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ABSTRACT

The organic—inorganic lead halide perovskites are attractive materials for photovoltaic
application. The most widely studied perovskites based on methyl ammonium organic
cation are less likely to form an ideal high-symmetry configuration at room
temperature, leading to the appearance of local lattice strain. Herein, this study reports
a strategy for the construction of thermally stable cubic perovskites at room
temperature through the incorporation of the larger organic cation dimethyl
ammonium. Detailed characterization on the single crystals and thin films reveals the
formation of cubic phase with the addition of a certain amount of dimethyl
ammonium at room temperature. With the presence of dimethyl ammonium, the
nonradiative recombination in perovskite is suppressed, showing a longer PL lifetime
and hole diffusion length. The more efficient charge extraction leads to an
improvement in the photocurrent density, and then the device efficiency from 17.1%
to 18.6%, together with an enhanced thermal stability at 85 °C. The influence of
incorporating a larger organic cation on the structural configuration, optical properties,
charge extraction, as well as the photovoltaic performance is systematically
investigated, which offers an alternative way to improve the intrinsic stability of

hybrid perovskites.



1. Introduction

Organic-inorganic lead halides (APbX3) have been intensively investigated as
light harvesters in the photovoltaic devices [1-4], light-emitting diodes [5-6],
photodetectors etc [7-8], due to the high optical absorption coefficients, ambipolar
carrier transport properties, long carrier diffusion lengths, high defect tolerance, and
low-cost coating techniques [9-13]. Various optimization on crystal growth,
fabrication techniques, as well as device configuration has allowed for a dramatic
increase of device performance from 3.8% to over 22% in the past few years, rivalling
the traditional thin film photovoltaics [14-25]. Besides the improvement of efficiency,
the stability is another important issue for organic-inorganic perovskites considering
their further applications. The widely studied methyl ammonium lead iodide (MAPbI3)
adopts the tetragonal configuration at room temperature, which is sensitive and prone
to decompose under humidity, heat and light [26-27].

The symmerty of MAPDIz can be influenced by the lattice distortion or
expansion throuth ion incorporating, temperature-induced phase transition or light
illumination [28-33]. The formation of a cubic phase is expected to improve the
thermal stability of perovskites, as well as suppress the nonradiative recombination
for efficient charge extraction. It was found that the presence of FA™ in MAPbI3
stabilizes the perovskite structure into a "quasi-cubic" phase, which further limits
light/field induced ion movement and impedes halide segregation [34]. Partial
incorporation of ethyl ammonium (EA®) cation leads to a cubic phase at room
temperature, with enhanced thermal stability and charge carrier lifetime [35]. Mi and
co-workers hypothesized that perovskites with ideal cubic structure would feature

superior semiconductor properties and better stability [36]. They used the volume per



formula unit (V/Z) as an input parameter to model the mixed cation perovskites, and
confirmed that the introduction of bigger cation could tune the MAPDI3z toward the
ideal limit with a higher crystal symmetry. The prepared cubic perovskites
showhigher stability under 80% relative humidity with degradation lifetimes about ten
times longer than that of MAPDIs. Both theoretical and experimental studies offer the
potential to build a more stable cubic configuration of perovskites by modification of
the organic cation.

Herein, we report the growth of high-quality single crystals of MA1xDMAPbIs (x
= 0 to 0.25) where MA" is gradually replaced by dimethyl ammonium DMA?*, and
investigate the thermodynamic effects of MA*/DMA* incorporation on structural
configuration. The DMA™ is inserted into the voids of the [Pbls] octahedra, tuning the
perovskite structure into a more stable cubic phase at room temperature. The
MA1xDMAPbI3 perovskite solar cells with an optimized 5% DMA" doping (in terms
of the molar ratio in the precursor solution) exhibit an improvement in device

efficiency from 17.1% to 18.6%, together with an enhanced thermal stability at 85°C.

