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Light, a new handle to control the structure of cesium lead iodide

CsPbI3 is of high interest for photovoltaic applications owing to its low bandgap, provided it could be stabilized in its γ perovskite phase. Instead, it energetically prefers to adopt a so-called yellow, δ phase, with much larger bandgap and reduced photovoltaic properties. Here, using an original constrained Density Functional Theory method, we mimic the effect of thermalized photoexcited carriers, and show that larger concentrations in photo-excited carriers (i.e. larger optical pump fluences) effectively reduce the energy difference between the δ non-perovskite ground state and the γ perovskite phase. Even further, the stability of the phases could be potentially reversed and therefore the γ phase stabilized under strong illumination. We also report large photostriction, i.e., large photo-induced strain for all phases in this material, making CsPbI3 suitable for other applications such as photo-driven relays and photoactuators.

I. INTRODUCTION

Halide perovskites represent a new hope to achieve efficient and affordable solar power conversion. They have quickly grown to achieve more than 25% power conversion efficiency [START_REF] Jeong | Pseudo-halide anion engineering for α-FAPbI3 per-392 ovskite solar cells[END_REF]. Their domain of application extends far beyond the mere solar cell, as their good photo-or electroluminescent properties [START_REF] Protesescu | Nanocrystals of Cesium Lead Halide 396 Perovskites[END_REF]3] make them prime candidates for laser or light-emitting diode applications [4,[START_REF] Chouhan | Synthesis, optoelectronic 410 properties and applications of halide perovskites[END_REF]. However, many of those halide perovskites suffer from severe stability issues with respect to humidity or temperature, in particular when they are made of a hybrid of organic -inorganic cations [START_REF] Senocrate | Ther-413 mochemical Stability of Hybrid Halide Perovskites[END_REF]. As a result, the fully inorganic lead halide perovskites, CsPbX 3 (X=I, Br, Cl) have been considered most promising owing to their larger stability. [START_REF] Xiang | A review on the sta-416 bility of inorganic metal halide perovskites: challenges 417 and opportunities for stable solar cells[END_REF]. Among those, CsPbBr 3 significantly starts absorbing at wavelengths below 550 nm (green), while CsPbCl 3 absorbs in the near UV spectral domain.

[2] As a result, those two compounds are not particularly promising to convert efficiently the solar spectrum into useful energy.

On the other hand, the perovskite phase of CsPbI 3 absorbs wavelengths as high as 700 nm [START_REF] Protesescu | Nanocrystals of Cesium Lead Halide 396 Perovskites[END_REF]. Unfortunately, lead cesium iodide is only metastable in a perovskite phase; the more stable δ-phase has much worse optical absorption properties [START_REF] Valastro | Optical behaviour of γ-black CsPbI3 phases formed 422 by quenching from 80 •C and 325 •C[END_REF]. The instability of the perovskite phase has recently been elucidated to stem from rattling of the Cs ion in its coordination cage, based on X-ray diffraction measurements on single crystals from 100 K to 295 K [START_REF] Straus | Understanding the Instability of the Halide Per-426 ovskite CsPbI3 through Temperature-Dependent Struc-427 tural Analysis[END_REF]. The perovskite phase can nonetheless be stabilized by substituting some I -with Br -at the expense of degraded absorption properties [START_REF] Protesescu | Nanocrystals of Cesium Lead Halide 396 Perovskites[END_REF], or metastabilized through cooling from the high-temperature phase [START_REF] Steele | Thermal unequilib-435 rium of strained black CsPbI 3 thin films[END_REF]. Yet, temperature or pressure are slow, cumbersome and energy-inefficient * charles.paillard@centralesupelec.fr the γ phase is dynamically stable in dark conditions [START_REF] Jain | The Materials Project: A materials 440 genome approach to accelerating materials innovation[END_REF], 60 our results may provide a pathway to trigger a transi-61 tion to the perovskite phase without having to realize 62 heavy and slow thermal cycles [START_REF] Steele | Thermal unequilib-435 rium of strained black CsPbI 3 thin films[END_REF]. Furthermore, a large 63 photo-induced strain is also calculated in all phases and 64 in particular in the stable δ-phase, which is of high im-65 portance to use CsPbI 3 in photostrictive devices [START_REF] Kundys | Photostrictive materials[END_REF].

