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The emerg @ palide perovskites for photovoltaic applications has triggered great interest in

these materials for solid-state light-emission. Higher-order electron-hole recombination processes

can crit@he efficiency of such devices. In the present work, we compute the Auger

recombWﬁcients in the prototypical halide perovskite, CH;NH;Pbl; (MAPbIs), using first-

-
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principles calculations. We demonstrate that Auger recombination is responsible for the
exceptionally high third-order recombination coefficient observed in experiment. We attribute the
large Aument to a coincidental resonance between the band gap and interband transitions
to a compl -lying conduction bands. Additionally, we find that the distortions of Pblg

octahed-ra iﬁin ribute significantly to the high Auger coefficient, offering potential avenues for

materials dﬂgw
1. Introdum

Halide perovskitesiomprise a group of materials with the chemical formula ABXj3, in which the A-site
cation is ei;tallic element or an organic molecule, the B-site is occupied by a metallic
element and X'is a halogen anion such as |, Br’, and CI". Methylammonium lead iodide (MAPDbls,

MA:CHM@ archetypal member of this family, where the A-site molecule (MA") sits in a

lattice edra (see Figure 1). These materials have attracted widespread attention as
candidat ordable and efficient photovoltaics; within a few years reported power conversion
2-4]

efficiencies have risen from 3% to over 20%,

efficiency Materials is still underway.

Given the ?@ conversion efficiency, detailed balance in the Shockley-Queisser formulation

and a worldwide effort to improve the conversion

suggestﬂive recombination will be efficient.””’ Halide perovskites should therefore also

make gooddight emitters, and light-emitting diodes (LEDs) have indeed been fabricated' and have

been show r the entire visible spectrum.” However, the operation of LEDs requires much
-

higher carr ies (typically around 10™ cm®)® compared to photovoltaics, where the carrier

<
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density is fundamentally limited by the availability of solar radiation. At these higher carrier densities,
nonradiative recombination mechanisms might play a much more important role than in solar cells.
The prospgt aking efficient LEDs based on halide perovskites thus hinges on the behavior of

carrier rec t higher carrier densities.

Higher-ord&grecombination processes play an important role in determining the quantum efficiency

]

of an LED. @nder typical LED operating conditions, the non-equilibrium densities of electrons (n) and

G

holes (p) can,b umed to be equal. The internal quantum efficiency (IQE) is then described by:

kznz

IQE = , (1)

kin+kyn2+ksn3

Uus

where kq, k represent the mono-, bi- and trimolecular recombination coefficients

1

respectivel Pbl;, peak IQEs of greater than 70% have been achieved.® The I1QE peaks

3

around n =40 and falls off rapidly as carrier density increases; the fall-off is due to the

a

ination dominating at higher carrier densities. Transient spectroscopy™®*? and

B3] measurements have obtained trimolecular recombination coefficients

ranging from 5.4x10° to 1.6x10” cm®s™. While strategies to mitigate the efficiency fall-off via

device des!’g have shown promise,'*” a fundamental understanding of the underlying recombination

mechanisrr@itional avenues for materials design are still needed.

In this pE out to determine from first principles whether Auger recombination can explain
the obs ncy loss at high carrier densities. Auger is a trimolecular process in which the
energy relgsed by electron-hole recombination promotes a third charge carrier to an excited state.

This proce diative, as the excess energy of the excited carrier is lost to phonons. If that

<
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third charge carrier is an electron, the Auger process is called an electron-electron-hole (eeh)

process; in case it is a hole, it is called a hole-hole-electron (hhe) process.

{

All of the t semiconductors with band gaps higher than 1 eV exhibit Auger coefficients C
around 107" cm's ". he measured k; coefficients in MAPbI; are two orders of magnitude higher
I

[15]

than the A8ger coefficients C in other materials with similar band gaps, ™ prompting the question

whether Afiger is agtually the responsible mechanism. Other mechanisms (such as carrier leakage)

G

can lead to lar, values, as illustrated by investigations on the more widely studied nitride-based

S

LEDs.™® 0 st#frinciples calculations allow us to examine whether the Auger process is really so

much stronger thafi in traditional semiconductors, and what the underlying mechanisms are.