2. Experimental section

2.1. Growth of MA1xDMAxPbI3z (x = 0 to 0.25)single crystals.

The perovskite precursors with different molar ratio of MAY/DMA* were
dissolved in gamma-butyrolactone (GBL, 1.23 M) in a N filled glove box. 0%, 1.0%,
2.5%, 5%, 10% and 20% of DMAI were tested. Small crystals with the size of 2-3
mm were obtained after heating the precursor solution at 95°C for 24 h. For large
crystal growth, the small crystal was picked up and put again into a fresh perovskite

precursor solution.



2.2. Solar Cell Fabrication

The etched fluorine-doped tin oxide (FTO) was cleaned with 2% Hellmanex
aqueous solution, acetone, and ethanol, which was subsequently treated with O
plasma for 15 min. The compact TiO> layer (around 45 nm) was deposited on the top
by spray pyrolysis from a precursor solution of titanium diisopropoxide bis
(acetylacetonate) at 450 °C using O: as the carrier gas, followed by annealing at
450 °C for 30 min in air. The mesoporous TiO> film was deposited by spin-coating
the diluted Dyesol 30NRD paste at 4000 rpm for 20 s, and then sintered at 500 °C for
30 min. The perovskite precursor solutions with different MA*/DMA* ratio were
prepared in a glove box including 1.6 M of Pbl, and 1.52 M MAI/DMALI in anhydrous
DMSO. 0%, 2.5%, 5%, 7.5%, and 10% molar ratio of DMAI were tested, which were
labeled as MA1xDMAxPbIz with x = 0, 0.025, 0.05, 0.075, and 0.10. The precursor
solution was spin-coated in a two-step procedure at 1000 and 7000 rpm for 10 and 35
s, respectively. 120 uL of 3a-trifluorotoluene was dropped on the spinning substrate
15 s before the end of the second step. The substrate was then annealed at 100 °C for
1 h. After cooling down, the HTM solution of 006 M
2,2',7,7"-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (spiro-
MeOTAD), 0.03 M lithiumbis(trifluoromethylsulphonyl)imide (LiTFSI), 0.2 M
A-tert-butylpyridine  (TBP), and 6x10° M of tris(2-(1H-pyrazol-1-yl)
-4-tert-butylpyridine-cobalt(I11)tris(bis(trifluoromethylsulfonyl)imide) (KF209) in
chlorobenzene, was spin-coated on the top of the perovskite layer with a spin speed of
4000 rpm. Finally, 80 nm of Au was deposited by thermal evaporation under a

pressure of 1x10™* Torr as the back contact.



2.3. Photovoltaic Characterization

The current-voltage characteristics were measured using a 1000 W xenon light
source (Newport). The light intensity was calibrated with a NREL-calibrated Si cell
(Oriel 91150). The J-V curves of the devices were obtained by applying an external
potential bias while measuring the responded photocurrent with a digital source meter
(Keithley 2400) with a scan rate was 10 mV s, The devices were measured by using
a black mask with an active area of 0.16 cm?. The IPCE spectra were measured using
a 300 W xenon light source (Newport). For stability tests, the unsealed solar cells
were kept in an ambient atmosphere (humidity > 50%) at 85°C, and the J-V curves

were measured every 24 h.

3. Results and discussion

The single crystals of MA1.xDMAPbIz (x = 0 to 0.25) were prepared by
dissolving certain amount of Pbl,, MAI, and DMALI into a GBL solution [37]. Small
black crystals, with the diameter of 2-3 mm, were obtained by keeping the precursor
solutions onto a hotplate at 95°C for 24 h. The carbon, nitrogen and hydrogen
elemental analysis was performed to determine the molar ratio of MA* and DMA™ in
the prepared crystals. As the reference, the mass fractions of MAPDbI3; were measured
to be 2.00%, 2.29%, and 0.98% for C, N, and H, respectively, consistent with the
theoretical calculation. With the addition of DMAI in the precursor solution, the
molar proportion of DMA™ was adjusted from 4% to 25%, which was 3-5% higher

than that of the precursor solution in all the cases (Table S1).
In such kind of complex, the organic cations reside in the voids of [Pbls]