66

II. METHODS

67

In order to study the possibility of triggering a phase 68 transition towards a perovskite phase in CsPbI 3 , we used 69 the constrained-DFT scheme developed in Ref. [START_REF] Paillard | Photoinduced Phase Transitions in Ferroelectrics[END_REF] as 70 implemented in Abinit [START_REF] Gonze | [END_REF][START_REF] Romero | Abinit: Overview, and focus on selected 474 capabilities[END_REF][16][START_REF] Torrent | Implementation of the projector augmented[END_REF][START_REF] Bottin | Large-497 scale ab initio calculations based on three levels of par-498 allelization[END_REF], with a plane wave cut- [START_REF] Jollet | Generation of 501 Projector Augmented-Wave atomic data: A 71 element 502 validated table in the XML format[END_REF]20] and the AtomPAW software [START_REF] Holzwarth | A Projec-506 tor Augmented Wave (PAW) code for electronic struc-507 ture calculations, Part I: atompaw for generating atom-508 centered functions[END_REF]. The discretization of the Brillouin zone was performed using a Γ-centered mesh having 7×10 -3 Bohr -1 sampling density along each reciprocal lattice vector direction. Self-consistent field cycles were considered converged when the difference in forces between two iterations was smaller than 10 -8 Ha.Bohr -1 ; structural relaxation was performed until the maximum calculated force laid below 5 × 10 -7 Ha.Bohr -1 .

Fermi-Dirac distributions with a smearing temperature of 0.004 Ha characterize the occupation of electronic states.

The lattice constants obtained in the electronic ground state are in good agreement with lattice constants measured experimentally or calculated using the Local Density Approximation (LDA) [START_REF] Marronnier | Anhar-513 monicity and Disorder in the Black Phases of Cesium 514 Lead Iodide Used for Stable Inorganic Perovskite Solar 515 Cells[END_REF][START_REF] Liu | 517 Structural Properties and Stability of Inorganic CsPbI 3 518 Perovskites[END_REF] (see Supplementary Information [24]). The reciprocal space paths used for the band structures in Figure 1 are detailed in Ref. [START_REF] Setyawan | High-throughput elec-524 tronic band structure calculations: Challenges and 525 tools[END_REF] In order to simulate photo-excitation, we constrained a finite number n ph of electrons (resp. holes) to lie in the conduction (resp. valence) bands with a Fermi-Dirac distribution characterized by two separate quasi-Fermi levels for photo-excited electrons and holes.

III. PHOTO-INDUCED PHASE TRANSITIONS A. Structural and electronic properties in dark

We start by describing the electronic and energetic properties of CsPbI 3 in "dark" conditions (n ph = 0). The band structures of the δ and γ phases are depicted in Fig- ures 1a,d. The γ phase (Figure 1a) has a direct bandgap of 0.63 eV located at the Γ point. The electronic bandgap of the δ phase is indirect and 1.79 eV large. The top of the valence band is located on the Y Γ segment, while the bottom of the conduction band is close to X. The direct bandgap, depicted with black empty circles, is located near X in reciprocal space, and is 1.80 eV large.

In Table I, we summarize the values of bandgaps for the γ and δ phases, and compare with experimental and theoretical works. The predicted bandgaps calculated with SOC underestimate both experimental and theoretical values obtained without SOC, as consistent with the litterature [START_REF] Even | 528 Importance of Spin-Orbit Coupling in Hybrid Or-529 ganicInorganic Perovskites for Photovoltaic Applica-530 tions[END_REF][START_REF] Brgoch | 533 Ab Initio Calculations of Band Gaps and Absolute Band 534 Positions of Polymorphs of RbPbI 3 and[END_REF][START_REF] Tung | Strain Induced 554 Topological Insulator Phase in CsPbBrxI3-x (x = 0, 1, 2, 555 and 3) Perovskite: A Theoretical Study[END_REF].

