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ABSTRACT: Inorganic CsPbl; is promising to enhance the thermal

stability of perovskite solar cells. The dimethylamine iodide (DMAI) ) BZB 180°C

derived method is currently the most efficient way to achieve high 180°C

efficiency, but the effect of DMAI has not been fully explained. OMAo2ConssPbly

Herein, the chemical composition and phase evolution of the mixed o ey
DMAI/CsPbl; layer during thermal treatment has been studied. The “":;‘\IK;;Q %:"Q%i' aga I:::,::%
results demonstrate that, with the common DMAI/CslI/Pbl, recipe Gl oS GREE - ety
in DMSO solvent, a mixed perovskite DMA,;Cs,ssPbl; is first DMAPbI;+Cs,Pbl y-CsPbl, 5-CsPbl,
formed through a solid reaction between DMAPbI; and Cs,Pbl. N W

Further thermal treatment will transform the mixed perovskite phase
directly to y-CsPbl; and then spontaneously convert to §-CsPbl;. It
has been also demonstrated that the DMA, ;;Cs,ssPbl; phase is
thermodynamically stable and shows a bandgap of 1.67 eV, which is
narrower than 1.73 eV of y-CsPbl;. The device efficiency of the
mixed DMA, ;;Cs,ssPbl; perovskite is therefore highly improved in comparison with the pure inorganic y-CsPbl,
perovskite.

) 5

a-CsPbl,

( :esium-based inorganic perovskite CsPbl; solar cells method is its negative effect of a large number of grain
have attracted incresing research interests due to its boundaries on the carrier transport and injection. Currently,
improved thermal stability and reduced ion immigra- the most widely used and effective strategies are the DMAI-

tion in comparison with their organic—inorganic counter- related methods,23_33 including the DMAI additive methods

parts.' " However, the preferred black perovskite CsPbl; is and the HI derived methods. The HI derived methods,
thermodynamically unstable at room temperature, and it will
spontaneously transform to the undesired nonphotoactive
yellow phase (5-phase).*™""

The essence of the phase instability is the small size of the
Cs cation, which is not suitable to support the three-
dimensional Pbl,” framework.'> The large lattice strain
induced from the ion size mismatch will drive the CsPbl,
lattice structure from three-dimensional (3D) perovskite
phases to the one-dimensional (1D) nonperovskite phase.
Therefore, the improvement of the lattice symmetry and

normally named HI additive, HI-Pbl,, or HPbI; precursor, are
demonstrated to inevitably bring the DMA byproduct in the
precursor solution from the reaction between HI and
DME 335

Although there are already several works focused on the
elaboration of the final perovskite layer with the pure inorganic
phase or still the organic—inorganic composite, the conclusion
is still a huge controversy.’”**™** Therefore, whether the
organic DMA cation exists, how much of the organic DMA

reduction of the lattice strain are the two directions to dissolve cation is in the crystal lattice, the properties of the DMA/Cs
the problem of phase instability.'*~*' The nanocrystal-induced mixed perovskite phase, and even the phase evolution process
phase stabilization is one strategy to reduce the lattice strain by
increasing the surface area of the crystals in the film, which is Received: October 17, 2019
normally realized by introducing organic long-chain alkyl Accepted: December 13, 2019
amine in the precursor solution.””> The shortcoming of this Published: December 17, 2019
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Figure 1. (a) XRD patterns of raw films with different mole ratios of DMAI/CsPbl; after heating at 100 °C for 10 min. (b) Integrated
intensity of §-CsPbl;, DMA,Cs,_,Pbl;, DMAPbI;, and Cs,Pbl, phases in the raw films. (c) Absorption intensity evolution of the raw films
heated at 180 °C for different times. (d) Absorption intensity of films before and after annealing at 180 °C. The absorption intensity was

taken at 690 nm.

during the thermal treatment are urgently required to be
carefully addressed.

In this work, we studied the chemical composition and phase
evolution of the mixed DMAI/CsPbl; layer during thermal
annealing. It was strongly evidenced that, with a DMAI/Csl/
Pbl, recipe, DMAPbI; and Cs,Pbls were first formed and then
transformed into mixed cation perovskite phase
DMA, ;5CsgsPbl;. The mixed DMA, ;sCs;gsPbl; perovskite
is thermodynamically stable, and it shows a narrower bandgap
of 1.67 eV. It is also found that the more symmetrical
DMA, 5CsgsPbl; perovskite phase exhibits an enhanced
device efficiency compared to that of the y-CsPbl; perovskite.