octahedra. The ionic radii of the organic cations will influence the connection mode of

neighboring corner-shared [Pble] octahedra, and then the crystal configuration. Fig. 1a
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shows the Powder X-ray diffraction (PXRD) patterns of the prepared
MA1.xDMAPbI3 (x = 0 to 0.25) perovskites with increased DMA™ concentration.
MAPDI3 with a distorted three-dimensional structure crystallizes in the tetragonal
I4/mcm space group, which shows the peaks at 14.0°, 14.1°, 23.5°, 24.5°, 28.1°, and
28.4° indexing to the (002), (110), (211), (202), (004), and (220) lattice planes. With
the addition of DMA®, the organic cations MA™ and DMA" are co-intercalated in the
voids of [Pble] octahedra. The organic cations interact with the inorganic framework
through the dispersion interaction between the methyl and iodide ions. Due to the
relatively weak van der Waals force, such bonding is possibly destroyed by the
addition of one more methyl group. As shown in our experiments, the complex
preserves the tetragonal structure when the amount of DMA™ is less than 6%, showing
clear split of the facets (002)/(110), (004)/(220), and the appearance of both (211) and
(202). With further addition of DMA* at room temperature, these facets are gradually
merged into single peaks due to the increased symmetry, indicating the formation of a
more stable cubic phase (Fig. 1b). Moreover, with gradual substitution of large DMA™,
the systematic shift of the peaks toward lower 20 is observed due to the increased
lattice spacing, which leads to the expansion of the cell volume. The lattice
parameters of as-prepared samples were matched, indexed, and refined using Jade 6.5,
and the variations of lattice parameters were listed in Table 1. The V/Z of MAPDI3
was calculated to be 248.98 A3 which boosts to 250.4 A®as soon as the phase
transition from tetragonal to cubic occurs with the addition of DMA*. With further

addition of DMA* up to 25%, the V/Z was calculated to be 254.8 A3, approaching the



maximum value (255 A®) that a closed Pbls” framework with a fixed d(Pd-I) and
flexible £Pd-1-Pd can occupy [35]. To investigate the change of the optical properties
of MA1.xDMAPbI3 (x = 0 to 0.25) perovskites as a function of DMA™ content, the
solid state reflection UV-vis spectra were measured (Fig. 1c). A band gap of 1.55 eV
was extracted for MAPDIz from the Tauc plot, which undergoes negligible change
when the substitution of DMA™ gradually increases to 13%. Further addition of DMA™

up to 25% leads to a lower band gap of 1.58 eV.
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Fig. 1. (a) X-ray diffraction spectra of MA1.xDMAxPbIs (x = 0 to 0.25). (b) The
schematic structure transformation patterns from tetragonal MAPbIz to cubic
MA1xDMAPDI3 (the green, orange, purple, and grey spheres represent MA, DMA, 1,
and Pb). (c) Tauc Plot of those with x = 0, 0.09, 0.13, and 0.25.



Table 1. The detailed cell parameters of the as-prepared MA1.xDMAxPbl3 samples.

Crystal system a c Y zZ9 \Y/74
Ay Ay (A% (A%
MAPbDI; Tetragonal 8.886 12.671 995.9 248.98

4
MAo.96sDMAg 04Pbl3 Tetragonal 8.888 12.675 1001.2 4 250.30
1

MAo.2aDMAg 0sPbI3 Quasi cubic 6.302 - 250.2 250.20
MA0.91DMAg.00PbI3 Cubic 6.303 - 250.4 1 250.40
MAo.s7DMAg 13Pbl3 Cubic 6.311 - 251.4 1 251.40
MAg 7sDMAg 25Pbl3 Cubic 6.313 - 251.8 1 254.80

a a axial length; ®c axial length; ¢unit cell volume; 9the numbers of formula weight in one unit
cell.