The energy of the four phases without photoexcitation is depicted in Figure 2 (see points at n ph = 0). The lowest-energy structure is the δ-phase, which lies below the γ-phase by roughly 80 meV/f.u. This qualitatively differs from Ref. [START_REF] Marronnier | Anhar-513 monicity and Disorder in the Black Phases of Cesium 514 Lead Iodide Used for Stable Inorganic Perovskite Solar 515 Cells[END_REF], but agrees well with experimental observations of the δ-phase being the most stable state.

The difference with Ref. [START_REF] Marronnier | Anhar-513 monicity and Disorder in the Black Phases of Cesium 514 Lead Iodide Used for Stable Inorganic Perovskite Solar 515 Cells[END_REF] might be due to a different exchange-correlation functional used. We note, furthermore, that the relative energies of the phases δ, γ, β and α agree well with the observed phase transitions upon cooling. [START_REF] Valastro | Optical behaviour of γ-black CsPbI3 phases formed 422 by quenching from 80 •C and 325 •C[END_REF][START_REF] Steele | Thermal unequilib-435 rium of strained black CsPbI 3 thin films[END_REF][START_REF] Liu | 517 Structural Properties and Stability of Inorganic CsPbI 3 518 Perovskites[END_REF][START_REF] Sutton | Cubic or 559 Orthorhombic? Revealing the Crystal Structure of 560 Metastable Black-Phase CsPbI 3 by Theory and Exper-561 iment[END_REF][START_REF] Yao | Research and 563 progress of black metastable phase CsPbI 3 solar cells[END_REF] showed that photo-excited carriers had a strong impact 152 on phonon instabilities. [START_REF] Paillard | Photoinduced Phase Transitions in Ferroelectrics[END_REF][START_REF] Peng | Topological phonons in oxide perovskites con-572 trolled by light[END_REF] In particular, in cubic 153 lead titanate and barium titanate, it had been found that 154 phonon instabilities related to the development of electri-155 cal polarization were suppressed under illumination [START_REF] Paillard | Photoinduced Phase Transitions in Ferroelectrics[END_REF].
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156

Here, the phonon spectrum of the cubic α phase (see Sup- erate semiconductors [START_REF] Pasynkov | On some problems of the phenomenolog-575 ical theory of ferroelectric-semiconductors[END_REF] or to explain photostriction in 173 ferroelectric oxides [START_REF] Paillard | Ab initio[END_REF], one may simply say that the dif-174 ference of energy between the two phases is:

E γ (n ph ) -E δ (n ph ) = ∆E 0 + δE g (n ph ).n ph (1) 
In the above equation, ∆E 0 is the energy difference 176 between the δ and γ phase in "dark" conditions (roughly 177 80 meV/f.u.); δE g (n ph ) = E g,γ (n ph ) -E g,δ (n ph ) denotes 178 the difference of bandgaps between the γ and δ phases, 

IV. PHOTOSTRICTION

We also looked at the photostrictive response of CsPbI 3 . It is given in Table II, in which estimates use the value of the photo-induced strain at n ph = 0.025 e/f.u. in Figure 3. We chose such value because it is small enough to be in a linear regime for most phases in CsPbI 3 . Consequently, we plot, in Figure 3, the photo-induced strain for all four phases of CsPbI 3 considered in this work. [START_REF] Paillard | Ab initio[END_REF]. Note also that we report in Table II, photo-induced strains from ∆SCF calculations [START_REF] Paillard | Ab initio[END_REF]44,46] corresponding to indirect transitions to match as closely as possible the results that would be obtained using the constrained-DFT method employed here.

