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ABSTRACT Researchers working in the field of photovoltaic
are exploring novel materials for the efficient solar energy
conversion. The prime objective of the discovery of every novel
photovoltaic material is to achieve more energy yield with easy
fabrication process and less production cost features. Per-
ovskite solar cells (PSCs) delivering the highest efficiency in
the passing years with different stoichiometry and fabrication
modification have made this technology a potent candidate for
future energy conversion materials. Till now, many studies
have shown that the quality of active layer morphology, to a
great extent, determines the performance of PSCs. The current
and potential techniques of solvent engineering for good ac-
tive layer morphology are mainly debated using primary sol-
vent, co-solvent (Lewis acid-base adduct approach) and
solvent additives. In this review, the dynamics of numerously
reported solvents on the morphological characteristics of PSCs
active layer are discussed in detail. The intention is to get a
clear understanding of solvent engineering induced mod-
ifications on active layer morphology in PSC devices via dif-
ferent crystallization routes. At last, an attempt is made to
draw a framework based on different solvent coordination
properties to make it easy for screening the potent solvent
contender for desired PSCs precursor for a better and feasible
device.

Keywords: perovskite, solvent engineering, Lewis acid-base, ad-
ditive, coordination property

INTRODUCTION
For the last few years, photovoltaic technology has de-
veloped into a vibrant scientific field for study and
knowledge. The advancement of novel materials has un-
locked perspectives for the fabrication of economic and
competent devices [1]. Perovskite materials (MAPbX3,

MA=methylammonium and X=I, Br, Cl) have been
considered as the exciting and promising ingredients in
fabricating photovoltaic cells owing to its excellent ab-
sorption efficiency, ambipolar semiconductor, and long
diffusion length [2–4]. The power conversion efficiency
(PCE) of the perovskite solar cells (PSCs) swiftly increases
from 3.8% to 23.3% [5,6], approaching the photovoltaic
performances of crystalline silicon thin film and GaAs
[7]. Such swift improvement is unprecedented in the solar
energy, and thus PSCs are considered as the most com-
petitive contenders for the next generation photovoltaics
[2,8,9].

With the progress of fabrication techniques, such as
vacuum evaporation [10], sequential deposition techni-
que [11], solvent engineering approach [12], vapour-as-
sisted [13] and additive-assisted deposition [14], high-
quality layers of perovskite with smooth surfaces and
uniformity have been produced by handling its fast nu-
cleation behaviour, where PbI2 was usually employed as B
and X site species with MAI on A site in the perovskite
structure.

The active layer is a vital part of a high-performance
PSCs. Generally, the solution processed perovskite film’s
surface morphology can be controlled by the crystal-
lization rate and nucleation, in detail, controlling fast
nucleation and delaying crystal evolution [15]. The dif-
fusion length for charge carrier of MAPbI3 was changed
from hundreds of nanometers to hundreds of micro-
meters, subject to trap density [2,8,9,16–18]. Trap density
resulting from grain boundaries and defects was reported
to impede the diffusion of free charge carrier, causing
non-radiative recombination and thus rigorously drop-
ping the charge carrier lifetime and photoluminescence
yield [19,20]. Millimetre range free-standing sole crystals
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of perovskite evolved in precursor solution are likely to
enhance significant charge carrier lifetime with least ra-
diative recombination [8,9]; Yet, this might be difficult to
implement on existing devices. However, the fabrication
of PSCs with excellent reproducibility and high PCE still
depends on the selection of suitable solvents or system of
solvents. Out of numerous factors affecting the perfor-
mance of the perovskite layer, the choice of solvent is
important [21]. Herein, we discuss in detail the influence
of reported solvent process on the PSC performance, such
as primary solvent, co-solvent (Lewis-base adduct ap-
proach) and solvent additives.

PRIMARY SOLVENT
By now, for solution-processed perovskite photovoltaic
cells via one-step or two-step deposition technique, polar
aprotic solvents, like dimethylsulfoxide (DMSO) and di-
methylformamide (DMF) were widely used to solubilize
the precursors owing to their coordination ability to form
stable intermediate phases such as PbI2-DMSO or
MAI-PbI2-DMSO [22,23]. Along with these DMSO and
DMF, N-methyl-2-pyrrolidone (NMP) and
γ-butyrolactone (GBL) are also some of the commonly
used aprotic solvents in the precursor solution [15,24–
26]. All the reported solvents hold a robust electro-
negative polar group with C=O or S=O that make them
able to coordinate with PbI2 possibly [27–29].

