time. It is found that the trends of
decay in PCEs for both PHJ PSCs and BHJ PSCs are almost the same.
However, BHJ PSCs still maintain about 50% PCEs of its original
value after nearly 12 days while PHJ PSCs remain less than 50%
PCEs of its original value only 8 days. These primary results indicate
that BHJ PSCs possess good stability compared to that of PHJ PSCs.
Such elongated stability is partially due to the superior film
morphology of CH3NH;3Pbl3:TiOyx BH] composite thin film.

In conclusion, we reported high-performance bulk hetero-
junction perovskite solar cells, where CH3NH5Pbls is blended with
solution-processed n-type TiO, nanoparticle as the photoactive
layer to balance charge carrier transporting properties for
addressing the intrinsic electronic properties of perovskite
materials. We found that the CH;NH3Pbls:TiO, bulk heterojunction
thin film possesses enhanced and balanced charge carrier
mobilities, superior film morphology with enlarged crystal sizes.

Moreover, bulk heterojunction perovskite solar cells possess
suppressed trap-induced charge recombination as compared with
that of planar heterojunction perovskite solar cells. Thus, bulk
heterojunction perovskite solar cells by CH3NH5Pbl; mixed with
5 wt% of TiOx show superior photovoltaic performance and better
stability over planar heterojunction perovskite solar cells. All these
results demonstrate that perovskite solar cells with a bulk
heterojunction device structure are one of the facile approaches
to boost device performance.
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