We must also stress that at large concentrations in photo-excited carriers (n ph > 0.1 e/f.u.), the photoinduced response can become highly non-linear, especially in the β and α phases. While large photo-induced strain is observed across all phases in the large n ph regime, Figure 3 and Table II show that the δ phase possesses the largest photomechanical sensitivity under low illumination conditions.

A recent study has attributed the large photostriction in cubic cesium lead halide perovskite to the strong antibonding nature of the bottom of the conduction band. (

FIG. 3. Photo-induced strain in lead cesium iodide, along the principal crystallographic axes of each phase (γ), (β), (δ) and (α). Dashed open symbols in the δ and γ phases show calculations with SOC.

Material

Phase δa/a δb/b δc/c % / (e/f.u

.)] CsPbI3 α -0.02 - - β 0.5 - -0.8 γ 0.2 1.4 1.5 δ, -9.9 15.3 -5. 

BiFeO3 (perovskite [44])

R3c -1.5 --BaTiO3 (perovskite [START_REF] Paillard | Ab initio[END_REF] )

R3m -0.2 - - PbTiO3 (perovskite [38]) P 4mm -1.0 - -3.1 SrCoO2.5 (brownmillerite [45]) Ima2 - - +0.4 SnS (2D ferroelectric [46])
-56.9 14.2-28.4 -TABLE II. Estimates of the linear photo-induced strain in lead cesium iodide calculated using the constrained-DFT method (no SOC/SOC values reported). Other reported compounds were calculated using the ∆SCF (Self-Consistent Field) method.

V. CONCLUSION 286

The constrained-DFT approach employed in the We estimate the photo-excited carrier concentration.

Considering the power balance sketched in Figure 4, the total absorbed energy from a laser of fluence I 0 impinging on a sample of cross-section S, thickness d, having absorption and reflection coefficient α and R is

E tot = (1 -R)I 0 (1 -e -αd )S (A1)
As a result, the total number of photons absorbed is

N photons = E tot hω = (1 -R)I 0 (1 -e -αd )S hω , (A2) 
with hω the average photon energy within the incident beam. Assuming that each absorbed photon yields an electron -hole pair, we would thus have a photo-excited carrier density, expressed in e/f.u. of

n ph = N photons Sd × V δ 4 , (A3) 
where V δ is the volume of the δ phase unit cell. The factor 1/4 comes from the fact that there are 4 formula units in the δ phase unit cell.

Assuming, for the sake of simplicity, that photons in the laser beam carry an energy hω = 3 eV (413 nm), we take for the δ phase a value of α ≈ 2 × 10 5 cm -1 [START_REF] Valastro | Optical behaviour of γ-black CsPbI3 phases formed 422 by quenching from 80 •C and 325 •C[END_REF]. We 

  control parameters. Methods allowing to easily and effi-42 ciently control the appearance of the perovskite phase in 43 CsPbI 3 are thus highly desirable. 44 In the present work, we study the relative stability 45 of the main four phases of CsPbI 3 : the δ-phase, which 46 is the non-perovskite ground state; the γ-phase which 47 is the low-energy orthorhombic perovskite phase; the β-48 phase is an intermediate tetragonal perovskite structure, 49 while the α-phase is the cubic prototypical and high-50 temperature perovskite. All four phases are depicted in 51 the Supplementary Information.

52

  Density Functional Theory (DFT) calculations are em-53 ployed in an original scheme which constrains excited 54 electrons (resp. holes) in the conduction (resp. valence) 55 bands during the self-consistent cycle to mimic thermal-56 ized photo-excited carriers. Our results indicate that 57 above bandgap light may help tune the relative stabil-58 ity of the γ and δ phases. Even further, knowing that 59

71

  off of 40 Ha. The Perdew-Burke-Ernzerhof (PBE) ex-72 change correlation functional revised for solids (named 73 PBESol) was employed. All calculations reported here 74 include spin-orbit coupling (SOC). Plane Augmented 75 Wave (PAW) pseudopotentials were regenerated for 76 PBESol using the PBE pseudopotential parameters used in the Jollet-Torrent-Holzwarth (v1.1) table

FIG. 1 .