The choice of solvent for the precursor solution is a key
factor affecting the device morphology. The main criter-
ion is that the desired solvent should be polar aprotic,
which can dissolve the perovskite precursors. The phy-
sical properties, like vapor pressure and boiling point,
should be noted during the desired crystallization route,
that is, slow or fast. Lin et al. [30] found that the crystal
nucleus of the MAPbI3 film is the largest in two-step
deposition method, as root-mean-square (RMS) value is
the greatest when DMF (24.549 nm) was the solvent as
compared to DMSO (21.316 nm), GBL (11.962 nm) and
NMP (4.667 nm). The vapor pressure of DMSO, DMF,
GBL, and NMP at room condition are 2.7, 1.5, 0.375 and
0.3 mmHg, respectively. Higher saturated vapor pressure
can cause a lower boiling temperature and higher vola-
tility which lead to fast crystallization, while higher
boiling temperature can raise the temperature and time of
crystallization.

The boiling temperature of DMF (153°C) is lower than
the others, so the crystal nucleus is steadily reaching
substantial in size. Though the vapor pressure of DMF is
lower than DMSO, crystal nucleus of DMSO is smaller
because the dimension of the crystal nucleus is dependent

on not only solvent’s volatility but also the strength of
coordination with precursor and its respective crystal-
lization route. As presented in Fig. 1b, through a con-
tinuing investigation at elevated temperature, the
solubility of the precursor in DMF and DMSO is looking
quite better than GBL and far superior to NMP. The layer
thickness also has a significant impact on the efficiency of
the device. When NMP solvent was used, the thickness of
the MAPbI3 layer is around 432.5 nm. While for GBL,
DMSO and DMF, it is about 530.2, 621.3 and 1,169 nm. It
indicates that a balanced trade-off between volatility and
coordination strength of solvent can lead to optimum
layer thickness [30].

Seo et al. [31] also supported the above results by using
these solvents as a lone solvent and solvent system (co-
solvent). They found that almost all of these solvents are
capable of forming stable intermediate phase (IP) with
MAI and PbI2 with different coordination condition. As
depicted in Fig. 2a, XRD spectra of the adduct show that
all solvents except GBL contain diffraction peaks at low
angles, which are eventually faded away due to the an-
nealing process, indicating that they are transformed into
MAPbI3 [23,29] as shown in Fig. 2b. As witnessed in

Figure 1 (a) Molecular arrangement of DMF, GBL, NMP, and DMSO.
(b) The solubility of the PbI2 precursor at 75°C in DMF, DMSO, GBL,
and NMP. Both DMSO and DMF: liquefied; GBL: colloidal suspension;
NMP: partially liquefied. Reprinted with permssion form Ref. [30],
Copyright 2014, the Royal Society of Chemistry.

Figure 2 (a) X-ray diffraction (XRD) spectra of intermediate phases
from different solvents. Reproduced from Ref. [31], Copyright 2017,
Elsvier. (b) Final perovskite film with crystal plane. Reproduced from
Ref. [23], Copyright 2015, American Chemical Society.
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previous studies, such low-angle IP peak demonstrates an
intermediate state formation like MAI-PbI2-DMF, MAI-
PbI2-NMP, and MAI-PbI2-DMSO, and such observation
on only low-angle IP peaks without MAPbI3 peaks could
also well support that the formed IP is relatively stable at
room temperature, and it can slow down the perovskite
nucleation [15,23,29,32]. The XRD pattern of the final
MAPbI3 film is shown in Fig. 2b. The sharp diffraction
peaks centered at 14.2° (110 plane) and 28.5° (220 plane)
along with other minor peaks are indicative of the
CH3NH3PbI3 phase, a crystal structure formed after an-
nealing for a certain period.

Surface morphologies of subsequent layers (Fig. 3)
display that the DMF and GBL processed films showed
rough surfaces and poor uniformity with several holes
and rod-shape grains. This poor uniformity could be due
to the variance in solubility to endorse a different nu-
cleation rate among both precursors and comparatively
faster crystallization than in NMP and DMSO. On the
other hand, NMP, DMSO, GBL-DMSO, and NMP-
DMSO exhibited comparatively smooth morphology of
perovskite films than DMF and GBL. DMSO exhibited
significantly more uniform films among them, possibly
due to the relatively slow crystallization rate than DMF
and GBL. More remarkably, the DMF-DMSO formed
better and matured films with grain size substantial than
the lone DMSO, which might have been produced from
the too slow removal of DMSO as a result of strong IP
formation. Retarded crystallization always produces uni-
form film with smooth coverage, but grain size is not
always substantial as compared to fast crystallization,
causing more grain boundaries and subsequent re-
combination losses. In rapid crystallization of the per-
ovskite solution, grain size grows up to substantial at the
cost of film uniformity and coverage, resulting in trap
states in the form of pinholes and non-aligned orientation
of grains, which causes much more recombination losses

than the former one. As shown in Fig. 3g, PCEs of the
subsequent layers support the above-discussed facts.
DMSO-based PSCs, particularly DMF-DMSO exhibited
superior PCEs followed by NMP, owing to its smooth
morphology with minimum trap states. While, lone DMF
and GBL-based PSCs showed poor PCEs due to non-
uniform coverage and voids, resulting in recombination
losses.

