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1 Introduction

ABSTRACT

Controlling the morphology of the MAPbI, Cl, active layer has remained
a challenge towards advancing perovskite solar cells (PvSCs). Here, we
demonstrate that a low temperature additive dripping (AD) treatment step,
using diphenyl ether (DPE), can significantly improve the power conversion
efficiency (PCE), compared to the control device using chlorobenzene (CB), by
15% up to 16.64%, with a high current density (Jsc) of 22.67 mA/cm?. We chose
DPE for its small and appropriate dipole moment to adjust the solubility of the
MAPbI, Cl, precursor during the formation of the intermediate phase and the
MAPbI;_Cl, phase. The low DPE vapor pressure provides a longer processing
window for the removal of residual dimethylformamide (DMF), during the
annealing process, for improved perovskite formation. Imaging and X-ray
analysis both reveal that the MAPbI; Cl, film exhibits enlarged grains with
increased crystallinity. Together, these improvements result in reduced carrier
recombination and hole trap-state density in the MAPDbI, Cl, film, while
minimizing the hysteresis problem typical of PvSCs. These results show that
the AD approach is a promising technique for improving PvSCs.

sintering procedure (typically 450 °C) [2, 5-7]. Concu-
rrently, low temperature solution-processable planar

Organometal halide perovskite solar cells (PvSCs)
have been regarded as next-generation solar cells
because of their low cost of materials and processing,
facile production of flexible devices, and high device
performance [1-4]. Most reports about highly efficient
PvSCs involve incorporating perovskite materials into
a mesoporous scaffold coupled with a high-temperature

heterojunction (PHJ) PvSCs have also drawn significant
attention because of their convenient and inexpensive
device processing [8, 9]. These p-i-n type PvSCs have
often been made using PHJ sandwich structures of
perovskite material formed in between a hole-trans-
porting material and an electron-transporting material
[10].
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Because the crystallinity, morphology, thickness,
and surface coverage all play a crucial role in PHJ
PvSCs device performance, research efforts have
focused on tuning these parameters to yield a high
quality perovskite layer. For example, two notable
strategies include: (1) A “two-step casting” approach
that involves successive spin coating or vacuum
co-deposition of a metal halide and an alkylammonium
halide. This method hinges on the interdiffusion of
precursors to induce large grain features [11, 12], and
(2) a “one-step coating” technique with a pre-mixed
perovskite solution, accompanied by additional
control steps including solvent engineering [13],
thermal annealing [14], or processing solvent additives
[15-17]. Among the one-step coating approaches,
processing solvent additives have shown the most
attractive results. For instance, Jen et al. mixed a small
amount of 1,8-diiodooctane (DIO) into the perovskite
precursor solutions to improve the crystallization of
perovskite films [15]. Recently, Kim et al. [18] demon-
strated that dripping chlorobenzene (CB) together
with a small amount of DIO during spin coating of
perovskite, also referred to as additive dripping (AD),
resulted in an exceptionally smooth and uniformly
covered perovskite surface. Although this AD treatment
can help improve the device efficiency, there are some
major drawbacks in using DIO. Due to the molecule’s
very high boiling point (332.5 °C at 760 mmHg), DIO
is difficult to remove from the photoactive films during
the drying stage following spin coating. Accordingly,
numerous reports have revealed that DIO residue in
the active layer can jeopardize device reproducibility
and long-term stability [19-22]. In addition, since DIO
can improve the solubility of PbClz [15], the effect of
the AD treatment with DIO for decreasing the solubility
of perovskite precursor solutions is limited. To overcome
these problems, we have identified an alternative
additive, diphenyl ether (DPE) with a comparatively
low boiling point of 258 °C, and a reasonable dipole
moment of 1.17 D to enhance the AD treatment [23].
We note that our group and others have previously
reported DPE to enhance polymer solar cell performance
with thick active layers [24, 25]. For example, Nguyen
et al. applied DPE in the PPDT2FBT:PC;BM device
to improve efficiencies up to 9.39% in a ~ 300 nm thick
active layer [26]. Heeger et al. reported small-bandgap
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polymer solar cells with maximized light absorption
by the thick active layer and minimized recombination
by the optimized lateral and vertical morphology via
DPE processing to exhibit a high power conversion
efficiency (PCE) of 9.40% [27]. However, the application
and impact of DPE in PvSCs has not been thoroughly
reported.

