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Perovskite solar cells (PSCs) as alternative cost-effective solar technology have drawn great concentrations in
both academic and industrial sectors in the past years. Through the film morphological manipulation of
perovskite photoactive layers and generic interfacial engineering, efficient PSCs have been reported. However,
intrinsic unbalanced charge transport within the perovskite photoactive layer, which restricted further boost
device performance of PSCs, was not fully addressed. In this study, we report high-performance bulk hetero-
junction (BHJ) PSCs based on the composites composed of n-type Csg 15FA( gsPbls (where FA is formamidinium,
HC(NHy)5) incorporated with p-type low optical gap conjugated polymer. Compared to pristine Csg 15FA( gsPbls
thin film, the BHJ composite thin film possesses enhanced and balanced charge carrier mobilities, enlarged
crystal sizes, and suppressed non-radiation charge carrier recombination. Most importantly, a photo-induced
charge transfer occurs within the BHJ composite thin film. As a result, the BHJ PSCs exhibit a power conver-
sion efficiency (PCE) of 21.08%. In addition, un-encapsulated BHJ PSCs possess remarkably enhanced stability
(as they retain 80% of their initial PCE after ~ 200 days in ambient conditions) and diminished photocurrent
hysteresis (photocurrent hysteresis index of 0.012) compared to those based on pristine Csg 15FA¢.gsPbl3 thin
film. All these results demonstrate that the PSCs with a BHJ device structure are one of the facile ways to
approach high-performance PSCs.

charge transport within perovskite photoactive layers, our group first
reported the PSCs with a bulk heterojunction (BHJ) device structure,

1. Introduction

Perovskite solar cells (PSCs) have drawn great attention in both ac-
ademic and industrial sectors in the past decade [1-11]. Through the
film morphological manipulation of perovskite photoactive layers and
generic interfacial engineering of the electron and/or hole extraction
layers (EEL and HEL), over 25% power conversion efficiencies (PCEs)
were reported from PSCs with a conventional device structure [12].
While impressive device performance has been reported, the intrinsic
unbalanced charge transport within perovskite photoactive layers is a
limiting factor for further boosting device performance [13,14]. Many
effects have been paid to address this bottleneck problem for boosting
device performance [12-25]. For example, high-temperature sintered
EEL was typically used in the PSCs with a mesoscopic device structure
[12,15] and the EEL with decent electron mobility was also used in the
PSCs with a planar device structure [16]. To further address unbalanced
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where solution-processed perovskites were mixed with the n-type elec-
tron acceptors, such as fullerene derivatives, inorganic nanoparticles,
and low optical gap conjugated organic molecules [17,18]. Further
studies demonstrated that the PSCs based on BHJ composite thin film
possessed improved charge carrier extraction efficiency and suppressed
photocurrent hysteresis compared to those based on pristine perovskite
thin film [17-24]. All these earlier studies were focused on p-type pe-
rovskites incorporated with n-type electron acceptors [17,19,25];
whereas, n-type perovskites incorporated with p-type electron donors
for balancing charge transport of perovskite photoactive layers used for
boosting device performance was rarely reported so far.

In this study, we report high-performance BHJ PSCs based on n-type
Csg.15FA gsPbls (where FA is formamidinium. HC(NHs)5) incorporated
with p-type low optical gap conjugated polymer, poly(5,7-bis(4-
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decanyl-2-thienyl)-thieno(3,4-b)diathiazole-thiophene-2,5)  (PDDTT)
[26]. Compared to pristine Csg15FAggsPbls thin film, the
Csg.15FA.gsPbl3:PDDTT BHJ composite thin film possess enhanced and
balanced charge carrier mobilities, enlarged crystal sizes, and sup-
pressed non-radiation charge carrier recombination. More importantly,
a photo-induced charge transfer occurs within the Csg15FAq gsPbls:
PDDTT BHJ composite thin film. Therefore, the PSCs based on the
Csg.15FA(.gsPbIg:PDDTT BHJ composite thin film exhibit enhanced
power conversion efficiency, boosted stability, and suppressed photo-
current hysteresis compared to those based on pristine Csg.15FA¢.g5Pbls
thin film.

2. Results and discussion

Csp.15FA gsPbls is a narrow bandgap (1.47 eV) perovskite [27,28],
and has already become a major research avenue in the development of
efficient and stable PSCs due to their stabilized phase and processibility
in green solvents [29,30]. However, unbalanced charge transport within
Csg.15FA gsPbls thin film, which is similar to other perovskites [25,31],
restricts device performance of PSCs [27-30].

To balance charge transport, consequently, boost the device perfor-
mance of the PSCs based on Csgi15FAg.gsPbls thin film, we utilize
Csg.15FA gsPbls incorporated with p-type, low optical gap conjugated
polymer, PDDTT, to form the Csg 15FA( gsPbls:PDDTT BHJ composite
thin film as the photoactive layer. PDDTT (molecular structure as shown
in the insert of Fig. 1a) is selected as the electron donor to balance
charge transport since it possesses decent charge carrier mobility [26].
Fig. 1a shows the UV-visible absorption spectra of Csg 15FA¢ gsPblg thin
film, the Csg.15FA¢ g5Pbl3:PDDTT BHJ composite thin film, and PDDTT
thin film. PDDTT exhibits strong absorption from the UV-visible to the
near-infrared (NIR) region, which could serve as a complementary
absorber for Csg.15FA gsPbls to enhance the short-circuit current (Jsc)
of the PSCs based on the Csp 15FA( gsPbl3:PDDTT BHJ composite thin
film. Compared to pristine Csg15FAggsPbls thin film, the
Csg.15FA(.gsPbl3:PDDTT BHJ composite thin film has an enhanced ab-
sorption intensity ranging from 600 nm to 800 nm, which is ascribed to
the contribution of PDDTT. However, the Csg15FA(.gsPbl3:PDDTT BHJ
composite thin film exhibit negligible absorption in the NIR region,
which is probably originated from a little PDDTT mixed with
Cso.15FA gsPbls since PDDTT has poor solubility in the dimethyl sulf-
oxide: N, N-dimethylformamide (DMSO:DMF) mixed solvent, which was
typically used for the preparation of Csp 15FAg gsPbls solution. Never-
theless, enhanced absorption ranging from 600 nm to 800 nm could
contribute to Jgc for the PSCs based on the Csg.15FA( gsPbl3:PDDTT BHJ
composite thin film.