 1 FIG. 1. Band structures obtained in the γ (a-b) and δ (c-d) phases for n ph = 0.00 e/f.u. (electronic ground state; a and c) and n ph = 0.6 e/f.u. (b and d) respectively; orange plain circles indicate the location of the electronic bandgap, and black empty circles depict the direct bandgap.

  157plementary Information) shows that photo-excited carri-158 ers hardly modify the unstable phonon branches. This is 159 consistent with the fact that no other perovskite-phase 160 becomes more stable than the γ phase in Figure2. There 161 does not seem to be any other perovskite phase that could 162 develop under illumination besides the γ phase, which is 163 itself dynamically stable[START_REF] Jain | The Materials Project: A materials 440 genome approach to accelerating materials innovation[END_REF]. 164 C. Toy model 165 As a result, the case could be made that the proposed 166 phase transition origin lies in the difference of electronic 167 bandgaps of the δ and γ phases. In a two-level system 168 (e.g. limiting ourselves to the bottom of the valence band 169 and top of the conduction band), a simple toy model can 170 be designed to further prove this point. Akin to the ex-171 tension of Landau's theory to the description of degen-172

179 and n

  photo-excited carriers are distributed across more than 189

  a, b and c refer to the lattice constants of the principal axes sorted by increasing length. In the case of the α cubic phase for which a = b = c, we report only a, while for the β tetragonal phase, a = b = c, and we report only a and c. Interestingly, and as also summarized in

[ 47 ]

 47 Our results indicate that the strong photo-induced strain permeates through all phases of CsPbI 3 , at least in the large n ph regime. The large photo-induced strain in CsPbI 3 , and in general in hybrid perovskites [48], may find applications in improving the photovoltaic power conversion efficiency [49]. Interestingly, to achieve photostriction comparable to the 0.125% expansion reported in MAPbI 3 films [48], one could use 413 nm wavelength laser pulses of 8.5 mJ.cm -2 .
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  photo-induced phase transition towards the γ perovskite 295

  Appendix A: Photo-induced carrier estimate

  FIG. 4. Sketch of what happens to a ray of light of intensity I0 impinging on a material.

342

  This allows us to obtain a crude estimate of the value 343 of n ph depending on the pump fluence, which we plot 344 in Figure5. Note that in Figure5, we assumed a sam-345 ple uniformly illuminated of thickness 323 nm, area size 346 S = 0.0625 cm 2 , which is submitted to a laser pulse car-347 rying an energy up to 4 mJ. The geometrical parameters 348 involved were taken from photostriction experiments car-349 ried out on thin films of MAPbI 3 [35]. One observes that 350 reasonable pulse energy can lead to the desired concen-351 tration of photo-excited carriers in thin films. 352 Note that in the previous simple derivations, we as-353 sumed that every electron-hole pair relaxes into thermal-354 ized carriers in their respective bands (valence bands for 355 holes; conduction bands for electrons). We also assume 356 that the recombination time of excited carriers is large 357 enough compared to the pulse duration. Typical relax-358 ation times in CsPbI 3 are of the order of a few nanosec-359 onds [52, 53] (depending on the sample quality). Picosec-360 ond laser pulses could therefore be suitable this model. 361 A more complex model would solve a balance equation or 362 the real time Bethe-Salpether equation to obtain a more 363 accurate relation between the pump fluence and the av-364 erage number of photoexcited carriers.

FIG. 5 .

 5 FIG.5. Estimated photo-induced carrier concentration induced by a 3 eV laser pulse. Dotted blue and red line correspond to the concentration necessary to achieve the δ -→ γ transition with and without SOC, according to Figure2of the main manuscript.