Herein, we demonstrate that AD treatment with
DPE promotes a perovskite film with higher crystallinity
and enlarged grain size. This results from the low
dipole moment of DPE, suitable for tuning the solubility
of MAPDI,_,Cl, precursor, and the relatively lower
vapor pressure, compared to that of CB, which provides
a longer timeframe to remove residual dimethylforma-
mide (DMF) for perovskite growth during the annealing
process. Furthermore, the DPE-treated MAPbI, Cl,
film shows improved optical and morphological
properties, which notably enhances the photocurrent
density and efficiency (up to 22.67 mA/cm? and 16.7%,
respectively) of PHJ PvSCs. More specifically, devices
processed with DPE exhibit reduced carrier recom-
bination and hole trap-state density. Based on these
benefits, we suggest that our proposed AD treatment
with DPE can be a simple yet valuable new strategy
towards controlling the crystallization and morphology
of PHJ PvSCs.

2 Experimental

Indium tin oxide (ITO) substrates with a sheet
resistance of 15 ()/square were cleaned with detergent
and ultrasonicated in acetone followed by deionized
water, and finally ethanol. The cleaned ITO substrates
were dried by nitrogen gas and rested for 15 min in a
petri dish before ultraviolet-ozone (UV—-ozone) treat-
ment to increase the work function of ITO. The aqueous
based PEDOT:PSS was directly obtained from Clevios
Al 4083 and filtered through polytetrafluoroethylene
(PTFE) filters (0.45 um) prior to thin film fabrication.
The poly(3,4-ethylenedioxythiophene):polystyrene sulf-
onate (PEDOT:PSS) films were spin-casted using a
spinning speed of 4,000 rpm/s and thermally annealed
at 150°C for 15min in ambient atmosphere. The
substrates were then transferred into a N,-filled glove
box for spin casting of the perovskite precursor solution.
The perovskite precursor solution was prepared
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using Pbl, and CH;NH;I (molar ratio, 1:1 in DMF
with 10 wt.% PbCl,), and stirred overnight at 65 °C.
The perovskite precursor concentration used was
1.8 mol/mL. Two perovskite films were deposited onto
the ITO/PEDOT:PSS substrates (Fig.1): (1) pristine
MAPDI; ,Cl, (CB): one step of spin coating at 7,500 rpm
for 25s using the perovskite precursor solution in
3.5 s followed by rapid dripping of 400 pL of CB onto
the rotating substrate. (2) MAPbI; Cl, (CB+DPE): one
step of spin coating at 7,500 rpm for 25 s using the
perovskite precursor solution in 3.5s followed by
rapid dripping of 400 uL of CB with DPE additive
(1 vol.%) onto the rotating substrate. After drying the
substrate at 100 °C for 5 min, phenyl-C61-butyric acid
methyl ester (PC¢;BM) solution (30 mg/mL in CB)
was deposited onto the perovskite film. Finally, 5 nm
of 4,7-diphenyl-1, 10-phenanthroline (Bphen, Lumin-
escence Technology Corp.) and 100 nm of Ag were
thermally evaporated at ~ 107 torr to form the contact
electrodes. The architecture of the device is ITO/PEDOT:
PSS/Perovskite/[6,6]-phenyl-C61-butyric acid methyl
ester (PCBM)/Bphen/Ag (Fig. 1).