Beside primary solvents assisted film passivation, a
common tactic to improve the characteristics of per-
ovskite film is to use a chloride-based precursor in the
solution. In particular, PbCl2 and CH3NH3I mixtures lead
to the formation of larger crystal domains of the per-
ovskite compared to other precursors and the related
reduction of grain boundaries and defects in the film
[33,34]. However, the role of chloride during the crys-
tallization process is still unclear, with many studies re-
porting no or only small amounts of chloride in the final
film as a result of gaseous byproduct that releases in the
form of CH3NH3Cl during the annealing process. The
difference in release and generation rate of CH3NH3Cl is
of concern since it leads to the formation of pinholes and
trap states resulting in substantial recombination rate and
hysteresis in the final device. As previous studies, fast
crystallization via hot casting and vacuum-assisted ther-
mal annealing process can avoid this difference [33,35].
However, the problems with these processes are that ei-
ther we need to maintain high temperature as in the case
of hot casting (for both, solutions and subtract) or
maintain vacuum for vacuum-assisted thermal annealing
process, which are not scalable approaches regarding re-
producibility. These non-scalable fast crystallization
techniques can be replaced by such solvent engineering
assisted fast nucleation method which does not require
any stable IP formation.

Xiang et al. [36] developed a solvent-technique for even
perovskite films without the need for high-temperature

Figure 3 (a–g) Scanning electron microscopy (SEM) images of MAPbI3 films processed using DMF, GBL, NMP, DMSO and their respective solvent
system, respectively. Insets are at a scale bar of 10 μm. (h) PCE of the subsequent devices. Reproduced from Ref. [31], Copyright 2018, Elsvier.
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annealing. NMP was used as a high-boiling-point solvent
and a complexant, combined with the dimethylacetamide
(DMAc, a homologous of DMF), to enhance the quality
of perovskite films and improve the corresponding device
performance. NMP has higher boiling temperature than
DMSO, but if used in optimized volume ratio, its affinity
towards strong non-polar anti-solvents can be a crucial
advantage for rapid nucleation. Notably, 17.09% effi-
ciency was attained even without any post-annealing
process for the device based on DMAc/NMP co-solvents.
The observed phenomenon is mainly because NMP-in-
cluded solvents can induce an instant crystallization once
the strong anti-solvent drips on the films at room tem-
perature (RT). Although Xiang’s work is based on stan-
dard CH3NH3I & PbI2 precursors, still one can exploit the
NMP’s affinity towards non-polar anti-solvent for fast
crystallization of chloride-based perovskite films without
any post-annealing process. Since this solvent engineering
technique does not need any annealing stage, so one can
produce chloride based films without the generation of
CH3NH3Cl which in other case is difficult to control.

From these annotations, it can be suggested that the
balanced trade-off between solubility and physical prop-
erties (vapor pressure and boiling point) should be con-
sidered for selecting a primary solvent. The different IP
formation can be the result of different solvents. Notably,
since the IP degree could not be the same (MAI-PbI2-
DMSO>MAI-PbI2-DMF>MAI-PbI2-NMP>MAI-PbI2-
GBL) as known to be relative to the coordination strength
amongst solvents (DMSO>DMF>NMP>GBL) and pre-
cursor [15,23,28,29,32,37–42]. These outcomes also in-
dicate that each solvent can lead to different perovskite
nucleation rate by either retarding or boosting the crystal
evolution of precursor solution. This change in nuclea-
tion rate depends on the difference in IP stability and
physical properties of solvents, like boiling point and
vapor pressure as well as their behavior towards non-
polar anti-solvent.

LEWIS ACID-BASE ADDUCT APPROACH
In most cases, the precursor solution for the one-step
method involves more than one solvent as a co-solvent or
solvent system. The intention is to form a stable Lewis
acid-base adduct, leading to a homogeneous coverage and
pinhole free morphology. Generally, it involves the use of
one high boiling strong base polar aprotic solvent which
can form a stable IP with precursor after quenching of
low boiling solvent (volatile) due to anti-solvent washing,
as illustrated in Fig. 4 [43,44]. Just like mentioned earlier,
co-solvents are used to enhance the morphology of the

perovskite layers [24]. Such solvent system produces
crystals with appropriate grain dimensions to offer a
better interfacial contact between the substrate and the
active layer.