In order to determine the crystal structure of the cubic phase, MAo.9:DMAq.09PDbl3,
which was crystallized from the precursor solution with the MA*/DMA" ratio of
0.95/0.05, was chosen as an example for further investigation. Single crystal X-ray
diffraction results indicate that MAo.91DMAw.ooPblz crystallizes in the cubic P-43m
space group (a = 6.303 A) (Table S2). The bond length of Pb-I is 3.1515 A, which is
smaller than that of MAPbIs (3.1736 A) due to the less distorted configuration of
[Pbls] octahedra. In cubic MAo.91DMAo09Pbls, the bond angle of Pb-I-Pb is 180°.
Each Pb atom is surrounded by six face centred | atoms, forming regular [Pble]
octahedron, and two adjacent [Pble] octahedra were connected to each other by
corner-sharing. The corporate organic cations MA*/DMA" were inserted in the voids
of [Pble] framework. As shown from the powder XRD pattern (Fig. S1), the red curve
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represents the experimental data for MAo.0esDMAosPbls, and the black one for the
simulated counterpart derived from the single crystal results. All the diffraction peaks
from the experimental data matchwell with the simulated lattice planes, indicating the
high purity of MAo.91DMAo.09Pbl3.

Variable temperature powder X-ray diffractions were collected at 20°C intervals
between -80°C to 80°C to monitor the in situ transformation for investigating the
phase transition of MAo.91DMA0.09Pblz in more details. As shown from the diffraction
patterns in tetragonal and cubic symmetry in Fig. 1a, the change in symmetry could be
detected by monitoring the reflection at 23.5° (26), accompanied by the splitting of
(001) and (002) with higher intensities [27]. MAo9iDMAo.0ePbls keeps the cubic
phase above 0°C. As soon as lower than 0°C, there is a clear appearance of (211)
reflection at 23.5°, which gradually increases toward lower temperature, indicating a
cubic-tetragonal phase transition (Fig. 2 and S2). The lower cubic to tetragonal phase
transition temperature of perovskite with the presence of DMA™ cation is expected to
possess better intrinsic thermal stability by avoiding the undesired lattice strain and
distortion. With further decrease of the temperature to - 40°C, MAo.91DMAo09Pbl3

undergoes a tetragonal to orthorhombic phase transition (Fig. 2 and S3) [38].
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Fig. 2. The temperature-dependent XRD spectra (-80 to 80°C) and the corresponding
schematic structure transformation patterns of MAo.91DMAg.09Pbls.

The perovskite precursor solution was deposited directly on the mesoporous TiO>
film to evaluate the effect of DMA™ doping on the device performance. It was shown
that high efficiency MAPbIs solar cells could be prepared by incorporating excess
Pbl as an additive in the film, which improves the crystallinity of perovskite and the
electron transfer to TiO2 [39,40]. Therefore, all perovskite films in our study were
prepared from the precursor solution with 5% molar excess of Pblz. The films with

pure MAPDI3 solution and those with x = 0.05 were chosen for comparison. Fig. S4
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show the SEM images obtained from the top surface of TiOz/perovskite films. With
the presence of DMA™, the crystals are tightly arranged, showing a smoother surface
with less pin-holes. As seen in Fig. 3a, there is almost no difference on the UV-vis
absorption spectra of the two films, consistent with that measured on single crystals.
The X-ray patterns confirm the presence of tetragonal perovskite phase in MAPDI3
film. The unreacted Pbl> peak located at 26 of 12.7° is found in all the cases. With the
presence of 5% DMA®, the (211) reflection at 23.5° vanishes. Comparing with the
earlier studies on crystals, the disappearance of the (211) reflection, together with a
shift of the peaks toward lower 260 indicate a phase transition from tetragonal to cubic
(Fig. 3b).

