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Coordination Chemistry Dictates the Structural Defects in

Lead Halide Perovskites

Sara Rahimnejad*,”™ ' Alexander Kovalenko*, ¢

Antonio Guerrero*?

We show the influence of species present in precursor solution
during formation of lead halide perovskite materials on the
structural defects of the films. The coordination of lead by
competing solvent molecules and iodide ions dictate the type
of complexes present in the films. Depending on the process-
ing conditions all PbIS;*, PblS, Pbl;S;~, Pbl,S,*", PblS,*,
Pbls*"and 1D (Pb,l,), chains are observed by absorption meas-
urements. Different parameters are studied such as polarity of
the solvent, concentration of iodide ions, concentration of sol-
vent molecules and temperature. It is concluded that strongly
coordinating solvents will preferentially form species with
a low number of iodide ions and less coordinative solvents
generate high concentration of Pbl;~. We furthermore propose
that all these plumbate ions may act as structural defects de-
termining electronic properties of the photovoltaic films.

Photovoltaic devices based on lead halide perovskites have
erupted as strong candidates to compete with already com-
mercially available technologies."” Significant efforts have been
devoted towards the achievement of high efficiencies, leading
to 21.0% using derivatives of methylammonium lead triiodide
perovskites.”® Solvent engineering has proved key to obtain
increased crystallinity of the perovskite layer with a low pres-
ence of grain boundaries and impurities, both factors limiting
the device performance.” In spite of the great advances in this
technology very little information is available on the species
present in the crystallizing perovskite layer, connected with the
electrical defects existent in the photovoltaic devices. Deep in-
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vestigations of the species present during formation of the
films are important toward the understanding of the photo-
physics in devices as electrical defects are known to limit the
device performance.”

Methyl ammonium lead iodide perovskite (MAPbI;) is syn-
thesised by the reaction of Pbl, with methyl ammonium iodide
(MAI) using highly polar solvents such as dimethylsulphoxide
(DMSO), N,N-dimethylformamide (DMF) or vy-butyrolactone
(GBL).®” During this chemical reaction an equilibrium like that
shown in Scheme 1 dominates the species present in solution,
where S is a generic solvent. This equilibrium expands the
equilibrium proposed by Kamat et al. who focused on the pho-
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Scheme 1. Dissolution of Pbl, in a generic solvent (S) and competitive reac-
tion between iodide ions and solvent molecules leading to different plum-
bate ions.

tophysic effect of having Pbl;S;~ and Pbl,S,*~ species in films.”®
For simplicity generation of 1D (Pb,l,), chains are not included
in the equilibrium but these type of species are also expected
to form during perovskite crystallization.” In this work we
show that the coordination ability of the solvent plays a very
important role and depending on the processing conditions all
PbiISs*, Pbl,S, PblsS;™ Pbl,S,>", PblsS,*", Pbls*™ and 1D inter-
mediate crystals may be present in both solution and films.
The coordination ability of the solvent can be probed by
monitoring the species present using absorption measure-
ments of diluted Pbl, solutions (i.e. 0.5 mm). Figure Ta shows
absorption spectra of Pbl, in a series of solvents with different
coordination abilities: Water, DMSO, DMF and GBL. Depending
on the solvents different proportions of plumbate ions are de-
tected such as PbIS;™ (A,,,c=286 nm), Pbl,S, (4,..,=325 nm) or
PblyS;™ (A =370 nm). This is a clear evidence that the solvent
is readily competing with iodine atoms to fill the octahedral
coordination sphere, see for example the diagram in the inset
of Figure 1a. Water is included in the series as it is known to
be a key player during crystallization kinetics."® Absorption
measurements show that H,O readily coordinates to Pb pro-
ducing mostly PbIS;™ and some Pbl,S,. The low intensities of
the bands can be taken as a clear sign that the solvent is able
to fully dissociate Pbl, generating Pb?". Similar results are ob-
served for DMSO with higher concentration of Pbl,S, and
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Figure 1. Absorption spectra of solutions containing Pbl, a) in a range of dif-
ferent solvents at a concentration of 0.5 mm and b) at two different concen-
trations in DMF. The dashed line contains 100 eq. of Lil. Each plumbate ion
is marked with a vertical line defined by their 4,,,,.

some formation of Pbl;S;”. In DMSO covalent character be-
tween the DMSO and Pb has been described in the literature
which would explain the observed A, shift and a similar
effect is observed using H,0 as solvent.”? Alternatively, in DMF
higher concentration of Pbl,S, and Pbl;S;™ are detected than in
the previous two solvents. Finally, when a less coordinating
solvent such as GBL is used all three species PblS;*, Pbl,S, and
Pbl;S;~ are observed with comparable intensities. Therefore we
can state that the affinity to coordinate Pb of the studied sol-
vents is as follows: H,0 > DMSO > DMF > GBL.