To verify the hypothesis that p-type PDDTT could balance charge
transport of the Csg.15FA( gsPbI3:PDDTT BHJ composite thin film with
respect to pristine Csp 15FA( gsPbls thin film, charge carrier mobilities of
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two different thin films are investigated using the space-charge-limited-
current (SCLC) method based on the Mott-Gurney model [32,33].
Fig. 1b displays the current versus voltage (I-V) characteristics of the
hole-only and electron-only diodes based on either pristine
Csg.15FA gsPbl; thin film or the Csg 15FA( gsPbl3:PDDTT BHJ composite
thin film. At low voltage, the I-V curves conform the Ohm’s law in both
Ohmic and the trap-filling regions. The SCLC is described as J = $¢oeu 2’—32
(where y is the mobility of charge carriers, V is the applied voltage and L
is the thickness of the active layer, ¢, is the permittivity of free space of
8.55 x 10712 Fm™, ¢ is the relative dielectric constant of active layer
material). Based on the capacitor versus frequency (C-F) characteristics
(Fig. S1) of the diodes fabricated by either pristine Csg 15FA¢ gsPblg thin
film and the Csg.15FA¢ g5sPbI3:PDDTT BHJ composite thin film, ¢ of 29.39
and 38.66 are calculated for pristine Csg 15FA( gsPbls thin film and the
Csp.15FA gsPbI3:PDDTT BHJ composite thin film, respectively. Thus, the
hole and electron mobilities of pristine Csg15FAg gsPbls thin film are
calculated to be 4.76 x 10~* cm?V~1s~! and 5.03 x 1073 cm? V! s’l,
which results in a pp/pe of 0.10. These results indicate that pristine
Csg.15FAg gsPbls thin film is an n-type semiconductor and its charge
transport is unbalanced. Whereas the hole and electron mobilities are
calculated to be 4.05 x 10 3 cm?V's ' and 1.05 x 10 2 cm? v1s7!
for the Csg.15FA( gsPbIs:PDDTT BHJ composite thin film, which results
in a pp/pe of 0.38. These results indicate that both electron and hole
mobilities are enhanced and the charge transport within the
Cs0.15FAg.gsPbI3:PDDTT BHJ composite thin film is more balanced than
that of pristine Csg 15FA¢ g5Pbl; thin film. As a result, the PSCs based on
the Csp.15FA0.g5PbIs.PDDTT BHJ composite thin film is expected to
exhibit boosted Jgc.

Fig. 2a-c presents the grazing-incidence wide-angle x-ray scattering
(GIWAXS) profiles of pristine Csg15FAggsPbls thin film and the
Csg.15FA( gsPbI3:PDDTT BHJ composite thin films incorporated with
different concentrations of PDDTT. Pristine Csg 15FAq gsPbls thin film
possesses the (011), (111), and (210) planes, which corresponds to the
tetragonal crystal structure. The Csg 15FA¢ gsPbls:PDDTT BHJ composite
thin films possess the (011), (111), and (210) planes, but with different
reflection intensities. As the concentration of PDDTT is at 0.02 mg/mL,
the reflection intensities of the (011), (111), and (210) planes are
reduced and the (100) and (200) planes, which correspond to the cubic
crystal structure, are appeared. As the concentration of PDDTT is at
0.08 mg/mlL, the reflection intensities of the (011), (111), and (210)
planes are increased but the reflection intensities of the (100) and (200)
planes are decreased. These results demonstrate that the
Csg.15FA( gsPbI3:PDDTT BHJ composite thin films have both tetragonal
and cubic crystal structures, and their crystal structures are affected by
PDDTT.

Fig. 2d displays the 1D GIWAXS profiles (the out-of-plane direction,
incident angle of 0.14°), which are extracted from the 2D GIWAXS
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Fig. 1. a) The absorption spectra of pristine Csg 15FA¢ gsPblz and PDDTT thin films, and the Csg 15FAg gsPbl3:PDDTT BHJ composite thin film, insert is the molecular
structure of PDDTTT, b) the I-V characteristics of the hole-only and the electron-only diodes based on pristine Csg 15FAg gsPbl; thin film and the Csg 15FAg gsPbls:
PDDTT BHJ composite thin film, insert are the device structures of the hole-only and electron-only diodes.
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Fig. 2. The GIWAXS profiles of a) pristine Csg.15FA¢ gsPbl; thin film and the Csg 15FA.gsPblg:PDDTT BHJ composite thin films incorporated with b) 0.02 mg/mL of
PDDTT and ¢) 0.08 mg/mL of PDDTT, d) the 1D GIWAXS line profiles extracted from (a—c) (the out-of-plane direction, incident angle of 0.14°), and e) the XRD
patterns of pristine Csg 15FAg gsPbl3 thin film and the Csg 15FA gsPbl3:PDDTT BHJ composite thin films.