The photoluminescence (PL) spectra of MA1xDMAxPDbIz (x = 0 and 0.05)
deposited without (Al.Os/perovskite) and with (TiO2/perovskite/spiro-MeOTAD)
charge transporting materials are shown in Fig. 3c. Without the charge transporting
materials, the PL intensity is much higher for the cubic MA1xDMAxPbI3 (x = 0.05)
compared to MAPDIs (x= 0), indicating the suppression of nonradiative recombination.
With the presence of charge transporting materials, both samples show a dramatic PL
quenching with respect to the pristine perovskite, which is attributed to the efficient
charge transfer at the TiO2/perovskite and perovskite/spiro-MeOTAD interfaces. The
time-resolved photoluminescence (TRPL) was performed to estimate the charge
diffusion properties (Figure 3d). From the TRPL kinetics of the MA1xDMAxPbI3 (x =
0 and 0.05) films on quartz substrate, an increased PL lifetime from 44.0 £ 1.3 ns for
MAPDI3z pristine film to 64.6 £ 0.9 ns for MA1.xDMAxPbIz (x = 0.05) film was
observed. This is attributed to the increase in crystalline quality and a reduction of
defects as non-radiative recombination centres. With the presence of either

spiro-MeOTAD (as hole extraction layer) or TiO2 (as electron extraction layer), the
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PL lifetimes drastically drop (Figure S5). Using the drift-diffusion model developed
previously, the corresponding carrier diffusion coefficients and diffusion lengths were
extracted [11]. We obtained an increased hole mobilty from 0.69 + 0.09 cm?s™ V1 at
room temperature for MAPDI; film to 0.83 + 0.06 cm?s™ V! for MA1xDMAKPbI3 (X =
0.05) film, yielding a hole diffusion length improvement from 280 + 20 nm to 370 +
20 nm. The electron mobility of MA1.xDMAPbI3 (x = 0.05) film slightly drops to
0.19 + 0.02 cm? st V! from 0.29 + 0.05 cm? s V! for MAPbIs film, yielding a
comparable electron diffusion length of around 180 + 20 nm in both cases due to a
longer lifetime in the former (Table S3). We should also point out that the electron
mobilities may be underestimated due to the presence of an injection barrier at the

TiO2/perovskite interface [41,42].
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Fig. 3. (a) Absorption spectra, (b) X-ray diffraction spectra, (c) steady-state and (d)
time-resolved photoluminescent spectra of the MA1xDMAxPbIs (x = 0 and 0.05)

films.

For device fabrication, the hole transporting material (HTM) was subsequently
deposited by spin-coating a solution of spiro-MeOTAD, TBP, LiTFSI, and cobalt
dopant (FK209) in chlorobenzene on to the prepared FTO/TiO2/perovskite film.
Finally, Au was evaporated as the back contact. Fig. 4a shows the current-voltage
characteristics of the solar cells based on MA1xDMAxPDbI3z (x = 0, 0.025, 0.05, 0.075,
and 0.10), with the main parameters summarized in Table S4. The device based on
MAPbI; (x = 0) displayed a short circuit photocurrent density (Jsc) of 19.61 mA cm 2,
an open circuit voltage (Voc) of 1.09 V, and a fill factor (FF) of 0.76, resulting in a
PCE of 17.1% under standard AM1.5G illumination. As DMA" was added, the best

PCE of 18.6% was obtained at x = 0.05, with a dramatically improvement of Jsc from
14



19.61 mA cm2to 21.09 mA cm 2. The higher Jsc was also validated by the incident
photon-to-current conversion efficiency (IPCE) spectra. As shown in Fig. 4b, the
photocurrent generation starts at around 800 nm in both cases, while the use of
MA1xDMAPbIs (x = 0.05) gives a noticeable improvement of the photocurrent over
the whole region either due to stronger light harvesting or more effective charge
extraction. The IPCE is defined by the product of light harvesting efficiency (LHE),
charge injection efficiency and charge collection efficiency. To find out the reason for
the higher current, the LHE spectra were determined for MA1.xDMAxPbIz (x = 0 and
0.05). The LHEs are identical up to 550 nm, and then slightly lower with the presence
of MA1xDMAPbI3 (x = 0.05) comparing to that of MAPbI3 (Fig. S6). As a result, the
higher IPCEs and photocurrent for the solar cell based on MA1-xDMAPbIz (x = 0.05)
is mainly due to the more efficient charge extraction. MAPbI3 has been reported to
show a large built-in polarization due to the absence of inversion center with the
presence of asymmetric organic cation [43]. In the cubic phase, the
noncentrosymmetric organic cation must be orientationally disordered to satisfy the
On symmetry, which has indirect effect on the intrinsic ferroelectricity by distorting
the inorganic lattice [44]. Walsh et al. reported a large degree of polarization induced
by the polar deformation of [Pbls] cage with the presence of a larger organic cation
FA™ [43]. In a similar way, the cubic MA1.xDMAxPbIz (x = 0.05) is expected to show
a stronger polarization, which might have a potential advantage for efficient charge
extraction.