After fabrication, the devices were illuminated under
a standard 100 mW/cm? simulated light source with
AM 1.5 G filters (ABET Technologies). The illumination
intensity was calibrated using a Newport calibrated Si
solar cell with a quartz window. The active area of
the device irradiated by the light was defined as 1.8
mm? using a photomask. This ensured that no excess
current was collected outside of the defined area. Current
density—voltage (J-V) data were acquired via a Keithley
2400 sourcemeter. The absorption and transmission
spectra of dried films were obtained using a Shimadzu
UV-3101 PC spectrometer. External quantum efficiency
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(EQE) measurements were performed in a nitrogen-
filled glove box with a silicon cell calibrated QEPVSI
system (Newport) under zero bias. Grazing incidence
wide angle X-ray scattering (GIWAXS) data was obtained
at beamline 1W1A, Beijing Synchrotron Radiation
Facility (BSRF), using a Si (111) double crystal
monochromator and a photon energy of 8 keV, with
an incident angle of 0.2°. The scattering vector is
given by Q = 4t sin 6/A; 0 is half of the total scattering
angle, and A is the X-ray wavelength (0.15476 nm).
Scanning electron microscopy (SEM) images were
obtained using a field emission Hitachi SU-70 unit.
The absorption spectra of the films were acquired
using a Varian Cary 3E UV-vis spectrophotometer.
Time-resolved photoluminescence spectra (TR-PL)
were measured using a time-correlated single photon
counting measurement system with 470 nm excitation
wavelength and 770 nm probing wavelength.

3 Results and discussion

In general, spin coating of a MAPbI,;_,Cl, precursor
dissolved in DMF on a substrate is followed immediately
by exposure of the wet film to the second solvent (CB)
[13]. CB does not dissolve the perovskite materials
and is miscible with DMF for freezing all constituents
into a uniform layer. Upon removal of the residual
DMF, a new intermediate complex phase is formed
[28]. This complex is then converted into a highly
uniform and crystalline perovskite film on annealing.
Chemically, DPE is a major side product in the
high-pressure hydrolysis of CB [29]. We compare the
chemical structures for CB and DPE (Fig. S1(a) in
the Electronic Supplementary Material (ESM)), and

Figure 1

Schematic description for the fabrication of the device with MAPbI;_,Cl, (CB) and MAPbI;_ Cl, (DPE+CB) by time interval

solvent-dripping without and with DPE, respectively, and the device architecture of the PvSCs constructed by ITO/PEDOT:PSS/

Perovskite/PCBM/Bhpen/Ag.
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demonstrate a limited solubility to the MAPbI,;_Cl,
precursor at room temperature with additions of CB
and DPE (Fig. S1(b) in the ESM). DPE is a non-polar
solvent with a dipole moment of 1.17 D versus for CB
(1.54 D), which can induce transformation to the complex
phase. Furthermore, DPE possesses a higher boiling
point (258 °C) than DMF (153 “C) or CB (132 °C), which
means that it has a lower vapor pressure under
standard processing conditions. Consequently, DPE
needs more time than CB to be removed from the film.
This provides a longer period of time for removing the
residual DMF during the annealing process, and
results in perovskite growth with high crystallinity.
Moreover, it is possible to tune the kinetics of crystal
growth of MAPbI, ,Cl, by the DPE molecules remaining
in the film [16, 30, 31]. These results indicate that
MAPbI;_Cl, treated with DPE easily promotes better
nucleation and growth in the perovskite film.

To investigate the impact of DPE on both lattice
structure and crystallographic orientations of the
perovskite, we employed synchrotron-based GIWAXS
to probe the internal nanostructure of the pristine
MAPDI; Cl, (CB) and MAPbI; Cl, (CB+DPE) films
grown on ITO/PEDOT:PSS. The presence of strong
scattering rings in both films indicates that the perovskite
layers are predominantly polycrystalline (Fig.2 and
Fig. 52 in the ESM). The MAPbI,_,Cl, films exhibit the
anisotropic signals at g = 1, 2, 2.3, and 2.8 A which
correspond to the (110), (220), (310), and (224) lattice
planes, respectively. This indicates that all of the
MAPbI, Cl, films possess orthorhombic crystal structure
[2, 32]. We note that the absence of the Pbl, (001)
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scattering peak at g = 0.9 A indicates a complete
conversion of the insulating Pbl, into a semiconducting
perovskite [33]. However, clearly sharper peaks (at
1.0, 2.0, 2.3, and 2.8 A™) are seen for MAPbI,_Cl,
(CB+DPE). The stronger perovskite scattering signals
of (110), (220), (310), and (224) correspond to diffraction
intensities of MAPbI;_,Cl, (CB+DPE), and imply that
the MAPbI, ,Cl, (CB+DPE) granules are highly crys-
talline. Moreover, the full width at half maximum
(FWHM), based on the Debye-Scherrer equation, is
narrower for the MAPbI; Cl, (CB+DPE) film (Table
1), which indicates better film crystallinity, crystal
orientation, and larger grain sizes than pristine
MAPbI, ,Cl, (CB). We also note that the absorbance
of the MAPDI; ,Cl, (CB+DPE) film is higher than that
of MAPDbI; ,Cl, (CB) in the range of 550-800 nm, which
may come from better crystallization of MAPbI; Cl,
(CB+DPE), which is consistent with the results of Ren
et al. [34]. These results demonstrate that the AD process
benefits crystal formation, which in turn improves
the optoelectronic device performance.