profiles. Pristine Csg 15FA( gsPbls thin film possesses the (011), (111),
and (210) planes, which further confirm that pristine Csg.15FAg.gsPbls
thin film possesses the tetragonal crystal structure. Compared to pristine
Csg.15FAg gsPbls thin film, new peaks of the (100) and (200) planes
presented in the Csg15FA(gsPbls:PDDTT BHJ composite thin film
incorporated with 0.02 mg/mL of PDDTT further indicate that some of
the tetragonal crystal structure is tuned to the cubic crystal structure.
However, decreased reflection intensities of the (100) and (200) planes
and increased reflection intensities of the (011), (111), and (210) planes
are observed from the Csg.15FA( gsPbIs:PDDTT BHJ composite thin film
incorporated with 0.08 mg/mL of PDDTT. Such changes in the reflection
intensities are probably ascribed to PDDTT, which occurs the grain
boundary of Csg15FAg gsPbls [17,19]. Nevertheless, the cubic crystal
structure observed from the Csg 15FA¢ gsPbls:PDDTT BHJ composite thin
films implies that the PSCs based on the Csg15FA( gsPbl3:PDDTT BHJ
composite thin films exhibit boosted Jgc since the perovskites with a
cubic crystal structure have superior electronic properties than those
with a tetragonal crystal structure [6]. In addition, the Pbly plan is
presented within 1D GIWAXS profiles. The appearance of Pbl; is origi-
nated from the effect of the antisolvent treatment [30]. However,
reduced peak intensities of Pbl, observed from the Csg15FAg gsPbls:
PDDTT BHJ composite thin films suggest that the counterions (Pb>* and
I') are suppressed, which would result in reduced photocurrent hyster-
esis for the PSCs based on the Csg 15FA gsPbIs:PDDTT BHJ composite
thin film [34].

The x-ray diffraction (XRD) patterns of pristine Csg 15FAq gsPbIs thin
film and the Csg 15FA( gsPbls:PDDTT BHJ composite thin films are
shown in Fig. 2e. The (110) and (220) planes at the peaks of 26 of ~ 14°
and ~ 28°, respectively, demonstrate that pristine Csg 15FA¢ gsPbls thin
film possesses the tetragonal (I4/mcm) crystal structure. The (200) plane
observed within the Csg 15FA¢ gsPbIs:PDDTT BHJ composite thin film
incorporated with 0.02 mg/mL of PDDTT indicates that partial tetrag-
onal structure is tuned to the cubic structure. These observations are in
good agreement with the GIWAXS results. However, the (200) plane,

corresponding to the cubic crystal structure, is disappeared in the
Csg.15FA( gsPbIg:PDDTT BHJ composite thin film incorporated with
0.08 mg/mL of PDDTT, indicating that the tetragonal crystal structure is
dominated. All these results further demonstrate that PDDTT affects the
crystal structure of the Csg15FAggsPblg:PDDTT BHJ composite thin
films. Thus, the Csg.15FA(.gsPbIs.PDDTT BHJ composite thin film is ex-
pected to exhibit better photovoltaic properties compared to that of
pristine Csg 15FA¢ g5Pbl; thin film.

The photovoltaic properties of the Csg15FA.gsPbls.PDDTT BHJ
composite thin film are studied through the evaluation of the device
performance of the PSCs with a device architecture as shown in Fig. 3a,
where ITO is indium tin oxide and acts as the anode, PTAA is poly-[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] and is used as the HEL, Cg( acts
as the EEL and the hole-block layer (HBL) as well, and BCP is bath-
ocuproine and acts as an addition HBL, Al is aluminum and acts as the
cathode, respectively. Fig. 3b displays the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO) energy
levels of PTTA, Csg.15FAq gsPbls, PDDTT, Ceo, and BCP, and the work
functions of ITO and Al electrodes. The HOMO offset between PDDTT
and Csg.15FA gsPbls is 0.7 eV, which is larger than the exciton binding
energy of Csg.15FAq.gsPbls [26,30], indicating that the separated holes
within the Csg.15FA( gsPbls.PDDTT BHJ composite thin film can be
easily transported to PDDTT electron donor layer and further collected
by the ITO anode. Negligible LUMO offset between PDDTT and
Csp.15FAg gs5Pbls indicates that the separated electrons can be easily
transported to the low energy level of the Cgp EEL and further collected
by the Al cathode. Therefore, a photo-induced charge transfer is ex-
pected to occur within the Csg 15FA( gsPbls.PDDTT BHJ composite thin
film, which would result in enlarged Jsc.

The current density versus voltage (J-V) characteristics of the PSCs
are shown in Fig. 3c and Fig. S2. The device performance parameters of
PSCs are summarized in Table 1 and Table S1. Under the reverse scan
direction and the scan rate of 0.6 V/s, the PSCs based on pristine
CSO_15FAO'85Pb13 thin film exhibit a Jsc of 23.32 (2287 + 065) Il'lA/CIIlz,



L. Shen et al.

Nano Energy 93 (2022) 106907

a b
Al —~
>
K
BCP 4 — Al
u R
=
) 4.3
=
=
ITO/Glass
c 'm d10 125
|
‘ -
€ s Cs, FA Pbl_ 80 k- 2
15} ! ' 120 8
2 ! Cs _FA _Pbl :PDDTT =
E | 0.15 0.85 3 - g
~ L ! 3
> 0 & OF cs FA _pbi:PODTT 115 @
= 0.15 0.85 3 o
@ ! w 2 (.
S ! o J, = 24.44 mAlcm @
Q A5 i 410 =
-
3
H ! Cs FA Phl >
- | 0.15 0.85 3
3oL 20 J_ =22.50 mAlcm ? 1s §
o —~ sc <~ ¢ ] In
|
25 1 , , [|]] - T B B 0
[) 0.2 0.4 0.6 0.8 1 400 500 600 700 800
Voltage (V) Wavelength (nm)

Fig. 3. a) Device architecture of PSCs, b) the LUMO and HOMO energy levels of PTTA, PDDTT, Csg 15FA gsPbls, Cso, and BCP, and the work functions of the ITO and
Al electrodes, c) the J-V characteristics of and d) the EQE of the PSCs based on either pristine Csg 15FA¢ gsPbl; thin film or the Csg 15FA( gsPbI3:PDDTT BHJ composite

thin film.