The reaction of an aprotic solvent (Lewis base) with Pb
(II) halide (Lewis acid) results in the formation of the
adduct, where adduct is coupled by a coordinate covalent
bond (electrons shared by Lewis base) to make some
coordination complex as typically happens in metal-li-
gand interactions in most organometallic compounds.
The Pb(II) halides are recognized as Lewis acid since they
receive iodide anion to make iodoplumbate anion like
[Pb3I10]

4− and [Pb5I16]
6− [45,46]. It was stated that Pb(II)

halides can form 1:1, 1:2, or 2:1 adducts with bidentate
(LL) and monodentate (L) ligands with nitrogen, sulfur
and oxygen donors [47,48], like DMSO, NMP, thiourea,
thioacetamide, aniline, and pyridine. Ahn et al. [23] elu-
cidated the Lewis acid-base adduct method for perovskite
film evolution by using DMF and DMSO in precursor
solution and found that stretching vibration of S=O (νS=O)
lies at 1,045 cm−1 for the pristine DMSO [49], which is
moved to lower 1,020 cm−1 for PbI2-DMSO complex and
for MAI-PbI2-DMSO complex it further moved down to
1,015 cm−1 (Fig. 5 and Table 1). The νS=O at 1,020 cm−1 is
relatively steady with the frequency of 1,022 cm−1 noticed
for the 1:1 adduct of PbI2-DMSO [47].

Harmonic motion for diatomic model states that vi-
bration frequency is relative to force constant’s square
root [50]. Therefore, the shifted S=O stretching frequency
specifies a decline in force constant, caused by a fall in
bond strength amid oxygen and sulfur due to the for-
mation of the adduct. Therefore, the S=O stretching
frequencies of both PbI2-DMSO and MAI-PbI2-DMSO
were spotted in lower wavenumber as compared to bare

Figure 4 The depiction of the fabrication method and SEM images for
perovskite films developed by deposition of the DMF solution (a) with
DMSO and (b) without DMSO. To produce 1:1:1 adduct of MAI-PbI2-
DMSO, ethyl ether was loaded during a spin to quench out DMF. Re-
produced from Ref. [23], Copyright 2015, American Chemical Society.
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DMSO. Since S=O stretching wavenumber of PbI2-
DMSO is higher than that of MAI-PbI2-DMSO, it can be
expected that S=O bond strength will further decrease if
more Lewis acid interacts with Lewis base (DMSO) [47].
As shown in Fig. 5a, stretching peak of NH3

+ exists in
MAI-PbI2-DMSO, showing that S=O bond strength is
further reduced due to additional reaction with Lewis
acid of Pb2+ and MA+ ions. Hence, a stable adduct of PbI2
and MAI is produced, as supported by Fourier transform
infrared spectrometer (FTIR) study, which can result in a
device with optimized morphology [23].

To further elucidate the adduct approach, Lee et al. [51]
adopted this Lewis acid-base adduct approach on FAPbI3
precursor and thiourea, a sulfur-donor as a Lewis base.
For MAPbI3, DMSO can be a suitable Lewis base as it
possesses common −CH3 functional group, while for
FAPbI3, the functional group of −NH2 in the base was
taken into consideration, since two groups of −NH2 are in
FAPbI3. Moreover, it has been previously demonstrated
that O-donors are weaker than S-donors [47]. In Fig. 6a
and b, infrared spectra of FAI-PbI2-thiourea, PbI2-
thiourea and thiourea are shown. The stretching vibration
of S=C for thiourea appears at 730 cm−1 and indicates its
change to a lower wavenumber of 724 and 714 cm−1 after
interaction with PbI2 only and FAI and PbI2, corre-
spondingly, suggestive for its adducts with both pre-
cursors [52]. This reasonable change of S=C vibration
shows that thiourea robustly coordinates with FAI and
PbI2. Though the 1:1 adduct of thiourea and PbI2 has
been described earlier, the stoichiometry of the adduct of

PbI2-FAI-thiourea is not definite [47]. However, obser-
ving the clear crystal surface obtained after deposition,
change of S=C stretching vibration by means of FTIR,
and nominal composition of primary constituents, a 1:1:1
adduct of FAI:PbI2:thiourea is expected to be shaped [51],
leading to a good surface morphology and optimized
performance with minimum hysteresis [53].

Zhang et al. [54] employed hexamethylphosphoramide
(HMPA), a strong Lewis basic donor-solvent with a much
higher electron-pair donating ability than that of DMF
and DMSO, for pre-treatment of the mesoporous TiO2
with a PbI2 solution. By using a modified sequential de-
position procedure involving a novel PbI2-HMPA com-
plex pre-treatment, a perovskite film with a PbI2-rich
region close to the electron transport layer was fabricated.
This technique yields an average PCE as high as 19.20%
with an exceptionally high FF of 0.801. This observation
was ascribed to the stable adduct of HMPA with PbI2,
which successfully retarded its dissolution when depos-
iting the perovskite layer. Due to strong Lewis basicity of
HMPA, an enhanced interaction of the solvent molecules
with both PbI2 and TiO2 was observed, which benefited
the final performance of the device.