The equilibrium proposed in Scheme 1 can be further vali-
dated in Figure 1b by modifying the concentration of either
iodide ions or solvent molecules using Pbl, solutions in DMF.
As expected for this equilibrium, increasing the proportion of
I~ ions using a large excess of Lil (100 eq) shifts the equilibrium
towards the presence of polyiodide plumbates like Pbl,S,*"
(Amax =428 nm). Alternatively, increasing the Pbl, concentration
to 1™ decreases the number of solvent molecules and the ab-
sorption curve is further red shifted to reach wavelength close
t0 Amax =490 nm, where Pbl, films show the absorption onset
due to the presence of Pbl,*~ moieties in the absence of the
methyl ammonium cation (see supporting information)." We
also note that 1D (Pb,l,), chains have also been reported to
form and the actual absorption maximum of these type of spe-
cies have not been ambiguously identified.”'?

Addition of MAI to Pbl, in these highly concentrated solu-
tions using different solvents (Figure 2a) also show a continu-
ous absorption band covering the whole range from 250 nm
to 520 nm, indicating that all the different multiodide plum-
bate species described before are present in solution (PbIS;*,
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Figure 2. Absorption spectra of a) solutions containing Pbl, and MAI (ratio
1:1) in concentrated solution (1 m) using a range of different solvents. b) So-
lutions containing Pbl, and MAI in DMSO (0.05 m) as a function of the tem-
perature. ¢) MAPbI; films on FTO prepared from different solvents. The
signal has been normalized to the maximum value. Each plumbate ion is
marked with a vertical line defined by their 4,,,,.

Pbl,S, PblsS;~, Pbl,S,>", PblsS,*", Pbls*™ and 1D (Pb,l,), chains.
Although we note that the signal is saturated and the re-
sponse is not linear we observe that some bands are more
prominent than others depending on the solvent. For example,
whilst the band due to PbIS;" is present in all solvents, the
band from Pbl,S, is more noticeable for DMSO in good agree-
ment with generation of the DMSO complex during film for-
mation.” Similarly, using GBL the Pbl,S;~ complex is more in-
tense as expected for a less nucleophilic solvent than DMSO or
DMF. Absorption spectra of solutions containing Pbl, and MAI
under different concentrations and solvents are shown as sup-
porting information (Figure SI2). The generation of multiodide
species containing higher proportion of I~ atoms as the
amount of solvent molecules decreases is observed.

The effect of the temperature on the competition between
iodide ions and solvent was also studied as it will have impor-
tant implications for the crystallization of bulk material. Fig-
ure 2b shows the absorption spectra of a solution containing
Pbl, and MAI (ratio 1:1, 0.05m) in DMSO as a function of the
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temperature. When the temperature is increased we observe
a red-shift in the absorption band onset due to the presence
of iodide plumbate ions containing a higher number of iodine
ions. This result is in agreement with the DFT calculations
shown as Supporting Information for DMSO where the Gibbs
free energies for successive replacement of solvent molecules
by iodide to obtain plumbates with a higher number of iodide
ions is an endergonic process requiring energy. Then, plum-
bate species with high content of iodide ions will only be fa-
voured at high temperatures. We note that the process is re-
versible as cooling the solution to room temperature recovers
the initial spectra (Supporting Information). In addition, a new
band appears at a 4,,,,=690 nm which belongs to MAPbI; spe-
cies in solution as compared to the observed bands in MAPblI,
films (Figure 2¢).

So far the basics of the coordination chemistry of the lead
atom has been fully described in solution and now we proceed
to the preparation of bulk perovskite material to understand if
the acquired knowledge can be extrapolated to the synthesis
of pure material. It is important to recall that in the MAPbI,
crystal structure Pb is at the centre of an octahedron surround-
ed by six iodine atoms, one at each vertex of the octahedron.
Then, the presence of Pbl*~ is desired as it provides the cor-
rect environment for generation of the perovskite phase. An
inverse temperature crystallization model has been proposed
for crystallization of single MAPblI; crystals.” The model consid-
ers different solubility of the final perovskite material depend-
ing on temperature and solvent but does not account for pos-
sible variation in concentrations in the species present during
crystallization. Absorption measurements shown in Figure 2b
and DFT calculations suggest that the species present in solu-
tion will depend on the temperature. Therefore, the use of
high precursor concentrations and high temperatures is
needed for maximize the presence of Pbly*~ and 1D (Pb,l,),
chains.