Table 1

Device performance of PSCs under different scan directions.

Photoactive layer

Voc (V)

Csp.15FA¢ gsPbls (forward)
Cso.15FA gsPbl; (reverse)
Csp.15FA( gsPbl3:PDDTT (forward)
Csp.15FA( gsPbl3:PDDTT (reverse)

1.04 (1.03 + 0.01)
1.04 (1.03 £ 0.01)
1.04 (1.03 + 0.01)
1.04 (1.03 + 0.01)

Jsc (mA/cm?) FF (%) PCE (%) HI
22.21 (21.88 + 0.70) 77 (74 + 4) 17.50 (17.10 =+ 0.40) 0.030
23.31 (22.87 + 0.65) 75 (73 + 3) 18.03 (17.54 =+ 0.49)

25.34 (24.97 + 0.51) 79 (77 + 4) 20.83 (20.44 + 0.52) 0.012
25.51 (25.30 + 0.43) 80 (78 + 4) 21.08 (20.51 + 0.57)

an open-circuit voltage (Voc) of 1.04 (1.03 £ 0.01) V and a fill factor
(FF) of 75% (73 +3%), with a corresponding PCE of 18.03%
(17.54 £ 0.49%). Whereas under the forward scan direction and the
scan rate of 0.6 V/s, the PSCs based on pristine Csg 15FA¢ gsPbls thin film
exhibit a Jgg of 22.21 (21.88 +0.70) mA/cm? a Voc of 1.04
(1.03 + 0.01) V and a FF of 77% (74 + 4%), with a corresponding PCE
of 17.50% (17.10 + 0.40%). These device performance parameters are
consistent with reported values [30]. The PSCs based on the
Csg.15FA(.gsPbI3:PDDTT BHJ composite thin film incorporated with
0.02 mg/mL of PDDTT exhibit the best device performance. Under the
reverse scan direction and the scan rate of 0.6 V/s, the PSCs based on the
Csg.15FA(.gsPbI3:PDDTT BHJ composite thin film exhibit a Jg¢ of 25.51
(25.30 + 0.43) mA/cmZ, a Vopcof 1.04 (1.03 & 0.01) V and a FF of 80%
(78 £+ 4%), with a corresponding PCE of 21.08% (20.51 + 0.57%),
whereas under the forward scan direction and the scan rate of 0.6 V/s,
the PSCs based on the Csg 15FA( gsPbI3:PDDTT BHJ composite thin film
exhibit a Jgc of 25.34 (24.97 + 0.51) mA/cmz, a Voc of 1.04
(1.03 + 0.01) V and a FF of 79% (77 + 4%), with a corresponding PCE
of 20.83% (20.44 4 0.52%). The PSCs based on the Csg 15FAq.gsPbls:
PDDTT BHJ composite thin film have more than 16% enhancement in
PCEs compared to those based on pristine Csg 15FAq.gsPbls thin film.
As described above, both PSCs exhibit different PCEs under different
scan directions, which indicates that both PSCs possess different
photocurrent hysteresis [35-39]. The photocurrent hysteresis is defined

as photocurrent hysteresis index (HI), which is defined as HI = (PCE,.
everse — PCEforward)/PCEreverse [40]. At the scan rate of 0.6 V/s, the HI of
0.03 is calculated for the PSCs based on pristine Csg 15FAq.gsPbls thin
film, whereas the HI of 0.012 is calculated for the PSCs based on the
Cs0.15FAg.gsPbl3:PDDTT BHJ composite thin film. Such a small HI value
demonstrates that the PSCs based on the Csg 15FAg gsPbl3:PDDTT BHJ
composite thin film possess suppressed photocurrent hysteresis [41].

Fig. 3d presents the external quantum efficiency (EQE) of PSCs and
the integrated Jsc based on the EQE spectra of PSCs. Compared to the
PSCs based on pristine Csg.15FA¢.gsPbls thin film, enhanced EQE values
are observed from the PSCs based on the Csg 15FA¢ gsPbls:PDDTT BHJ
composite thin film, which indicates that PDDTT indeed contributes Jgc.
The integrated Jsc values are 22.50 mA/cm? and 24.44 mA/cm? for the
PSCs based on pristine Csg 15FA¢ gsPbls thin film and the PSCs based on
the Csp.15FA0.g5PbIs:PDDTT BHJ composite thin film, respectively.
These integrated Js¢ values are in good agreement with those extracted
from the J-V characteristics (Fig. 3c).

To understand the underlying physics of enhanced Jsc, scan electron
microscopy (SEM) is carried out to investigate the film morphology of
perovskite photoactive layers. Fig. 4a, b presents the SEM images of
pristine Csg.15FAq g5Pbl; thin film and the Csg 15FA( gsPblg:PDDTT BHJ
composite thin film. The grain size of pristine Csg 15FAq gsPbls thin film
is estimated to be ~ 100nm, whereas the grain size of the
Csg.15FA( gsPbIg:PDDTT BHJ composite thin film incorporated with
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Fig. 4. The top-view SEM image of a) pristine Csg 15FAg gsPbl3 thin film and b) the Csg15FAg gsPbI3:PDDTT BHJ composite thin film, c) the steady-state photo-
luminescence (PL) spectra of pristine Csg15FA¢ gsPblsz and the Csg 15FA¢ gsPbls:PDDTT BHJ composite thin films, d) the transient absorption spectra of pristine
Csp.15FA¢ gsPbl3 thin film and the Csg 15FA( gsPbl3:PDDTT BHJ composite thin film.