A solvent system with more than two solvents is an-
other potential way to stretch the limits of Lewis acid-
base adduct approach further. The main idea behind this
technique is to wisely adjust the proportions of solvents
to control the formation of IP. Wu et al. [55] designed a
ternary mixed-solvent by adding NMP into DMF and
DMSO based perovskite solution in optimized propor-

Figure 5 Fourier transform infrared spectrometer (FTIR) of (a) DMSO,
PbI2-DMSO and MAI-PbI2-DMSO, and (b) extended fingerprint section
for S=O vibrations. Reproduced from Ref. [23], Copyright 2015,
American Chemical Society.

Table 1 Stretching frequency of S=O for DMSO solvent, PbI2-DMSO and MAI-PbI2-DMSO adducts with respective chemical structures [23]

Functional group

ν(S=O) DMSO
1045 cm−1

PbI2-DMSO
1020 cm−1

MAI-PbI2-DMSO
1015 cm−1

Figure 6 (a) FTIR for thiourea and its adducts, and (b) the fingerprint
region for S=C stretching. Reproduced from Ref. [51], Copyright 2015,
American Chemical Society.
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tions and fabricated a high quality mixed perovskite
Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 films. The addition
of NMP causes the formation of Lewis acid-based adduct
leading to slow crystallization rate and homogeneous
nucleation of perovskite. Notably, the formation of the IP
was controlled by tuning the NMP/DMSO ratio wisely,
which resulted in the formation of enhanced perovskite
films. Based on this technique, a compact, large grain,
uniform film with narrower band-gap and strong
absorption was prepared which showed an efficiency
approaching 20%.

The action of the ternary based solvent system con-
siderably enhanced crystals domain and produced a
smooth surface with Ra value decreased to 13.9 from 25.7
as depicted in Fig. 7a and b. Fig. 7c shows that the ul-
traviolet-visible (UV-vis) absorption spectra of the films
prepared with the ratios of 0.5:4 and 1:4 display strong
absorption capacity at the wavelength over 510 nm,
whereas showing less absorption capacity at the wave-
length below 510 nm, which is most likely due to the
defects reduction and improved crystal quality. Moreover,
the perovskite films prepared by optimum ratio exhibit a
red-shift in the absorption edge (Fig. 7d), indicating a
better energy level and narrower band-gap, thus can grab
the photons with low energy, consequent to high-effi-
ciency device [55].

Above discussed observations advocate that adduct
formation depends on not only the type of the solvent but
also nature of the precursor in solution [56]. That means
the acidic nature of the precursor interacting with basic
solvent in solution also defines the IP induced stability
and subsequent morphology. Co-solvents with more than
two solvents can play a vital role in controlled nucleation
by wisely adjusting the volume ratio of each, keeping
solubility and physical properties of each solvent in mind.
The more Lewis-acidic a precursor is, the more care
should be taken while selecting solvent with high vapor
pressure and low boiling point for IP formation. The high
volatility of solvent will induce fast crystallization, and
there will be fewer chances to form stable IP or stepwise
nucleation whether it contains two or more than two co-
solvents.

SOLVENT ADDITIVES
Solvent additives are one of the elements inducing en-
hancement of film morphology in PSCs, which are added
to the solvent or solvent system. Various additives have
been applied to various stoichiometry compositions.
Snaith et al. [57] presented the use of hydro-iodic acid
(HI) as a doping additive for the FAPbI3 based devices. Li

et al. [58] added halogen acids into the PbI2 precursor
solution for the deposition of perovskite film via the two-
step method. The impacts of hydrochloric acid (HCl) and
HI on perovskite morphology, PbI2 crystallization, sta-
bilization and cell performance were assessed. It was
shown that halogen acids boost crystal growth and
homogeneous nucleation due to the modification in PbI2
crystalline morphology. After addition of HCl or HI, the
morphology of PbI2 changes from rod-like crystals to the
hexagonal plate-like crystals. The plate-like PbI2 mor-
phology produces complete coverage of the TiO2 film in
the planar device, which leads to complete coverage of the
final perovskite film. The use of solvent additives, espe-
cially, the HCl, enhanced the device efficiency and sta-
bility. Film morphology after addition of the HI and HCl
are depicted in Fig. 8. Additional additives were in-
vestigated [14,59–61].