Gl

We use first-principles methods (Sec. 2) to compute the Auger recombination coefficient in MAPblI;,

A

and investi isgrelationship with key features in the band structure. We find that the

5

unexpecte uger coefficient in MAPDbI; originates from unique features in its band structure

induce spin-orbit coupling (SOC)™ (Sec. 3.1). We also find that k-space splitting of the

band e

M

ntly enhances Auger recombination, and that this splitting is correlated with

structural distortions (Sec. 3.2). It turns out distortions can be engineered by strain or by alloying,

I

resulting i ssion of Auger recombination. In this spirit, we search for other perovskite

iodides tha ze the degree of internal distortion, thus identifying promising candidates for

higher-effigi ht emitters. Finally, we discuss how the Auger effect of MAPbI; compares with

N

other c iconductors (Sec. 3.3), and demonstrate that the experimentally observed third-

t

U

order reco n coefficient is indeed due to Auger recombination.

2. Methodology

A
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Fully ab initio calculations of Auger recombination rates have recently been developed and applied
to I1I-V semiconductors.™® Our calculations of eigenvalues and wavefunctions are based on density
function#(DFT)m’m] and norm-conserving pseudopotentials as implemented in the Quantum
ESPRESSO 21] plane-wave energy cutoff of 100 Ry along with a 6 x 6 x 6 k-point grid were
used in ﬂ'nemalons of structure and charge density. We use the local density approximation
(LDA) fort nge-correlation functional. To account for the LDA underestimation of the band
gap, the co -band energies are shifted relative to the valence bands (commonly referred to

as a scisso he overall shape of the scissors-shifted band structure agrees well with the

(%)
~
~

[22]

quasipartl tructure” at a fraction of the computational cost.

The large S ck of inversion symmetry lead to non-collinear spins. The spin-orbit interactions
are includ rturbing Hamiltonian (AHspc) constructed using the vector part of the ab initio
pseudopo ]The corrections to the spin-degenerate eigenvalues are obtained by

diagonati in the spin-degenerate basis. To ensure that the spinor wavefunctions can be

represented ear combination of the spin-degenerate wavefunctions we included 40

I\/I

unoccupied conduction bands in our band structure.

Each state nd structure can be labeled by a general state index | = [k, m], where k is the

crystal mo n reciprocal space and m is the band index. A 20 x 20 x 20 k-space grid was used

for the cal of the Auger rates. The Auger rate is given by Fermi’s golden rule:™*®

uthor

RAuger = 27”21234f1f2(1 — f3)(1 = fa)IM1234]°8 (1 + &2 — €3 — &4) , (2)

where | = epresent the four single-particle states involved in the Auger process, f, are
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Fermi occupation factors, and the 6 function enforces energy conservation. The matrix element

Ma334 is the anti-symmetrized screened-Coulomb matrix element:

(V12| W [YP3hs) — (12| W [Yath3) , (3)

pt

comput® FREPERE single-particle wavefunctions ;. If we assume equal densities of electrons and
holes, we c e an Auger coefficientas C= RAuger/n3. The matrix elements are nonzero only if

momentunigi rved (i.e., k; + k= ks + ka).

SCT

In our calc f the Auger coefficients for the eeh (C,) and hhe (C,) processes, we treat the

scissors-shifted bafid gap as an adjustable parameter to model the effect of alloying MAPbI; with

t

other mate to better understand the interplay between the Auger coefficient and features

n

in the ban e. Results for MAPblI; itself are obtained at the experimental band-gap value of

1.60 eV.1?4

(O

3. Resu Discussions

The lo

M

e ground-state phase of MAPbl; is orthorhombic (Pnma), where the Pblg

octahedra are significantly tilted and deformed. At slightly above room temperature (327 K), MAPbl;

[

undergoes on to the cubic phase (Pm3m).”® In our simulations we focus on this cubic

phase wit @ m unit cell. While the overall cell shape is cubic, atomic relaxation leads to

significant s from the ideal perovskite positions (see Figure 1). Using the Pb atom as the

referen e center of the cubic unit cell, we find that the three iodine atoms are displaced

{

Lk

0.28, 0.39 A from their face-centered positions, and such internal distortions lead to an

[26]

effective R itting,'” which significantly modifies the band structure near the band edges and

A
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breaks the spin degeneracy. This splitting can be observed in the band structure of the relaxed unit

cell shown in Figure 2.