In order to study the impact of DPE on the morphology
of the perovskite films, we obtained the top-view
SEM images of the film surface after completion of
annealing. The MAPbI;_,Cl, (CB+DPE) film is
pinhole-free and has full coverage on the substrate
(Figs. 3(a) and 3(b)). The average grain size for the
perovskite thin films with and without DPE
treatment are 300 and 160 nm, respectively. The grain
size distribution was extracted from the SEM images
using the Nano Measurer 1.2 software (see Fig. S3 in
the ESM) [35]. This observation is in accordance with
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GIWAXS patterns for (a) pristine MAPbI;_,Cl, (CB), and (b) MAPbI;_,Cl, (CB+DPE) films formed on PEDOT:PSS.
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Table 1 Values of FWHM at the peak of (110), and (220)

FWHM (A™)
(110) (220)
MAPbI;_Cl, (CB) 0.105 0.115
MAPbI;_,Cl, (CB+DPE) 0.048 0.082

the GIWAXS results, again revealing that the AD
method favors the growth of large grain perovskite
films. Together, these observations support the further
study of using AD with solvents such as DPE towards
preparing higher quality perovskite films for solar
applications. The enlargement of the perovskite grain
size is indicative of fewer grain boundaries and lower
trap state density in the MAPbI, Cl, (CB+DPE) film
[36]. As the recombination of the PvSCs is governed
by the trap states [37], the larger grain size of the
MAPbIL, . CL, (CB+DPE) film suggests a lower probability
of carrier recombination and loss.

Next, we investigated the variation in the optical
properties of the pristine MAPbI;_,Cl, (CB) and
MAPbI;_ Cl, (CB+DPE) films. The optical absorption
spectra of the pristine MAPbI; Cl, (CB) and MAPbL,; Cl,
(CB+DPE) films on ITO/PEDOT:PSS are shown in
Fig. 4(a). The thicknesses of the MAPbI;_,Cl, (CB) and
MAPbL; Cl, (CB+DPE) films were about 490 and 496 nm,
respectively. The absorbance of the MAPbI;_Cl,
(CB+DPE) film is higher than that of the MAPbI,_.Cl,
(CB) in the range of 550-800 nm, which may be the
result of better crystallization of MAPbI; ,Cl, (CB+DPE),
consistent with the results of Ren et al. [34]. This
demonstrates that the MAPDbI, Cl, (CB+DPE) absorber
can capture a greater photon flux to generate more
carriers.

In order to probe the effect of the enhanced crystal-
lization and morphology of the perovskite thin films

2 ‘ﬂ!i
e
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that were prepared using the AD method, on charge
dissociation, TR-PL spectra were obtained and analyzed.
The corresponding PL spectra and decay curves for
the pristine MAPbL; Cl, (CB) and MAPbI; Cl, (CB+DPE)
films on the ITO/PEDOT:PSS substrate, with the
incident laser beam coming from the substrate direction,
are shown (Fig.4(b) and Fig. 54 in the ESM). The
excitation wavelength was set at 470 nm, which had a
limited penetration depth in the perovskite films. This
ensured that the study of the charge carrier behavior
for the perovskite films was carried out close to the
interface between the perovskite layer and the charge
collection layers [38]. The TR-PL decays were acquired
at an emission wavelength of 770 nm. Using the AD
method, photo-generated carriers are extracted quickly
to the PEDOT:PSS, causing a sharp decline of the PL
peak for the MAPbI, Cl, (CB+DPE) film. The PL
decay curves were fitted with a bi-exponential decay
function [39]. The ITO/PEDOT:PSS/MAPbI,_.Cl, (CB)
stack exhibits an average decay of 21 ns which is
calculated by the following formula