Prior to investigating the mechanism of the DMAI-assisted
formation of the Cs base perovskite thin film, the
stoichiometric ratio of DMAI/CsPbl; was first studied. The
DMAI powder was directly added into the CsPbl; solution
with mole ratios of DMAI/CsPbl; of 0.15, 0.30, 0.45, 0.60,
0.75, 0.90, 1.05, and 1.20. DMSO was used as a solvent in all
following studies unless otherwise noted. The raw films were
spin-coated and annealed at 100 °C for 10 min. Figure la
shows a series of XRD patterns of the raw films, and it is found
that the phases in each condition are strictly dependent on the

264

DMAI content. We index all of the diffraction peaks to four
phases of §-CsPbl;, DMA,Cs,_,Pbl;, DMAPbI;, and
Cs,Pbl.'9'??7* The XRD spectra of DMAPbI; and
Cs,Pblg films are also studied, as shown in Figure S1 for
reference. Only the samples with DMAI/CsPbl; ratios of
around 0.45 have the darkest color owing to the formation of a
certain amount of mixed DMA,Cs,_ Pbl; perovskite phase,
while all other samples are yellow or colorless, as illustrated in
Figure S2. To intuitively describe the variation of the four
phases in each condition, the integrated intensities of the
diffraction peaks of 5-CsPbl; (13.0°), DMA,Cs,_,Pbl; (14.3°),
DMAPbI; (11.6°), and Cs,Pbl, (11.9° and 12.1°) are plotted
in Figure 1b. Without DMAI additive, a 0-CsPbl; phase is
formed. The increase of DMALI content from 0 to 0.45 induces
the formation of DMAPDbI;, mixed perovskite DMA,Cs,_,Pbl;,
and the Cs-rich phase Cs,Pbl,. Further increase in the DMAI
content efficiently restricts the formation of the mixed
DMA,Cs,_,Pbl; perovskites, and the films change to colorless
(Figure S2). In the high DMAI content stage with DMAI/
CsPbl; > 0.75, the phases in the films are mainly DMAPbI;

and Cs,Pbl.
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Figure 2. (a) XRD patterns and (b) UV—vis spectra of DMAI/CsPbl; films annealed at 180 °C for different times. (c) Steady PL and
absorption spectra and (d) XRD patterns of DMAI/CsPbl, films annealed at 180 °C for 15 min and y-CsPbl, films. The y-CsPbl, films were
fabricated by annealing at 350 °C for 15 min. (e) TG measurement of the DMAI/CsPbl; powder annealed at 180 °C for 15 min.

The XRD patterns of the DMAI/CsPbl; (DMAI/CsPbl; =
1) films heated at 180 °C for different times were measured as
presented in Figure 2a. Before annealing, the peaks at 11.6 and
32.2° can be indexed to DMAPDI; with an orthorhombic
(space group P63mc) structure, consisting of arrays of 1D face-
shared [PbI*"], octahedra with intercalated DMA cations for
charge balance.** Other weaker diffraction peaks at 11.9, 12.1,
and 28.6° indicate the presence of Cs-rich phase Cs,Pblq.
Further annealing induces a solid-state reaction between
DMAPDI; and Cs,Pbls to form a mixed perovskite phase of
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DMA,Cs,_,Pbl; with the diffraction peaks at 14.2 and 28.7°,
which are the features of the 3D corner-shared [PbI*]
perovskite framework. It is interesting that the diffraction
peaks of the mixed cation perovskite remain constant in the
whole annealing process. The film heated for 15 min gives the
highest diffraction peak of the perovskite phase, and the
DMAPDI; phase completely disappears. We also see some
weak diffraction peaks at 24.0, 26.0, 27.0, and 28.6°, which
belong to Cs,Pbl,, as marked in Figure 2a. Additionally, other

n

conditions of using DMF as the solvent or heating the films in
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Figure 3. (a) Crystal structure evolution during the film fabrication. (b—d) SEM images of DMAI/CsPbl, films annealed at 180 °C for 0, 15,
and 120 min, respectively. (e) Cross-sectional SEM image of the film heated for 15 min. Scale bars are 1 ym.

air were studied, and the Cs,Pbly peaks also appear as shown
in Figures S3 and S4, indicating the independence of the
solvents. Upon further increase of the annealing time to 30
min, the y-CsPbl; phase appears, and the film totally
transforms into the yellow §-CsPbl; phase in 120 min.