{

The states conduction-band minimum (CBM) have predominantly Pb-p character, and the

valence-band maximum (VBM) states predominantly I-p character. When SOC is included, the six
|

spin-dege te bands near the CBM at R split into two bands at the band edge and four bands at

1.29 and 146 eV dBove the CBM, and the band gap changes from a direct gap at R to a slightly

G

indirect transiti etween states slightly off R. These key features of our band structure agree well

S

with the g awfitle band structure of Gao et al.”?? The guasiparticle band structures of the

[27] a |[28]

orthorhombic tetragonal“™ phases have been calculated by other groups but the much larger

U

computati of studying Auger recombination in these larger-unit-cell phases is beyond our

n

current ca

d

We choose * as a typical carrier density for an LED. At this density, the initial states are

restricte ortion of the Brillouin zone near the band extrema around R. Since Auger

recom

M

t conserve energy and momentum, the process will be strong if final states are

available with energies approximately one band gap away from the band edges. Such states (labeled

I

as 4 in Fig clearly available in the MAPbI; band structure, for both the eeh and hhe

processes.

O

At the exp@fimental band gap of 1.60 eV, we obtain Auger coefficients of C, = 2.7x10*° cm®s™ and (o8

q

=4.6 x 10« s BThese values are two orders of magnitude larger than Auger coefficients in

!

semiconductors With similar band gaps.[lsl We now explore the physical mechanisms responsible for

U

this enhancemen

A
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3.1. Coincidental resonance

For the hhiﬁroce’, an array of valence bands is available that can serve as final states for Auger
fecombinamjng the high C, value (4.6x10™>° cm®s™). For the eeh process, Figure 3b) shows
our calcula efficient as a function of band gap. This plot is obtained by computing C, as a
I
function o&e scissors-adjusted gap, while keeping the matrix elements in Equation 2 fixed. While
changing t@ap can be considered a rough approximation to alloying MAPbI; with other
materials, simulation of alloys is not our primary goal. Our main focus is to elucidate the mechanisms
responsibl t igh Auger coefficient in this material. If Auger transitions are restricted to the

first two conductidk bands (CB1 and CB2) (see Figure 3a)), the computed Auger coefficient falls off

rapidly as aﬁ of band gap—a behavior similar to intraband eeh processes in conventional

direct-gap uctors.?If transitions to the higher-lying four bands (CB3-CB6) are included the
Auger coeffici dramatically increased, and shows a distinct maximum when the band gap is
equal t difference between CB1-CB2 and the higher-lying conduction bands (CB3-CB6)

(Figure 3b)); thi pens to occur very close to the band gap of MAPbls;, where C, is enhanced by
three orders of magnitude relative to the case where transitions to the higher-lying conduction
bands wms not occur. We conclude that most of the high eeh Auger recombination rate observed

in MAPbI; tributed to the coincidental resonance of the band gap with interband transitions

to a comple her-lying conduction bands. We note that a similar resonance was observed in

InAs, and !E been a focus of band-structure engineering aimed at suppressing the Auger

recombiafondad

3.2 Effectme distortions on Auger

<
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Spin-orbit coupling not only leads to the splitting of the conduction bands that results in the
enhancement of the eeh Auger rate, but (in combination with a breaking of inversion symmetry) it
also causet itting of states near the band extrema.B" We will see this splitting also has a distinct

effectont fficients.

H I
The CBM ang VBM of MAPbI; are each comprised of two spinor states. When the Pblg octahedra are

5

undistorted’(by fixfihg the Pb atom at the center of the unit cell, and the iodine atoms at the ideal

G

face-center posisigns), the bands at the CBM and VBM are degenerate. When the atoms are allowed

S

to relax, th nd®split into two bands. Most noticeably, the internal distortions lead to a linear-k

splitting of the ban@ edges, which directly influences the distribution of states involved in the Auger

Ul

process. C
A schematmthe CBM changes due to structural distortion is shown in Figure 4. In the case of
undistorted¥id b and | positions, the VBM and CBM are both at the high-symmetry R point.

Structura tions lead to a linear-k splitting, which in turn results in a ring of states around R.

The ba e relaxed structure has a higher dimensionality, and thus many more states

M

available for the Auger process. Therefore, at the same carrier density, each of the states at the

I

band edge laxed structure will have a lower quasi-Fermi occupation factor than in the ideal

structure. dent in the fact that the quasi-Fermi level is lower for electrons (and higher for

holes) in t atomic configuration than in the ideal structure.

n

To exa isfributions of band-edge states that participate in Auger recombination, we can

{

compute the ex of the region in the Brillouin zone occupied by electrons or holes. Table 1 shows

u

results for % BZ cgaresponding to a volume in which 99% of the electrons(holes) reside, for the case

A
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of a carrier density of 10" cm™. The table shows that in the ideal structure the charge carriers are

much more concentrated near the R point, making it significantly harder to simultaneously satisfy

energy anj h: entum conservation.