0.02 mg/mL of PDDTT is estimated to be ~ 300 nm. Moreover, the grain
size of the Csg 15FA( gsPblg:PDDTT BHJ composite thin film incorpo-
rated with 0.08 mg/mL of PDDTT is estimated to be ~ 250 nm (Fig. S3).
Large grain sizes imply that the Csg 15FA.gsPbls:PDDTT BHJ composite
thin films possess enhanced charge carrier mobilities, which is in good
agreement with the observation described above. As a result, the PSCs
based on the Csp 15FAg.g5PbI3:PDDTT BHJ composite thin film exhibit
boosted Jgc.

Fig. 4c presents the steady-state photoluminescence (PL) spectra of
pristine Csg 15FAq gsPbls thin film and the Csg 15FA( gsPbls:PDDTT BHJ
composite thin films. It is found that the PL intensities of the
Csg.15FA(.gsPbI3:PDDTT BHJ composite thin films are increased and
then decreased along with increased concentrations of PDDTT. Such
tuned PL intensities are probably ascribed to the smooth and rough
surfaces of perovskite thin films induced by PDDTT (Figs. 4a, b and S3).
Moreover, compared to pristine Csg15FAggsPbls thin film, the
Csg.15FA¢.gsPbI3:PDDTT BHJ composite thin films exhibit enhanced PL
intensities, which indicates that the non-radiation recombination within
the Csg.15FA(.g5Pbl3:PDDTT BHJ composite thin film is suppressed. Such
enhanced PL is ascribed to the enlarged grain sizes of Csg.15FAg.gsPbls
induced by PDDTT. The suppressed non-radiation recombination could
boost photocurrent of the PSCs by the Csg15FA( gsPbls:PDDTT BHJ
composite thin film.

Fig. 4d displays the transient absorption dynamics of thin film.
Pristine Csp.15FA¢.gsPbls thin film has a decay lifetime of 6.2 nanosec-
onds (ns), while the Csg15FA( gsPbIs:PDDTT BHJ composite thin film
has a decay lifetime of 22.2 ns. The longer lifetime observed from the
Csg.15FA(.gsPbI3:PDDTT BHJ composite thin film indicates that the
Csg.15FA¢.g5PbI3:PDDTT BHJ composite thin film possesses superior film
quality, larger crystallinity, larger grain size, and reduced trap densities
compared to Csg.15FAg.gsPblz thin film. On the other hand, the long
decay lifetime demonstrates that the Csg15FA( gsPbls:PDDTT BHJ
composite thin film probably possesses longer-lived charge carriers
compared to pristine Csg 15FA¢ g5Pbl3 thin film [42], which implies that

a photo-induced charge transfer probably takes place within the
Csg.15FA( gsPbI3:PDDTT BHJ composite thin film. These observations
further verify the hypothesis described above (Fig. 3b). The pseudocolor
transient absorption spectra (Fig. S4) further confirm that a
photo-induced charge transfer probably takes place within the
Csg.15FA( gsPbI3:PDDTT BHJ composite thin film. Therefore, as ex-
pected, the PSCs based on the Csg 15FAg gsPbl3:PDDTT BHJ composite
thin film exhibit boosted Jsc and PCE.

The transient photocurrent (TPC) measurement is conducted to
investigate the charge generation and transport kinetics in PSCs [43,44].
Fig. 5a presents the normalized TPC curves of PSCs. Under the
short-circuit condition, all PSCs possess a similar transient photocurrent
curve. In the beginning, the TPC curves are tended to be linear since all
charge carriers are extracted during a short time [44,45]. However, a
significant difference in the TPC curves is observed from these two types
of PSCs after ~ 50 ns. Such differences are originated from the trap and
de-trap processes of charge carriers [43]. Through extrapolating the
linear region to zero, the lifetime of charge extraction is estimated [44].
The PSCs based on pristine Csg 15FAq.gsPbl; thin film possess a lifetime
of ~ 140 ns, whereas the PSCs based on the Csg15FAq g5Pbl3:PDDTT
BHJ composite thin film has a lifetime of ~ 120 ns. The short lifetime
indicates a fast sweep-out process of the charge carrier [46]. Thus, the
PSCs based on the Csg 15FAq gsPbls:PDDTT BHJ composite thin film
exhibit enlarged Jgc, consequently, boosted PCE, with respect to those
based on pristine Csg15FAggsPbls thin film. Moreover, increased
photocurrent densities are observed from the PSCs based on the
Csg.15FA( gsPbIg:PDDTT BHJ composite thin film (Fig. S5b) further
indicating that the charge recombination within the PSCs based on the
Csg.15FA( gsPbIg:PDDTT BHJ composite thin film is suppressed, as
compared to those based on pristine Csg15FAgg5Pbls thin film. As a
result, the PSCs based on the Csg15FA( gsPbl3:PDDTT BHJ composite
thin film exhibit enlarged Jsc, consequently, boosted PCE.

The light intensity-dependent Jsc and Voc are further investigated to
understand the underlying physics of enhanced Jsc [47-49], and the
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Fig. 5. a) Normalized transient photocurrent curves of PSCs, b) the light intensity dependent Jsc and Vo of PSCs, ¢) the transient photocurrent measured with an
optical chopper controlled at A = 532 nm laser pulse and d) the J-V characteristics of PSCs measured in dark, where the PSCs are based on either pristine
Csp.15FA( gsPbl3 thin film or the Csg 15FA( gsPbl3:PDDTT BHJ composite thin film.

results are shown in Fig. 5b. Under the open-circuit condition, Voc has
been described as Voc = n(KpT/q@)In(I) (where Kp is the Boltzmann
constant, T is the temperature in Kelvin and q is the elementary charge,
and n is a constant). As n equals 1, the bimolecular recombination is
dominated in solar cells, whereas as n equals 2, the monomolecular
recombination is dominated in solar cells [50,51]. The slopes of 1.81
KpT/q and 1.37 KpT/q are observed from the PSCs based on either
pristine CSo_lsFongspblg thin film or the CSO'15FAO_85PbI3ZPDDTT BHJ
composite thin film. Thus, compared to the PSCs based on pristine
Csg.15FA gsPbls thin film, a weak monomolecular charge recombination
process takes place within the PSCs based on the Csg15FAg gsPbls:
PDDTT BHJ composite thin film, resulting in enhanced Jsc and PCEs.