The corresponding UV—vis spectra in Figure 2b present
similar results as those discussed above. The absorption peak
of the raw film at 373 nm is owed to the absorption of
combined DMAPbI; (380 nm) and Cs,Pbly (370 nm), as
evidenced in Figure S5. The absorption onset of
DMA,Cs,_,Pbl; perovskite remians constant at 740 nm,
which also suggests that the x here is fixed, not a variable.
The UV—vis spectra of DMA,Cs,_,Pbl; perovskite film (180
°C, 15 min) give a 25 nm red shift in comparison with that of
7-CsPb1;(350 °C, 15 min), as shown in Figure 2c. The E,°" of
DMA ;sCs(¢sPbl; is calculated to be 1.67 eV and is much
narrower than 1.73 eV of y-CsPbl;. The red shift was also
proved in their steady PL spectra, as shown in Figure 2c.
Figure 2d shows the XRD patterns of DMA,Cs, ,Pbl; and -
CsPbl; films. The as-prepared DMA,Cs,_,Pbl; is more like a
y-phase perovskite. The left shift of the (220) diffraction peak
in comparison with pure y-CsPbl; indicates the enlarged d-
spacing. It was calculated that the unit cell volume is 978 A3
with a = 887 A, b = 871 A, and ¢ = 1267 A for
DMA,Cs,_,Pbl,, which is slightly larger than 953 A* of y-
CsPbl;. The enlarged unit cell volume could result from an
incorporated larger size DMA cation in the crystal lattice.”>**

To quantify how much DMA cation remains in the crystal
lattice, the TG curves of the DMAI/CsPbl; and the
DMA,Cs,_,Pbl; perovskite (180 °C, 1S min) were checked,
as presented in Figures S6 and 2e. The powder samples were
collected from the films after the thermal treatments. For the
DMAI/CsPbl; sample, there is about 18.5% weight loss from
200 to 450 °C, which is almost the same amount as the initial
DMAI added (Figure S6). The powder sample after annealing
at 180 °C for 15 min shows a 3.4% weight loss in the same
temperature range (Figure 2e). Thus, the formula of the mixed
perovskite could be calculated to be DMA,;5Cs,gsPbl;, and
the mole ratio of DMA ;sCs;gsPbl; to Cs,Pbl is 20:1. The
detailed calculation is given in the Supporting Information.

Summarizing the above XRD and TG results, we can get the
following equations:

DMAI + Csl + Pbl,
= 0.7SDMAPbL, + 0.25Cs,Pbl, + 0.2SDMAIT (1)

— 0.95DMA,,Cs, sPbL; + 0.05Cs,PbI, + 0.85DMAIT

@)
— y-CsPbl, + DMAIT (3)
— 0-CsPbly (4)

The processes of DMAI-assisted film formation could be
summarized as follows. After spin-coating and thermal
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Figure 4. (a—c) XRD patterns of the DMAI/CsPbl, films annealed at different temperatures. (d) Evolution of the absorbance of the above
films at a wavelength of 670 nm as a function of time in air under high humidity of 70—80%.

annealing at 100 °C for 10 min, DMAPbI; and Cs,Pbl4 phases
are first formed in the film (reaction 1). When the film is
annealed at 180 °C for 15 min, the film transforms into a
mixed perovskite phase of DMA,5CsgsPbl; with a certain
amount of Cs,Pbl, residue (reaction 2). Further extending the
thermal annealing time, the mixed perovskite
DMA, ;5Cs4sPbl; directly converts to y-CsPbl; and then
spontaneously converts to 6-CsPbl; (reactions 3 and 4) due to
the metastable property of y-CsPbl; at low temperature. The
phase evolution and crystal structures of DMAPDI;, Cs,Pbl,
DMA, ;sCs( ¢sPbl;, y-CsPbl;, and 5-CsPbl; are illustrated in
Figure 3a. Because of the instability of the y-CsPbl;, 6-CsPbl;
appears simultaneously in the films. For the ABX; perovskite
phase, the Goldschmidt’s tolerance factor (TF) is presented as
t=(ry + r4)/~2 (ry + ry), in which r,, rg, and ry are the ionic
radii of A, B, and X, respectively. The calculated TF of CsPbl;
is 0.85, and the TF of DMAPbI, should be 1.03.>* The alloying
of the Cs and DMA cations with a ratio of 0.15/0.85 could
form a more stable perovskite phase and give a TF of 0.88. In
the following discussion, the DMAI/CsPbl; film heated at 180
°C for 15 min is named DMA, ;5Cs,4sPbl;. It is worth noting
that the phase stability of the mixed DMA sCsggsPbl;
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perovskite phase is highly improved, as evidenced in Figure
S7. For the pure inorganic y-CsPbls, it will quickly transform to
the 0-CsPbl; at 120 °C, while the DMA,;5Cs,gsPbl; film
shows no obvious change for 300 min.

As shown in Figure 3b, a very smooth DMAI/CsPbl; raw
film could be easily obtained by spin coating. After heating at
180 °C for 15 min, the film gradually changes to the mixed
DMA, 15CsggsPbl; perovskite phase with a mean grain size of
400 nm (Figure S8). According to eq 2, there should be a small
amount of Cs,Pbly phase left in the film. As shown in the
cross-sectional SEM image in Figure 3e, the white particles
with a size of about 50 nm are supposed to be Cs,Pbl,, which
are embedded inside of the perovskite films. It is also found
that the phase transition from mixed DMA CsggsPbl;
perovskite to y-CsPbl; and 0-CsPbl; is not homogeneous;
on the contrary, it starts from a point, then gradually expands,
and finally completely fades into a light-yellow film (Figures S9
and S10). The morphology of the §-CsPbl, film is shown in
Figure 3d.