The Auger coefficients versus band gap for the ideal and relaxed structures are shown in Figure 5.
|

The Auger 8gefficient is clearly significantly lower for the ideal structure. The Auger coefficients at

1

the experifiental Band gap of 1.60 eV are listed in Table 1. The concentration of charge carriers near

G

the R point causes the eeh Auger coefficient for the ideal structure to be 92% lower than in the

S

relaxed str r e hhe Auger coefficient experiences a similar drop, by 86%. These Auger

coefficients for thalideal structure are close to the value of =10 cm®s™ that seems to be a lower

H

limit for Au icients, as observed across a wide range of materials spanning a large range of

N

band gaps.

d

The conne een distortions and higher Auger coefficient is evident. Schemes for controlling

the octa istortion have been proposed, such as using anisotropic strain® or alloying with

other h ites.®* Atomic substitutions can of course have other effects on the band

M

structure; still, looking for materials with lower internal distortions can be a useful criterion in the

search for with lower Auger coefficients.

Of

The degree rtion of the perovskite octahedra can be characterized by the variance of the

angles subt&nded by the bonds at the Pb atom:®*!

[

1 o
Uez(oct) = Ezllzzl 6; —90 )2 : (4)

We have comp the bond-angle variance ag(oct) for a number of inorganic and hybrid iodide

Aut
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perovskites. The results, shown in Figure 6, show a clear trend with the size of the cations: smaller
distortions occur for larger A-site cations as well as for smaller B-site cations. A similar general trend
is obser\mwon of tolerance factor: the tolerance factor increases for larger A-site cations
as well as -site cations, and materials with larger tolerance factors tend to have smaller
distorticﬂ\sma that the bond-angle variance provides a more direct measure of the
distortions. A complete investigation of the distortion of different types of halide perovskites is
beyond the f the present work. However, we note that the structural parameters of different

halide peraVskifes €an be obtained by simple calculations or from existing materials databases,*®

$

and can se seful starting point for screening of promising light-emitting materials. The large

U

range of o distortions shown by the halide perovskites, as illustrated in Figure 6, allows for

using the distortion as a tuning parameter in materials design.

i

3.3. Implicati device efficiency

cl

We no the impact of the Auger coefficient on the efficiency of LEDs. At the experimental

band g .60 eV, the combined Auger coefficient (eeh+hhe) from our calculations is 7.3x10

cm®s™ for the relaxed structure and 8.6x107° cm®s™ for the ideal structure. In Figure 7 we plot the

IQE as a fuhthe carrier density n (Equation 1) using our calculated Auger coefficient as k.

For the rad dtombination coefficient k, we use a calculated value of 8.4x10™** cm>s™? B and for
k, the valu d by Richter et al.” ' we compare our results with an IQE curve calculated using
experi rmined recombination coefficients k; =5 x 10°s™, k, = 8.1 x 10 cm®s™, and ks =
1.1x 10wmained in Ref. [9] from fitting transient absorption (TA) measurements. In Ref. [9]

it was also rated this curve matched results from photoluminescence quantum yield

U

measure e calculated and experimental IQE agree very well with each other, thus

A
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confirming that the third-order recombination observed in MAPbI; is primarily due to Auger

recombination.

R

Figure 7 ing @ at Auger recombination causes the IQE of MAPbI; to drop off above a carrier

density of 2.5x10" cm, and also reduces the peak IQE. Zou et al.” fabricated LEDs from two-
H I

dimension ered perovskites and found that the efficiency fall-off occurs at lower carrier

]

densities c@mpared to the three-dimensional perovskites. Auger recombination thus apparently

C

plays an ev significant role for two-dimensional perovskites. However, as discussed in Sec.

S

3.2 and Fig ,Uger recombination can be dramatically reduced if lattice distortions are

suppressed. This r@dluced Auger coefficient results in an IQE with a peak that increases from 69% to

Gl

86%, with ier density at peak efficiency shifting to 7.6 x 10'” cm™ (Figure 7).

n

4. Conclusi

d

We hav the Auger recombination coefficient of the prototypical halide perovskite,

MAPbI;. Our calCHiltions result in a total Auger coefficient (eeh+hhe) of 7.3x10° cm®s™, in good

i

[10,11,13]

agreem third-order recombination coefficients reported by experiments,

confirmin at Auger is the dominant loss mechanism in MAPbI; at high carrier concentrations.