A noticeable and exceptional solvent additive is
4-tert–butylpyridine (TBP), a nitrogen donor ligand,
which was used in the two-step deposition after blending
it into PbI2 precursor solution [62]. When it blends into
the PbI2 precursor solution, it forms a complex of PbI2·
xTBP in a post DMF vaporization state, just like an ad-
duct. The PbI2·xTBP complex transforms into small pores
after annealing at 70°C that can be altered using various
proportions of TBP. This PbI2 morphology enhances the
diffusion of the MAI and could reduce the required time
for reaction with the MAI solution. A more substantial
proportion of MAI concentration gives an unceasing and
smooth perovskite film without any residues of PbI2. The
device made with the TBP solvent additive exhibited vivid

Figure 7 Cross-sectional SEM images with atomic force microscope
(AFM) images of prepared films in insets (a) DMSO (without NMP, 0:4)
and (b) NMP/DMSO (volume ratio of 1:4). (c) UV-vis absorption
spectra of the film prepared by different NMP/DMSO volume ratios, the
inset is the photos of films prepared using different volume ratios of
NMP/DMSO. (d) enlargement of UV-vis absorption spectra of the films
prepared by NMP/DMSO ratio with 0:4 (black) and 1:4 (red). Re-
produced from Ref. [55], Copyright 2018, Elsvier.
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progress in performance and stability. A notable 16%
efficiency was obtained for a planar structure device. The
fabrication process for PbI2 precursor with TBP as a
solvent additive is schematically illustrated in Fig. 9. Shi et
al. [63] employed the same TBP as a solvent additive in
mixed halide MAPbI3−xClx perovskite via one-step de-
position. For a one-step route, TBP was effectively used in
enhancing uniform crystallization of fine perovskite films
for inverted planar structure device. The use of TBP re-
sulted in aligned and enhanced crystallinity. Such feature
imparts a positive impact on the mobility of charge car-
rier and subsequent performance of the PSC. Finally, the
PCE of MAPbI3−xClx based PSC exhibited a notable in-
crease of 35% (from 11.11% to 15.01%) [63]. In another
study, environmentally friendly polar aprotic solvent, 1,3-
dimethyl-2-imidazolidinone (DMI) was used as a solvent
additive to DMF to produce perovskite film. After addi-
tion of 10 vol% DMI in the perovskite solution, a superior
film with the even surface was achieved. The average

grain size grows from ~216 nm to 375 nm after annealing
temperature increased from 100 to 130°C, leading to an
increase in efficiency of PSCs from 10.72% to 14.54%
[64]. Hence, it is a better solvent additive substitute for
carcinogen HMPA and reproductive toxic NMP in pro-
ducing PSCs via Lewis acid-base adduct approach, since it
offers nontoxic working conditions [65].

Gong et al. [66] fabricated an efficient and resilient
mixed halide perovskite film by using water as a solvent
additive in the one-step deposition method. Their work
obtained a device with quality crystallization and re-
sistance against humidity. Water molecules were added
into DMF solution to tune the growth of crystals as water
has a lower boiling point and higher vapor pressure. After
the addition of 2% deionized water, good film coverage
with improved grain size was observed. It was stated that
CH3NH3PbI3−xClx·nH2O hydrated perovskites were as-
sumed to be generated during the annealing process,
which can be resilient to the corrosion by humidity to
some degree. As shown in Fig. 10. compared with the
fresh samples, a peak at 12.65°, was observed in aged
CH3NH3PbI3−xClx samples with and without water ad-
ditive. Meanwhile, the strengths of the (110) and (220)
peaks were visibly weakened compared with the fresh
ones. The presence of (001) peak at 12.65° supports that
CH3NH3PbI3−xClx films experienced decomposition due
to continued exposure in ambient, which results in the
generation of PbI2. Notably, the intensity of (001) peak at
12.65° in water additive based samples is lower than that
in without water-based samples. It shows that water ad-
ditive based perovskite can resist the decomposition in
humid circumstances to some degree, which leads to
enhanced cell stability.

Although water is not a strong solvent to dissolve the

Figure 8 Surface SEM images of (a–c) pristine PbI2, PbI2 with HI and
PbI2 with HCl on the compact TiO2 film. (d–f) Pristine MAPbI3,
MAPbI3+HI, and MAPbI3+HCl, respectively, after reacting with MAI.
Reproduced from Ref. [58], Copyright 2015, American Chemical So-
ciety.

Figure 9 Schematic depiction of the PbI2 and perovskite layers fabri-
cation process: (a) compact PbI2 and (b) TBP added SAP-PbI2.