To reveal the influence of temperature on the phase
evolution process, XRD patterns and UV—vis spectra of
DMALI/CsPbl; films annealed at different temperatures were
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Figure 5. (a) J—V curves, (b) IPCE spectra, and (c) the PCE distribution of the DMA, ;Cs, 3sPbl; and y-CsPbl; solar cells.

studied as presented in Figures 4 and S11. For each annealing
temperature, the heating time is optimized according to the
UV—vis results. The annealing time is 180, 45, 15, 10, 4, and
1.5 min for 140, 160, 180, 200, 220, and 240 °C, respectively.
When the annealing temperature is lower than 180 °C, Cs,Pbly
peaks at 20 of 11.9 and 12.1° are observed, and they decrease
when the temperature exceeds 200 °C, as exhibited in Figure
4b. At 180 °C, the sample shows the highest (002) diffraction
peak of a mixed DMA, ;CsyssPbl; perovskite phase,
suggesting the enhanced crystallization. Once the annealing
temperature exceeds 200 °C, the sample shows a main peak at
20 = 28.95° and a shoulder peak at 20 = 28.75° due to the
formation of the mixed compounds of y-CsPbl; (26 = 28.95°)
perovskites and a small number of DMA,5CsysPbl; (20 =
28.75°). The fraction of DMA,;sCs,ssPbl; decreases as the
temperature increases from 200 to 240 °C. The appearance of
5-CsPbl;(26 = 9.8 and 13.0°, Figure 2b) at higher temper-
atures is supposed due to the slight phase transformation from
7-CsPbL,.

Figure 4d shows the moisture stability by tracing the
absorption intensity. These films were kept in air under a high
relative humidity of 70—80%. There is negligible degradation
observed for the DMA, ;sCs,sPbl; films (140, 160, and 180
°C) after 900 min, while the y-CsPbl; fully degraded into &-
CsPbl; in less than 90 min. Moreover, the DMA, ;sCs; ¢sPbl;
films exhibited excellent phase stability in dry air; they showed
no degradation in 3 months in humidity of around 10%, as
shown in Figure S12.

We finally fabricated solar cells with DMA,;5Cs,4sPbl; as
the photoactive layer in the device structure of FTO/C-TiO,/
P-TiO,/perovskite/spiro-OMeTAD/Ag. For comparison, the
7-CsPbl; solar cells were assembled as well. The detailed
fabrication processes are listed in the Experimental Section.
The champion PCE of the mixed perovskite DMA, ;5Cs gsPbl;
could reach 15.3% with J,. of 19.4 mA/cm?, V,_ of 1.05 V, and
FF of 0.75, while the pure inorganic y-CsPbl; solar cell gave a
lower PCE of 10.7%, J,. of 17.9 mA/cm? V,_ of 0.86 V, and FF
of 0.70. Also, both devices showed good reproducibility
(Figure Sc). As shown in the IPCE spectra (Figure Sb), the
integrated photocurrent density was calculated to be 18.8 mA/
cm? for DMA, ;5Cs, ¢sPbl; solar cells and 17.0 mA/cm? for y-
CsPbl; solar cells, which was mainly because of the widened
optical absorption range. The hysteresis property of the
champion mixed perovskite was studied with reverse and
forward scan; the results are shown in Figure S13. Maximum
power point tracking gives a stabilized PCE of 14.4%. It should
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be noted that there is a smaller amount of Cs,Pbl; embedded
in the DMA, ;5Cs 3sPbl; film, and the effect of the Cs,Pbl, on
the device performance is still not clear and needs to be further
investigated.

In summary, to unveil the effect and function of DMAI in
preparing the inorganic perovskite devices, we tracked the
chemical composition, phase, and bandgap of the perovskite
layer during the thermal treatment. It was found that, with a
controlled thermal annealing process, a more thermodynami-
cally stable perovskite of mixed cation DMA ;5Cs ¢sPbl; could
form with a certain amount of Cs,Pbl residue. Unlike other
mixed cation perovskite materials, the composition of DMA/
Cs mixed perovskite is well fixed instead of a continuous
component distribution. Further thermal annealing trans-
formed the film into y-CsPbl; and then into 6-CsPbl;. The
DMA, ;5Cs(sPbl; phase exhibits a more symmetrical
structure, a narrower bandgap, and superior phase stability
than that of y-CsPbl;. These findings will benefit the in-depth
understanding of the properties of inorganic perovskite and
their phase stability issue.
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