n
Z ”iTiZ

<r>=—L (1)
Z%

where 7 is the decay constant and # = 2. In the
ITO/PEDOT:PSS/MAPbI>+Cl: (CB+DPE) stack, the
average decay is reduced to 8 ns. This suggests that
most of the free carriers generated on the MAPbIz«Clx
(CB+DPE) films are efficiently transferred to PEDOT:
PSS minimizing carrier recombination, which confirms

the potential of the conventional p-i-n heterojunction.
This observation is also consistent with the reduced
steady-state PL peak intensity and directly translates
into an improved device performance.

Yale 5.0 k¥ 5.8 mm x50.0k SE{M)

Figure 3 Top-view SEM images of (a) pristine MAPbI;_,Cl, (CB) and (b) MAPbI;_,Cl, (CB+DPE).
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Figure 4 (a) Absorption spectra of (both) perovskite films; the data was normalized with respect to film thickness. (b) Time-resolved

decay curves for both perovskite films.

Next, PvSCs were fabricated by using the pristine
MAPbI; Cl, (CB) and MAPbI; Cl: (CB+DPE) films,
and PCBM. The current density—voltage (J-V) curves
under 100 mW/cm? are shown, where the performances
of PvSCs composed of ITO/PEDOT:PSS/Perovskite/
PCBM/Bphen/Ag fabricated using pristine MAPbI;_,Cl,
(CB) and MAPbI; Cl, (CB+DPE) films are observed
(Fig. 5(a)). The corresponding parameters are summ-
arized in Table 2. As shown in Fig. 5(a) and Table 2,
the PvSC device made with the MAPbI;_Cl, (CB) film
exhibits a PCE (forward/reverse) of 13.94%/14.43% and
a short-circuit current density (J,.) (forward/reverse)
of 19.12/19.87 mA/cm?. They also show an open-circuit
voltage (Voc) (forward/reverse) of 0.92/0.92 V, and fill
factor (FF) (forward/reverse) of 79%/80%. On the
other hand, the device made with the MAPbI, ,CL,
(CB+DPE) film exhibits a PCE of 16.38%/16.64% with
Jsc = 22.67/22.74 mA/cm?, Voc = 0.93/0.94V, and FF =
78%/78%. Remarkably, we demonstrate that the forward
and reverse current densities from the PvSCs incorp-
orated with the MAPDbI; ,Clx (CB+DPE) are significantly

~

(a
o~ 0 111
E -2F —&—CB reverse
< 4 —e—CB forward
g -6 —A— CB+DPE reverse
-~ _gf —¥— CB+DPE forward
£ o}
5 =12}
= -14}
= -16f
£ -18f
= -20
© 22l .
24 1 L L L L
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

enhanced when compared with those from the PvSCs
incorporated with the pristine MAPbI; ,Cl, (CB). This
is confirmed by the incident photocurrent efficiency
(IPCE) in Fig. 5(b). The calculated Jsc increased after
using DPE+CB treated perovskite films, which is
consistent with the Jsc enhancement from the J-V curve.
We surmise that the Jsc improvement may originate
from the enhanced absorption and superior crystallinity
of the perovskite film prepared using DPE. As a
result, about 15% enhancement in PCE is observed
from the PvSCs incorporated with the MAPbI;_Cl,
(CB+DPE). The statistical analyses of the maximum
PCE collected from ten independent devices fabricated
using different batches are shown (Fig. S5 and Table
S1 in the ESM). This confirms the improvements
observed in films made with DPE. We emphasize that
the high PCEs (over 16%) observed from this study
are achieved by low-temperature solution-processed
PvSCs made of a rather simple device structure, opens
anew trail towards efficient and low-cost photovoltaics.