Fig. 4c shows the J-V curves measured via the reverse and forward scans. There is
almost no hysteresis for MA1xDMAPbI3 (x = 0.05), indicating the stabilized crystal
structure of MA1xDMAPDI3 (x = 0.05). Under the same condition, the forward scan

of the device with MAPbI3 shows lower Vo and FF, which eventually leads to around
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1% lower efficiency (Table 2). Fig. S7 provide the statistical data on the
reproducibility of the solar cell performance. The average PCEs based on MAPbIs
and MA1xDMAPDI3 (x = 0.05) calculated from 25 devices are 16.6+0.52% and
17.8+0.41%, respectively. The small deviation suggests good reproducibility. As
mentioned before, partial replacement of MA™ with bigger organic cation DMA*
could construct a rigid [Pble] octahedral cage which is expected to show a better
intrinsic thermal stability. To check this effect on the thermal stability of the materials,
the unsealed solar cells based on MA1.xDMAxPbIz (x = 0 and 0.05) were kept in an
ambient atmosphere (humidity > 50%) at 85°C, and the J-V curves were measured
every 24 h. As shown in Fig. 4d, the PCE of the device based on MA1.xDMAxPbI3 (X
= 0.05) drops gradually from 18% to 13.4% after 7 days, mainly due to the decrease
of Jsc. Under the same condition, the one with MAPbI3 shows much faster degradation,
with just 35% of its initial value left. This decay behavior is in good agreement with

our previously speculation considering about the crystal configuration.
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Fig. 4. (@) Current density-voltage (J-V) curves of MA1.xDMAxPbIz (x = 0, 0.025,
0.05, 0.075, and 0.10) solar cells measured under 95 mW cm photon flux (AM 1.5
G). (b) The IPCE, (c) J-V hysteresis spectra of the devices, and (d) Degradation of
PCE for the unencapsulated devices based on MA1xDMA.PbI; (x = 0 and 0.05)

keeping at 85°C under the ambient condition.

Table 2
Photovoltaic performance of the devices based on MA1.xDMAxPbIlz under AM1.5G

illumination (95 mW cm-).

Jsc Voc - PCE

(mA cm?) % (%)

x=0 Reverse Scan 19.61 1.09 0.76 17.1
Forward Scan 19.65 1.06 0.74 16.2

x =0.05 Reverse Scan 21.09 1.10 0.76 18.6
Forward Scan 21.08 1.09 0.76 18.4

17



4. Conclusion

In conclusion, we have investigated the organic cation effect by incorporating
different amount of larger organic cation DMA™ on the crystal lattice of MAPbI3. The
high-quality single crystals of MA1xDMAxPbI3 (x = 0 to 0.25) were prepared. By
incorporating more than 6% of DMAT, the formation of a stable cubic phase was
obtained at room temperature. MAo91DMAo.ooPDbls crystallizes from a precursor
solution with the MA*/DMA" ratio of 0.95/0.05 and shows a P-43m space group and
a cubic to tetragonal phase transition at 0°C. It exhibits the same band gap but more
efficient charge extraction at the perovskite/charge transporting material interface
comparing with that of MAPDI3, leading to an improvement in device efficiency
together with an enhanced thermal stability at 85°C. This study opens a way for the
construction of intrinsically thermal-stable hybrid perovskites through the

improvement the crystal symmetry.
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