Moreover, Jsc related to the light intensity is described as Jsc € I?
(where I'is the light intensity and a is the scaling exponent) [52]. A large
a indicates a weak charge carrier recombination happens in solar cells
[53,54]. All PSCs possess a power-law dependence of Jsc on the light
intensity. The PSCs based on the Csg 15FA gs5PbI3:PDDTT BHJ composite
thin film exhibit a of 0.93, which is larger than that (0.90) observed from
the PSCs based on pristine Csg 15FAg gsPbls thin film. Thus, the PSCs by
the Csg.15FA¢ gs5Pbls:PDDTT BHJ composite thin film exhibit larger Js¢
than that based on pristine Csg 15FA gsPbls thin film.

In addition, the trap density (Ny), which is described as N
= (2808VTFL)/(eL2) (where Vg is the trap-filled limit voltage, L is the

thickness of the active layer, & is the vacuum permittivity (8.85 x 10712
CcV Im™), ¢ is the relative dielectric constant of the active layer, and e
is the elementary electric charge, respectively) [32], is further investi-
gated. It is found that the Csg 15FA(.gsPbl3.PDDTT BHJ composite thin
film possesses different Vyp values compared to pristine
Csg.15FA gsPbl; thin film. For the electron transport, the Vp values are
reduced to 0.12 V for the Csg 15FA( gsPbls.PDDTT BHJ composite thin
film from 0.27 V for pristine Csg15FAg gsPbls thin film. For the hole
transport, the Vg values are dropped to 0.56 V for the Csg.15FAq gsP-
bI3.,PDDTT BHJ composite thin film from 0.78V for pristine
Csg.15FA( gsPblg  thin film. Thus, the estimated hole-trap and
electron-trap densities for the Csg 15FA(.gsPbIs.PDDTT BHJ composite
thin film are 1.08 x 10'® cm™2 and 2.32 x 10%® ecm™3, respectively.
Whereas the estimated hole-trap and electron-trap densities for pristine
Cso.15FA¢ gsPbI; thin film are 5.15 x 10'® cm™> and 6.91 x 10'° em 3,
respectively. Both the hole-trap and electron-trap densities of the
Csp.15FA¢ g5PbI3.PDDTT BHJ composite thin film are smaller than those
for pristine CsPbI,Br thin film. Such reduced charge-trap densities are
ascribed to the reduced point-defect at the atomic scale and the large
crystal grain size (Fig. 4a and b). Thus, as expected, the PSCs based on
the Csp.15FA( gs5PbI3.PDDTT BHJ composite thin film exhibit enhanced
Jsc.

The temporal photocurrent response is carried out to understand
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suppressed photocurrent hysteresis of PSCs. Note that the response time
is significantly related to the charge transport and collection [55]. The
rise and fall times are defined as the time interval required for the
photoresponse to rise/decay from 10/90% to 90/10% of its peak
photocurrent value, respectively [56]. The transient photocurrent
measured with an optical chopper (a frequency of 2 kHz) controlled by A
of 532 nm laser pulse is shown in Fig. 5c. A rise time of 1.8 ps and a fall
time of 2.3 ps are observed from the PSCs based on pristine
Csg.15FA g5Pbls thin film; whereas a rise time of 0.8 ps and a fall time of
1.6 ps are observed from the PSCs based on the Csp .15FA.gsPbls:PDDTT
BHJ composite thin film. A fast response time observed from the PSCs
based on the Csg 15FA(.gsPbl3:PDDTT BHJ composite thin film indicates
there is less hysteretic current when the photon excites, resulting in
suppressed photocurrent hysteresis [35,56,57]. Furthermore, sup-
pressed counter ions (Pb** and T) (Figs. 2d, 1D GIWAXS profiles)
indicate that the PSCs based on the Csy15FAg gsPbIs:PDDTT BHJ com-
posite thin film possess reduced photocurrent hysteresis [34].

The impedance spectroscopy (IS) of PSCs is carried out to investigate
the detailed electrical properties of PSCs. Fig. 5d presents the Nyquist
plot of PSCs measured in dark. The charge-transfer resistance (Rcr)
values for the PSCs based on either pristine Csg 15FAq gsPbls thin film or
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the Csg.15FA(.gsPbI3:PDDTT BHJ composite thin film are calculated to be
600 Q and 240 Q, respectively. The smaller Ry is originated from a
high-quality thin film and suppressed charge carrier recombination
within the Csg 15FA g5PbIs:PDDTT BHJ composite thin film. Thus, the
PSCs based on the Csg 15FA( gsPbls:PDDTT BHJ composite thin film
possess higher FF compared to those based on pristine Csg 15FAg g5Pbls
thin film.