The hysteresis problem in MAPbI;_,Cl, systems has

(b) 100
421
8o} 18
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" 1 " 0
400 500 600 700 800
Wavelength (nm)

Figure 5 Photovoltaic metrics of perovskite solar cells with and without DPE. (a) J-V curves were measured at a scan rate of
142 mV/s under AM1.5 simulated solar light (100 mW/cm?). (b) Incident photon-to-current efficiency (IPCE) curves and corresponding
integrated Jsc curves for the devices with pristine MAPbI;_,Cl, (CB), and MAPbI;_,Cl, (CB+DPE) perovskite films.
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Table 2 Photovoltaic performances of the best PvSCs with
pristine MAPbI;_,Cl, (CB), and MAPbI;_,Cl, (CB+DPE) perovskite
films

Scan Je Voc FF PCE
direction (mA/cm?) V) (%) (%)
MAPbL;_Cl, Forward 19.12 092 80  13.94
CB
(€B) Reverse 19.87 092 79 1443
MAPbI;_Cl, Forward 22.67 093 78  16.38
(CB+DPE)
Reverse 22.74 094 78  16.64

raised many concerns about the feasibility and
long-term stability of this kind of photovoltaic
technology [40, 41]. For the system described in this
work, we illustrate that the ]-V curves almost overlap
for the forward and reverse scan directions (Fig. 5(a)
and Table 2), which means that the |-V hysteresis is
significantly minimized by the presence of DPE. It
has been suggested that the following factors can
potentially contribute to |-V hysteresis: trap-sites in
the perovskite, charge transfer imbalance at the
interface, and the capacitive effect due to extremely
large values of photoinduced dielectricity [42—45]. To
better understand our system, we conducted dark
current-voltage (I-V) analysis on a hole-only device
to quantify the hole trap-state density in the perovskite
films. We display the I-V curves of the hole-only
device using pristine MAPbI5-:Clx (CB) and MAPbIz«Clx
(CB+DPE) films in the dark (Fig. 6). The linear relation
(green line) indicates an ohmic response of the
hole-only device at the low bias voltage. As the bias
voltage exceeds the kink point, the current rises
nonlinearly (red line), signifying that the trap states
are entirely filled. The trap-filled limit voltage (V1rL)
was determined by the trap-state density relation [46]

en,L

TFL =
2¢e,

)
where e is the elementary charge of the electron, L is
the thickness of the perovskite film, ¢, is the vacuum
permittivity, ¢ is the relative dielectric constant of
perovskite (¢ = 28.8) [47], and n:is the trap-state density.
V1L can be obtained from the kink point in the dark
-V curve. The MAPbI; Cl, (CB) film coated on the
ITO/PEDOT:PSS substrates has a hole trap-state density
of 1.37 x 10 cm3. As expected, when the MAPbI;_ Cl,
(CB+DPE) film was coated on the ITO/PEDOT:PSS,
the hole trap-state density fell to 9.07 x 10> cm=3. A
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Figure 6 Dark -V curves of the hole-only device revealing
Ve kink point behavior.

decrease of the trap density by 34% explains why the
J-V hysteresis is almost entirely subdued in the PvSCs
with DPE and thus contributes to the observed Jsc
increase [48, 49].

4 Conclusions

In summary, by fine-tuning the solubility of MAPbI, ,Cl,
precursors and opening a longer time frame for
MAPbI; Cl, growth using an AD step with DPE, we
achieve uniform, pinhole free perovskite films with
improved crystallinity and larger grain size. This
room-temperature solvent AD step is easy to implement
using a small amount of DPE in CB that is briefly
dripped during the spin casting step. Solar cells
fabricated via AD of perovskite films with DPE exhibit
PCEs up to 16.64%, with very small hysteresis due to
three aspects: the absorption enhancement, the more
efficient charge extraction, and the reduced recombi-
nation. AD also allows the development of MAPbI,_Cl,
films with reduced carrier recombination. The results
of this study introduce a new path for the development
of high-efficiency PvSCs and we propose that further
studies on employing the solvent AD approach for other
solvents could potentially yield further improvements.
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