[

The high A @ mbination coefficient for the eeh process is mainly due to the coincidental

resonance nd gap with states that are roughly one band gap away from the band edges. We

1

also fo e distortions in the metal-halide lattice are removed, Auger recombination can

{

be dramati€ally suppressed. To aid future attempts at engineering this feature, we computed the

U

octahedral distorti@ns in a number of halide perovskites. In order for halide perovskites to reach

quantum effigi es comparable to those of traditional IlI-V semiconductor devices, materials will

A
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have to be identified that avoid the coincidental resonance that is present in MAPbl;, and that

minimize distortions of the metal-halide lattice.

{

Acknowle

P

This wolik W@sisligplorted by the U. S. Department of Energy, Office of Science, Basic Energy Sciences,

under Awah—SCOOlOGSQ. Computational resources were provided by the National Energy

C

Research S@entifiglComputing Center, a DOE Office of Science User Facility supported by the Office

of Science @f't S. Department of Energy under Contract No. DE-AC0205CH11231.

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

Reference

dNus

[1] Z. Xiao, R.
Photoni

ner, L. Zhao, N. L. Tran, K. M. Lee, T.-W. Koh, G. D. Scholes, B. P. Rand, Nat.
108.

VA

[2] A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, J. Am. Chem. Soc. 2009, 131, 6050.

[3] H. Zhou, Q. Chen, G. Li, S. Luo, T.-B. Song, H.-S. Duan, Z. Hong, J. You, Y. Liu, Y. Yang, Science 2014,
345, 542.
[4] N. J. Jeo oh, W. S.Yang, Y. C. Kim, S. Ryu, J. Seo, S. I. Seok, Nature 2015, 517, 476.

1

[5] O. Dt MEMYablonoviteh, S. R. Kurtz, IEEE J. Photovoltaics 2012, 2, 303.

{

U

[6] S. D. Str. . Snaith, Nat. Nanotechnol. 2015, 10, 391.

[7]S. Adjo H. Fang, M. A. Loi, Mater. Today 2017, 20, 413.

A

This article is protected by copyright. All rights reserved.

13



WILEY-VCH

[8] S. P. DenBaars, Solid State Luminescence, Springer Netherlands, Dordrecht, 1993.

[9]). M. Riiter, :& Abdi-Jalebi, A. Sadhanala, M. Tabachnyk, J. P. Rivett, L. M. Pazos-Out 6n, K. C.
Godel, M. , F. Deschler, R. H. Friend, Nat. Commun. 2016, 7, 13941.

[10] J. Fu, @, B. Wu, C. H. A. Huan, M. L. Leek, T. C. Sum, Nat. Commun. 2017, 8, 1300.

[11] C. \”e entennig, G. E. Eperon, M. B. Johnston, H. J. Snaith, L. M. Herz, Adv. Mater. 2014, 26,
1584. E

[12] Y. Yan‘ M. Y;g, Z. Li, R. Crisp, K. Zhu, M. C. Beard, J. Phys. Chem. Lett. 2015, 6, 4688.

[13]R. L. Vm Eperon, H. J. Snaith, M. B. Johnston, L. M. Herz, Adv. Funct. Mater. 2015, 25,
6218.

[14] W. Zou, R. Li, 3 Zhang, Y. Liu, N. Wang, Y. Cao, Y. Miao, M. Xu, Q. Guo, D. Di, L. Zhang, C.Yi, F.
Gao, R. H. ,J. Wang, W. Huang, Nat. Commun. 2018, 9, 608.

[15] K. A. BEh, S. Yu. Karpov, Phys. Status Solidi C 2008, 5, 2066.

[16] J. Piprm&‘atus Solidi A 2010, 207, 2217.

[27]J. sseau, J.-M. Jancu, C. Katan, J. Phys. Chem. Lett. 2013, 4, 2999.

[18] E. Kiou . Steiauf, P. Rinke, K. T. Delaney, C. G. Van de Walle, Phys. Rev. B 2015, 92,

035207

[19] P. Hohenberg, W. Kohn, Phys. Rev. 1964, 136, B864.

[20] W. Koh ham, Phys. Rev. 1965, 140, A1133.

[21] P. Gian . Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G. L. Chiarotti,
M. CococcigAtf¥™Pabo, A. Dal Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann,
C. Gou i kalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A.

Pasquar%tto, C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P.
Umari, R. M. Wentzcovitch, J. Phys. Condens. Matter 2009, 21, 395502.

[22] W. GaD T. A. Abtew, Y.-Y. Sun, S. Zhang, P. Zhang, Phys. Rev. B 2016, 93, 085202.

<

This article is protected by copyright. All rights reserved.