Figure 10 XRD spectra of fresh CH3NH3PbI3−xClx samples based on (a)
DMF, (b) DMF+water, and aged (150 h) CH3NH3PbI3−xClx samples
based on (c) DMF, (d) DMF+water. Reproduced from Ref. [62],
Copyright 2015, Wiley-VCH GmBH&Co.
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perovskite precursor, its physical properties made it
useful in above-discussed finding. Acetonitrile (ACN) is
another weak molecule used for perovskite film en-
hancement. Liang et al. [67] used ACN as a solvent ad-
ditive along with DMF and DMSO in a two-step method
and found that certain amount of ACN in solution can
enhance the film quality and subsequent performance.
The different molar ratio of ACN and DMSO were added
in DMF to study the effect. It was observed that ACN
based samples show better morphological features with
large grain dimensions than DMSO based samples. The
enhanced grain dimensions imply that the addition of
ACN not only preserve the film morphology but also
essentially mediate the dynamics of crystallization. This
finding proposes that the solvent additives with different
coordination ability can be vital to the film crystallization
process.

Solvent additives can serve as the active agents for al-
tering the perovskite layer as per required structural
growth with feasible device characteristics in respective
deposition route, which can be one-step or two-step
method. Some additive can trigger the fast crystallization,
while some can delay the nucleation process, depending
on their nature. Additives with different or weak co-
ordination strength can still play a key role in desired
results if used in suitable deposition route combined with
primary solvents. In one word, these solvents work as a
modifier to give a finish to the film for optimized per-
formances.

SOLVENT COORDINATION PROPERTIES
Crystallization routes for perovskite and the efficiency of
PSCs containing the subsequent active layers have been
influenced by the existence of solution based complex
intermediates [68–72]. It is generally believed that the
choice of solvent tells the formation of these complex
intermediates [71,73]. However, which mechanism the
coordination of solvent precursor affects crystallization
process, what properties of the solvent states these in-
teractions and how it influences the intermediates for-
mation are not entirely understood. So far, Mayer bond
unsaturation, Hansen’s solubility parameters, dielectric
constant and donor number (DN) [71,74–77] have been
used to define the interactions among solvent and pre-
cursors in perovskite solution. The dielectric constant of
the aprotic solvent is believed to relate with its “co-
ordinating strength” with the precursors particularly lead
halides [71], which affects the intermediates formation of
iodoplumbate (PbIn

2−n, n = 2−6) as well as lead−solvent
complexes [71] in solutions containing methylammo-

nium iodide and lead halide. The presence of such
complexes consequently defines the film morphology and
defect density of the whole perovskite films [69]. It is
determined that strong coordinating solvents will mainly
produce less number of iodide ions complexes and weak
coordinating solvents produce a large number of PbI6

−

complexes. It also suggests that all of these plumbate ions
might serve as a source of structural defects defining
electronic characteristics of the perovskite films [71].
While on the other side, Saidaminov et al. [74] revealed
that single crystals of MAPbI3 can be grown from GBL
instead of DMF [78] and then differences in polarity were
proved as a reason of various coordinating abilities of the
solvents for such behaviour. Furthermore, Hansen’s so-
lubility parameters, have been proposed as a preliminary
idea to choose solvents [75,77].

Gardner et al. [75] adopted the Hansen solubility
parameter model to set a rule for a possible combination
blend of non-hazardous solvents for the fabrication of
perovskite film and presented a starting point for non-
hazardous solvent systems for one-step deposition of
perovskite (with spectator ion) films processed by alco-
hol, acid and solvent blends. By using GBL/ethanol/acetic
acid (60/20/20 vol%), 15.1% of PCE was attained. After
maximum power point tracking for 5 min and exposed to
continuous illumination, the maximum power point of
PCE was maintained at 13.5%, comparable to that of
DMF-based PSCs [75]. However, Hansen’s solubility
parameters fail for an explanation of molecular com-
plexion and ionic interactions [75,77].

Hamill et al. [77] elucidated the strength of processing
solvent using Lewis basicity, equated by Gutmann’s donor
number, DN, on perovskite formation. They advocated
that DN is a more robust indicator for the ability of sol-
vents to dissolve perovskite precursor instead of dielectric
constant since the DN defines the potency of interactions
amongst Lewis basic solvent and marginal soft Lewis
acidic Pb2+ center of iodoplumbate complex in the pre-
cursor solution. Solvents with high DN number contest
with I− for coordination site about Pb2+ and subsequently
reduce the iodoplumbates formation; these Lewis solvents
form a steady perovskite solution for thin-film fabrica-
tion. Solvents with low-DN coordinate weakly with Pb2+

and therefore support the formation of iodoplumbate and
consequent single crystal evolution. This notion assists
the careful choice of solvent additives or processing sol-
vents tailored for the preferred use [77]. Fig. 11a shows a
weaker relation among the dielectric constants of basic
solvents and the solvent’s ability to produce stable per-
ovskite solution. In broad terms, persistent with whatever
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has been stated in the previous research [23,51,75], sol-
vents with dielectric constants greater than 30 seem to
solubilize the perovskite precursors. However, facts shed
light on much exclusion to this statement. Such as ACN
and tetramethylsulfone (TMS) with dielectric constants
more than 30, cannot form a stable precursor solution;
instead, the precursors readily crystallize to MAPbI3.
Propylene carbonate (PC) and ethylene carbonate (EC)
have higher dielectric constants compared to the other
tested solvents; these two solvents do not form the steady
precursor solutions. Lastly, nitro-methane (NME), with
the dielectric constant of 35.9, does not solubilize the
precursors completely.