To explore the same Vgc observed from the PSCs based on either
pristine CS()_15FAQ_85Pb13 thin film or the CSO.15FAO_85Pb132PDDTT BHJ
composite thin film, the J-V characteristics of PSCs measured in dark are
conducted and the results are shown in Fig. 6a. Under the reverse biases,
the dark current densities of both PSCs are nearly the same. According to
the electronic diodes model [58,59], Vo is described as Voc ~ (nkT/q)
In(Jsc/Jo) (where Jj is the reverse dark current density, q is the electron
charge, n is the diode ideality factor, k is Boltzmann’s constant, and T is
the temperature). A similar value of J observed from two different PSCs
indicates that a similar value of Vg for both PSCs. Thus, both PSCs
exhibit a similar Voc.

To estimate the built-in potential (Vj;) and the interfacial charge
density (N) of PSCs, the capacitor versus voltage (C-V) characteristics of

PSCs are conducted. According to the Mott-Schottky law of -2 = 20V)
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Fig. 6. a) The Nyquist plot of PSCs measured in dark, b) the Mott-Schottky analysis for the trap-density and the build-in potentials of the PSCs based on either
pristine Csg.15FAg gsPbl3 or the Csg 15FAg gsPbl3:PDDTT BHJ composite thin film, ¢) the histogram of PSCs, where PSCs are based on either pristine Csg 15FA¢ gsPbls
thin film or the Csg 15FA¢ gsPbl3:PDDTT BHJ composite thin film, and d) the shelf stability of un-encapsulated PSCs measured in the glovebox with a nitrogen at-
mosphere at room temperature, where PSCs are based on either pristine Csg 15FAq gsPbl3 thin film or the Csg 15FA( gsPbl3:PDDTT BHJ composite thin film.
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(where V is applied bias, q is the elementary charge, ¢ is the dielectric
constant of perovskites, € is the vacuum permittivity, n. is the charge
carrier density, and A is the active area, respectively), the Vj; is the
intercept on the bias of the linear fitting line, and the N is obtained from
the slope of the linear fitting [25,60]. Fig. 6b presents the C~2-V plot of
PSCs. The PSCs based on pristine Csg 15FA¢ gsPbls thin film exhibit a Vj;
of 1.10 V, which is the same as that based on the Csy15FAq gsPbls:
PDDTT BHJ composite thin film. These results indicate that the PSCs
based on pristine Csg 15FA gsPbl; thin film exhibit the same V¢ as those
based on the Csg 15FA( gsPbls:PDDTT BHJ composite thin film. More-
over, the slope of the C™2-V line for the PSCs based on pristine
Cs0.15FA¢ gsPbls thin film is estimated to be — 3.64 x 107, while the
slope for the PSCs based on the Csg 15FA( gsPbI3:PDDTT BHJ composite
thin film is — 5.24 x 107, Such a large absolute slope value of the PSCs
based on the Csg 15FA(.gsPbI3:PDDTT BHJ composite thin film indicates
that this type of PSCs possesses a smaller interfacial charge density [32,
61]. As a result, the surface charge carrier recombination is suppressed,
resulting in enhanced Jgc for the PSCs based on the Csg 15FAg gsPbls:
PDDTT BHJ composite thin film.

The reproducibility of PSCs is further studied. The statistical histo-
grams of the photovoltaic parameters for both PSCs from counted
numbers of 20 devices are shown in Fig. 6¢. The PSCs based on pristine
Csg.15FA gsPbls thin films exhibit a severe deviation in PCEs, compared
to the PSCs based on the Csg15FAg gsPbl3:PDDTT BHJ composite thin
film. Thus, the reproducibility of the PSCs based on the Csg 15FA( gsPbls:
PDDTT BHJ composite thin film is significantly higher than those based
on pristine Csp15FAqgsPbls thin film. Such high reproducibility is
ascribed to superior film quality and enlarged crystal sizes of the
Csp.15FA(.85Pbls:PDDTT BHJ composite thin film induced by PDDTT.

Fig. 6d presents the self-stability of unencapsulated PSCs stored in
the glove box with nitrogen atmosphere at room temperature. After 200
days, the PSCs based on pristine Csg 15FA gsPbls thin film decay 70% of
their initial PCE value, whereas the PSCs based on the Csg 15FAq gsPbls:
PDDTT BHJ composite thin film only drops less than 20% of their initial
PCE value at the same period. Such boosted stability is originated from
superior film quality and enlarged crystal sizes of the Csg.15FA¢ gsPbls:
PDDTT BHJ composite thin film induced by PDDTT.

3. Conclusion

In conclusion, we reported high-performance bulk heterojunction
(BHJ) perovskite solar cells (PSCs) based on n-type Csg 15FA¢ gsPbls
perovskite incorporated with p-type low optical gap conjugated poly-
mer, PDDTT. Compared to pristine Csg 15FAq gsPbls thin film, it was
found that the Csg15FA(gsPblg:PDDTT BHJ composite thin film
possessed enhanced and balanced charge carrier mobilities, enlarged
crystal sizes, and suppressed non-radiation charge carrier recombina-
tion. Moreover, a photo-induced charge transfer took place within the
Csg.15FAg.g5sPbI3:PDDTT BHJ composite thin film. As a result, the PSCs
based on the Csg 15FA¢ g5PbI3:PDDTT BHJ composite thin film exhibited
enhanced power conversion efficiency (PCE) of 21.08%. In addition, un-
encapsulated BHJ PSCs possess remarkably enhanced stability (as they
retain 80% of their initial PCE after ~ 200 days in ambient conditions)
and diminished photocurrent hysteresis (photocurrent hysteresis index
of 0.012) compared to those based on pristine Csg 15FAg g5Pbl3 thin film.
All these results demonstrated that the PSCs with a BHJ device structure
is one of the facile ways to approach high-performance PSCs.