14



WILEY-VCH

[23] M. S. Hybertsen, S. G. Louie, Phys. Rev. B 1986, 34, 2920.

[24] A. M. i Legu?P. Azarhoosh, M. I. Alonso, M. Campoy-Quiles, O. J. Weber, J. Yao, D. Bryant, M.
T. Weller, , A. Walsh, M. van Schilfgaarde, P. R. F. Barnes, Nanoscale 2016, 8, 6317.

[25] M. T. Weber, P. F. Henry, A. M. Di Pumpo, T. C. Hansen, Chem. Commun. 2015, 51,

4180. -

[26] X. Zhah, J.-W. Luo, A. J. Freeman, A. Zunger, Nat. Phys. 2014, 10, 387.

[27] M. R. Rllip, C. Merdi, F. Giustino, J. Phys. Chem. C 2015, 119, 25209.

[28] F. Brikutler, A. Walsh, M. van Schilfgaarde, Phys. Rev. B 2014, 89, 155204.

[29] D. Steiﬁoupakis, C. G. Van de Walle, ACS Photonics 2014, 1, 643.

[30]1.P.M WZ”Batool, K. Hild, S. R. Jin, N. Hossain, T. J. C. Hosea, J. P. Petropoulos, Y.Zhong, P.
B. Dongm Y Zide, S. ). Sweeney, Appl. Phys. Lett. 2012, 101, 221108.

[31] M. Kepenekian, J. Even, J. Phys. Chem. Lett. 2017, 8, 3362.

[32] L. Lepm Reyes-Lillo, J. B. Neaton, J. Phys. Chem. Lett. 2016, 7, 3683.

[33]J.-H. . C. Bristowe, J. H. Lee, S.-H. Lee, P. D. Bristowe, A. K. Cheetham, H. M. Jang, Chem.
Mater. 2016 59.

[34] K. Robinson, G. V. Gibbs, P. H. Ribbe, Science 1971, 172, 567.

[35] V. M. Midt, Naturwissenschaften 1926, 14, 477.

[36] A. Jai @ g, G. Hautier, W. Chen, W. D. Richards, S. Dacek, S. Cholia, D. Gunter, D. Skinner,
G. Ceder, K. 8mR&FSson, APL Materials 2013, 1, 011002.

[37] X. ZhaRg, J.-X. Shen, W. Wang, C. G. Van de Walle, 2018.

This article is protected by copyright. All rights reserved.

15



WILEY-VCH
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Figure 1. 12Z-atom unit cell of MAPbI; where the | atoms are at the ideal face-center positions. The

1

arrows indicate displacement of the | atoms upon relaxation within a cubic cell shape. For clarity the
length of thiEe d w ement vector is enhanced by a factor of five.
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Figure 2. Band structure of MAPbI; including SOC, with the gap adjusted to the experimental value,
plotted along the a) R = and b) R = M directions. Auger recombination events for the eeh a) and
hhe b) pro sses indicated.
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Figure 3.
transitions t 3-CB6 bands. b) Computed Auger coefficients as a function of scissors-adjusted
band g r density n = 10'® cm™, for processes restricted to CB1-CB2 versus processes with
transitions to all conduction bands bands. The dashed line represents the experimental band gap of

1.60 eV. L
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Figure 4. S of the CBM energy dispersion of MAPbI; near the R point for a) the ideal and b)

the relaxe cidife. The band-edge states are shown in red.
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Figure g b) hhe Auger coefficients vs. scissors-shifted band gap for the ideal and relaxed

structur#
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Figure 6. B variance of several inorganic and hybrid halide perovskites. The calculations

were doneWsing LDA assuming the cubic phase.
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ve) perovskite structures, and compared to experimental values.
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Table 1. Quasi-Fermi level y; (referenced to the CBM/VBM) and extent of Brillouin-zone filling (% BZ)
for elec y for ideal and relaxed atomic configurations of MAPDbI;. The sign of u; is positive

in case of dg ate doping for electrons (Fermi level above the CBM), and negative in case of

are also listed. Al Va
H I

degenerate or holes (Fermi level below the VBM). The computed Auger coefficients (C,,)

&5 are obtained for a carrier density of 10" cm™,

[

Carrier ’tru*re UF % BZ Cup
V

E e [eV] [cm6s'1]
w 28.9 0.2 2.2 %
J 107

electrons

1

-15.7 0.6 2.7 %
10%

26.2 0.3 4.6 x
107

holes

Ma

relaxed 30.3 0.8 6.5 x
10%

Autho#
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