The synthesis of the bulk material is carried out by slow
evaporation of the solvent in a well ventilated oven at temper-
atures 20°C below the boiling point of the solvent to maintain
similar evaporation kinetics amongst the solvents. Full details
can be found in the methods section in the Supporting Infor-
mation. Interestingly, synthesis carried out in this manner pro-
vides materials with very different morphology and structure.
Synthesis from DMSO (Figure 3a) generates a mixture of
yellow and black powders with different morphologies as ob-
served by SEM: black domains are needle-like and yellow do-
mains are highly amorphous. Interestingly, the perovskite
formed from DMF show crystallites with dispersion in size con-
taining macroscopic (up to 1-2 cm) and microscopic crystalli-
tes. In general these are composed by highly aligned needles
as those shown in Figure 3b. Alternatively, when GBL is used,
generation of large cubic-like crystallites is evident (Figure 3c).
Overall the crystallinity is enhanced by using less coordinative
solvents like GBL where the presences of octahedral Pbls*
moieties are favoured. On the other hand, XRD analysis (Fig-
ure 3d) shows for DMSO a blend of Pbl,(DMSO) complex (Sup-
porting Information) and MAPbI;, with crystallographic planes
(110), (220), (312) and (224). The additional Pbl,(DMSO) com-
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Figure 3. Representative SEM image of crystallites generated from three dif-
ferent solvents a) DMSO, b) DMF and c) GBL. d) XRD powder pattern of sam-
ples prepared in three different solvents. Diffraction peaks are assigned simi-
larly to previously published results.”!

plex clearly indicates that the DMSO molecule is tightly bound
to the lead." On the other hand, synthesis from DMF and GBL
provides quantitative yield of highly crystalline material in the
tetragonal phase as compared with simulated data using mo-
nocrystalline XRD data."¥ Very importantly, crystalline defects
are minimized using GBL as observed by measuring the full
width at half maximum of the peaks as compared to DMSO
and DMF.

We finalize the study with the analysis of MAPDbI; films as
they are representative to understand the type of structural
defects present in photovoltaic devices. Figure 2c shows nor-
malized absorption spectra of films prepared using different
solvents followed by a heat treatment at 100°C. The use of
DMSO leads to films containing MAPbI; and a large proportion
of all plumbate species PbISs*, Pbl,S, PblS;™ Pbl,S,>,
PblsS,>", Pbls*~ and 1D (Pb,l,), chains. The proportion of some
of these plumbate ions can be modified by using the method
reported by Ahn etal. in which diethyl ether is used during
the spin-coating process to wash out part of the DMSO and
generate the Pbl,:MAI:DMSO complex.” Using this modifica-
tion the proportion of Pbl* and Pbl, is reduced and Pbl,~/
Pbl,> /Pbl>~/Pbls*~ are increased as expected by reducing the
concentration of DMSO. The use of less coordinative solvents
such as DMF and GBL favour formation of the MAPbI; perov-
skite and this is observed in the absorption spectra with the
presence of a low proportion of plumbates and by the rather
flat profile of the band. We note that absorption beyond
800 nm does not reach the baseline due to voids filled with air
(pinholes) inducing generation of artefacts by light scattering
in the films."™™ We also highlight that the reported absorption
spectra of MAPbI; single crystals are rather flat in the region
400-820 nm.”® Depending on the solvent used here films

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

\\;} ChemPubSoc

ok

show bands of different intensities at 4,,,, of 286 nm, 325 nm,
370 nm, 428 and 490 nm. Therefore, we propose that several
multiodide plumbate species remain in the films.

The presence of these structural defects lead to important
implications connected with the nature of electrical defects
generated in photovoltaic devices, which may limit the device
performance. Indeed, unintentional doping like Pb, I, and MA
vacancies have been reported for MAPbl,."”'® It has also been
proved that the n-/p-type can be efficiently manipulated by
controlling the growth processes." For example, an excess of
MAI produces p-type character defects and excess of Pbl, indu-
ces generation of n-type defects. In this respect Kamat et al.
have detected the photoluminescence signature of Pbl;~ and
Pbl,>~ defects in perovskite films but generation of other 1D
plumbate ions chains are also expected following our absorp-
tion measurements.®® Discrepancies found in the nature of
the doping (n/p type) could also be the result of different pres-
ence of plumbate species. For example, it is expected that pos-
itively and negatively charged species (i.e. Pbl™ and Pbl,*") will
have a completely different electrical effect in devices. In this
respect our current work will need further investigations to
separate the effect of each of the plumbate species and mor-
phology of the films. It is known, for example, that DMF pro-
vide films with fibre-like morphology with a large presence of
pinholes leading to shunt pathways, which has a negative
effect on device performance.””

In summary, this communication shows that coordination of
lead, by competing solvent molecules and iodide ions, dictates
the species present in the precursor solution and in the final
perovskite layer for photovoltaic applications. Highly polar sol-
vents are required to dissolve the precursors but must permit
the generation of Pbl,*" species to provide the correct environ-
ment for perovskite crystallization. The presence of impurities
is minimized by decreasing the polarity of the solvent leading
to crystallization reaction into the perovskite tetragonal phase.
Here we propose that all these plumbate ions may act as struc-
tural defects and these are present in films using state-of-the-
art processing conditions, indicating that there is still some
more room to improve device efficiencies.
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