4. Materials and methods
4.1. Materials

Poly-[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), molyb-
denum(VI) oxide (99.97%), ethyl alcohol (> 99.5%), toluene (anhy-

drous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous, 99.9%), N, N-
dimethylformamide (DMF, anhydrous, 99.8%), bathocuproine (BCP,

Nano Energy 93 (2022) 106907

99.99%), and aluminum (Al) and silver (Ag) slugs were purchased from
Sigma-Aldrich. Lead iodide (PbIy, 99.9985% metals basis), cesium io-
dide (99.9985%), and Tin(IV) oxide (15% in H30 colloidal dispersion)
were purchased from Alfa Aesar. Cgp (99.95% carbon powder) was
purchased from Pure60oliveoil. Formamidinium iodide (FAI) was pur-
chased from Greatcell Solar. All chemicals were used as received
without further purification. Poly(5,7-bis(4-decanyl-2-thienyl)-thieno
(3,4-b)diathiazole-thiophene-2,5) (PDDTT) was synthesized by us and
reported previously [26].

4.2. Preparation of perovskite thin films

Pristine Csg 15FA¢ g5Pbls precursor solution was prepared by adding
PbI, (461.0 mg, 1 mmol), FAI (146.2 mg, 0.85 mmol) and CsI (39.0 mg,
0.15 mmol) into a solution of DMF and DMSO (1 mL 4:1 v/v%). The
Csp.15FA( gsPbIg:PDDTT precursor solution was prepared by mixing
Csg.15FA( gsPbls precursor solution with different concentrations of
PDDTT in 1 mL DMF:DMF (4:1 v/v%). Perovskite layer was spin-coated
on the substrates by a spin-cast method with a spin speed of 1500 RPM
for 10 s (s) and then 5000 RPM for 40 s. After that, the anti-solvent ethyl
alcohol was dropped onto the as-cast perovskite thin films and left for at
least 10 s and continuously completed spin-casting procedure Then
perovskite thin films were thermally annealed at 100 °C for 1 h.

4.3. Characterization of perovskite thin films

UV-vis absorption spectra of thin films were recorded on an HP 8453
spectrophotometer. Photoluminescence (PL) spectra of thin films were
recorded on a HORIBA Fluorolog-3 fluorescence spectrophotometer.
The transient absorption spectra were obtained by a femtosecond laser
(Coherent) at 5KHz and commercial transient absorption spectroscopy
(Ultrafast Systems). The pump pulse 400 nm at 10 yW was generated
with an optical parametric amplifier (OPA) and the probe white light
pulse was created by focusing a small portion of 800 nm pulse onto a
sapphire. The samples were stored in the nitrogen-filled glovebox and
tested right after exposure to air. It was found that both thin films show
the ground-state bleaching (GSB) around 770 nm, due to the photoex-
cited electrons in the excited state and holes in the ground state that can
reduce the absorption of probed photons for the corresponding transi-
tion (Pauli exclusion principle) [35,42]. The carrier dynamics were
fitted with the software Igor. The time-resolved photocurrent was
recorded with a 300 MHz Tektronix DPO3034 oscilloscope by
measuring the voltage drop across a 5 Q RF sensor resistor in series with
the device. 5 Q was chosen to further minimize the RC time constant of
the setup. The grazing-incidence wide-angle x-ray scattering (GIWAXS)
was performed on the high-resolution GIWAXS beamline (Sector 8-ID-E)
in the Advanced Photon Source, Argonne National Laboratory [62]. The
top view SEM images were obtained by using a field emission scanning
electron microscope (JEOL-7401), where the samples were prepared
from the semi-finished solar cells. The film thicknesses were measured
by Dektak 150 surface profilometer with a scan rate of 0.06 mm/s. The
XRD patterns were obtained by a Rigaku Smartlab.

4.4. Fabrication of PSCs

The pre-cleaned ITO/glass substrates were firstly treated in a UV-
ozone cleaner for 40 min. Then ITO/glass substrates were transferred
into a glove box with a nitrogen atmosphere. A ~ 8 nm PTAA layer was
deposited onto the top of ITO/glass substrates by spin-coating from
2 mg/mL PTAA toluene solution at 6000 RPM for 40 s, followed by
thermal annealing at 100 °C for 10 min (min). After the PTAA layer was
cooled down to room temperature naturally, either Csg 15FAg g5PblIs thin
film or the Csg15FA(gsPblg:PDDTT BHJ composite thin film was
deposited on the top of the PTAA layer by spin-coated method from the
corresponding solutions as described above. The film thickness of both
Cso.15FA.g5Pbls and Csg 15FA(.g5PbIs:PDDTT thin films were measured
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to be 480 nm. Afterward, a ~ 15 nm Cg thin layer, a ~ 8 nm BCP thin
layer, and ~ 100 nm Al were consequently thermally deposited in a
vacuum with a base pressure of 4 x 10~ mbar. The effective device area
was measured to be 0.043 cm?.

4.5. Characterization of PSCs

The current density versus voltage (J-V) characteristics of PSCs
under white light illumination was obtained by using a Keithley 2400
source meter. The white light was generated by an AM 1.5 G solar
simulator (Newport, 91160-1000) and white light intensity was cali-
brated by a mono-silicon detector (with KG-5 visible color filter) from
the National Renewable Energy Laboratory. The external quantum ef-
ficiency (EQE) measurement was obtained by using the solar cell
quantum efficiency measurement system (QEX10) from PV measure-
ments with a 300 W steady-state xenon lamp as the source light. The
impedance spectrum (IS) was obtained using an HP 4194 A impedance/
gain-phase analyzer under dark conditions, with an oscillating voltage of
10 mV from 5 Hz to 105 Hz. PSCs were held at the voltage closing to the
corresponding open-circuit voltage (Voc), while the IS was carried out.
The capacitance-voltage (C-V) testing was also performed on the same
setup. Transient photocurrent (TPC) measurement was taken with a
custom-built, fully automated setup [63]. The whole process of TPC is
reported previously [25,45,51,63].
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