It is shown that the DN displays a strong relation with
the potency of the solvent to dissolve the perovskite
precursor. Solvents with the DN greater than 18 kcal mol−1

are good to solubilize the precursors, while solvents with
the DN less than 18 kcal mol−1 supports crystallization of
the perovskite precursors from 1 mol L−1 solution. In-
deed, precursor solutions in solvents having the DN
greater than 18 kcal mol−1 are steady even after heated
near to the solvent’s boiling point temperatures. It can be
concluded that the DN is a reliable indicator of solubility
than dielectric constant, showing that Lewis acid-base
coordination amongst the precursor and solvent, not
electrostatics, rules the dissolution process. Since the Pb2+

center of the acidic lead salt shows an affinity for Lewis
basic ligand group, which may be solvent molecules, io-
dide anions or their combination [71,73]. The strength of
the lead salt to be solubilized improves when its affinity
for the Lewis ligands improves [77].

This base formed the framework with which solvents
having high DN can be selected as a solvent or additives to
modify the morphology of the thin film and better flex-
ibility in the post-deposition process. It highlights the sort
of physical indicators that can promote the solvent−pre-

cursor interactions in solutions and shows that the sen-
sible choice of solvents or additives is essential to alter
solid-state structural growth in PSCs.

SUMMARY
This review commented the dynamics of current and
potential practices of solvent engineering to make an
enhanced and vibrant perovskite device. Solvents were
discussed for one-step and two-step deposition method
regarding primary solvent and co-solvent (solvent sys-
tem) with respective outcomes. Solvents were differ-
entiated via coordinating with the precursor. It is evident
that DMF and DMSO are stronger to dissolve precursor
compared with others, which can lead to better mor-
phology with fewer trap states. Lewis acid-base adduct
approach for controlled nucleation and retarded crystal-
lization were explained to make it easy to understand the
role of stable intermediate complex amongst precursor
and solvent (or solvent system) for the enhanced mor-
phology and better performance. Strong solvents with a
high boiling point like DMSO and thiourea are concluded
as a suitable option for stable adduct with the precursor,
which in turn retards nucleation rate and makes the
uniform growth of grains possible. Later, the influence of
different solvent additive with the resulting desired
structure and optimized performance was elaborated. In
the end, a framework for judicious selection of solvent by
varying coordination properties was sketched. After dis-
cussing different coordination properties, Gutmann’s DN
was aligned with solvent’s strength of coordination with
the precursor to making a sensible choice of solvent for
desired perovskite solution.
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钙钛矿太阳电池溶剂工程的动力学阐述
Zulqarnain Arain1,3, 刘成1, 杨熠1, M. Mateen1, 任英科1, 丁勇1*, 刘雪朋1, Zulfiqar Ali2, Manoj Kumar3, 戴松元1*

摘要 光伏领域的研究者们在不断探索可以用于高效太阳能转换的新材料. 研究每种新型光伏材料的主要目的是通过简单的制造工艺和
较低的生产成本来实现更高的能量产出. 新兴的钙钛矿材料也在竞争行列之中. 通过不同的化学计量调控和工艺改进, 钙钛矿太阳电池在
过去的几年中实现了最高的光电转换效率, 这一技术已经成为未来能量转换材料的有力候选者. 到目前为止, 许多研究表明活性层的薄膜
质量在很大程度上决定了钙钛矿太阳电池的光电性能. 当前和潜在的用于制备良好活性层形貌的溶剂工程技术大体上是使用主要溶剂、
共溶剂(路易斯酸-碱加合方法)和溶剂添加剂来实现. 在这篇综述中, 我们详细讨论了多种已报道的溶剂工程动力学对钙钛矿太阳电池活
性层形态特征的影响. 目的是通过不同的结晶过程得到一个关于溶剂工程如何诱导钙钛矿太阳电池活性层形貌的清晰的认知. 最后, 我们
基于不同溶剂的配位性质绘制了一个基本框架, 便于筛选可用来制备钙钛矿前驱体的有效溶剂, 以获得性能更好和可行性更高的光伏器
件.
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