
	
  
	
  

	
  
Supplementary	
  Figure	
  1	
  |	
  PL	
  spectra	
  at	
  selected	
  temperatures.	
  Steady-­‐state	
  PL	
  spectra	
  at	
  
selected	
   temperatures	
   for	
   (a)	
   FAPbI3,	
   (b)	
   FAPbBr3,	
   (c)	
  MAPbI3	
   and	
   (d)	
  MAPbBr3.	
   The	
   y-­‐
direction	
  represents	
  the	
  normalised	
  PL	
  intensity.	
  



	
  

	
  	
  
Supplementary	
  Figure	
  2	
  |	
  Temperature	
  variation	
  of	
  PL	
  linewidth	
  as	
  a	
  multiple	
  of	
  thermal	
  
energy.	
  Temperature	
  dependence	
  of	
  the	
  full	
  width	
  at	
  half	
  maximum	
  (FWHM,	
  plotted	
  as	
  black	
  
squares)	
  of	
  the	
  steady-­‐state	
  PL	
  spectra	
  expressed	
  as	
  a	
  multiple	
  of	
  the	
  thermal	
  energy	
  kBT,	
  for	
  
(a)	
  FAPbI3,	
  (b)	
  FAPbBr3,	
  (c)	
  MAPbI3	
  and	
  (d)	
  MAPbBr3.	
  
	
   	
  



	
  
	
  

	
  

	
  	
  
	
  

Supplementary	
  Figure	
  3	
  |	
  Carrier	
  energy	
  distribution	
  from	
  PL	
  tails.	
  Steady-­‐state	
  PL	
  spectra	
  
at	
  temperatures	
  (𝑇)	
  for	
  an	
  FAPbI3	
  thin	
  film,	
  plotted	
  as	
  red	
  crosses.	
  The	
  high-­‐energy	
  tails	
  of	
  
the	
  band	
  edge	
  PL	
  can	
  be	
  approximated	
  by	
  the	
  dashed	
  red	
  lines	
  representing	
  the	
  functional	
  
form	
   𝐼(𝐸) ∝ 𝑒𝑥𝑝 −(𝐸 − 𝐸+)/𝑘.𝑇/ ,	
   which	
   describes	
   the	
   PL	
   lineshape	
   expected	
   from	
  
thermalized	
  charge	
  carriers	
  of	
  temperature	
  	
  𝑇/	
  following	
  a	
  Boltzmann	
  energy	
  distribution1.	
  𝐼	
  
is	
   the	
   PL	
   intensity,	
  𝐸 	
  is	
   the	
   PL	
   energy	
   and	
  𝐸+ 	
  is	
   the	
   bandgap	
   energy.	
   The	
   solid	
   black	
   line	
  
indicates	
  the	
  position	
  on	
  the	
  curves	
  at	
  which	
  the	
  FWHM	
  is	
  measured,	
  which	
  lies	
  above	
  the	
  
high-­‐energy	
  tail	
  of	
  the	
  band	
  edge	
  PL.	
  For	
  the	
  shown	
  dashed	
  red	
  lines,	
  the	
  carrier	
  temperature	
  
	
  𝑇/ 	
  was	
   set	
   as	
   the	
   sample	
   temperature	
   T.	
   However,	
   slightly	
   shallower	
   tails	
   (indicating	
   	
  𝑇/	
  
somewhat	
  higher	
  than	
  T)	
  are	
  actually	
  observed.	
  One	
  reason	
  for	
  this	
  discrepancy	
  may	
  lie	
  in	
  the	
  
strongly	
  non-­‐resonant	
  excitation	
  at	
  3.1	
  eV	
  which	
  leads	
  to	
  an	
  initial	
  thermalized	
  “hot”	
  charge-­‐
carrier	
   density	
   that	
   subsequently	
   cools	
   to	
   the	
   lattice	
   temperature2,3.	
   Since	
   the	
   PL	
   curves	
  
shown	
   represent	
   an	
   average	
   over	
   the	
   charge-­‐carrier	
   temperature	
   during	
   the	
   lifetime	
   of	
  
charge-­‐carriers,	
  a	
  temperature	
  slightly	
  elevated	
  above	
  the	
  lattice	
  temperature	
  may	
  be	
  found.	
  
However,	
   the	
  overall	
   line	
  shape	
   is	
  also	
  strongly	
  governed	
  by	
  electron-­‐phonon	
  coupling,	
  as	
  
described	
  in	
  the	
  main	
  text,	
  whose	
  effects	
  will	
  influence	
  the	
  spectral	
  shape	
  also	
  in	
  the	
  high-­‐
energy	
  tail.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  



	
  

	
  

	
  
	
  
Supplementary	
   Figure	
   4	
   |	
   Phonon	
   dispersion	
   and	
   population	
   relations	
   from	
   ab	
   initio	
  
calculations.	
  The	
  calculated	
  phonon	
  dispersion	
  relation	
  for	
  MAPbI3	
  is	
  shown	
  in	
  (a),	
  with	
  the	
  
acoustic	
  modes	
  (bottom)	
  and	
  the	
  polar	
  optical	
  modes	
  (top)	
  highlighted	
  in	
  orange.	
  Here	
  we	
  
see	
  that	
  the	
  frequency	
  of	
  the	
  acoustic	
  modes	
  is	
  always	
  smaller	
  than	
  2.5	
  meV,	
  while	
  the	
  polar	
  
optical	
  modes	
  are	
  centred	
  on	
  13	
  meV.	
  On	
  the	
  right,	
  the	
  phonon	
  population	
  according	
  to	
  the	
  
Bode-­‐Einstein	
   function,	
  𝑁 𝑇 ,	
   is	
   plotted	
   in	
   red	
   as	
   a	
   function	
   of	
   temperature	
   for	
   (b)	
   the	
  
acoustic	
  modes	
   and	
   (c)	
   the	
   polar	
   optical	
  modes.	
   The	
   Bose-­‐Einstein	
   phonon	
   population	
   is	
  
offset	
  vertically	
  by	
  +½	
  to	
  allow	
  direct	
  comparison	
  with	
  linear	
  approximations	
  to	
  the	
  phonon	
  
population,	
  which	
  are	
  plotted	
  as	
  dotted	
  black	
  lines.	
  The	
  linear	
  temperature	
  dependence	
  used	
  
in	
  Eqn.	
  1	
  in	
  the	
  main	
  text	
  for	
  the	
  linewidth	
  broadening	
  due	
  to	
  acoustic	
  phonons	
  is	
  therefore	
  
very	
  accurate	
  in	
  the	
  case	
  of	
  MAPbI3	
  for	
  all	
  temperatures	
  above	
  10	
  K,	
  while	
  the	
  Bose-­‐Einstein	
  
function	
  is	
  necessary	
  to	
  model	
  the	
  broadening	
  due	
  to	
  optical	
  phonons.	
  
	
  
	
   	
  



	
  

	
  
	
  
Supplementary	
   Table	
   1	
   |	
   Linewidth	
   parameters	
   for	
   perovskites	
   and	
   inorganic	
  
semiconductors.	
   Collated	
   values	
   of	
   linewidth	
   parameters	
   for	
   inorganic	
   semiconductors	
  
reported	
  by	
  other	
  experimental	
  studies,	
  along	
  with	
  those	
  obtained	
  from	
  our	
  data.	
  We	
  use	
  the	
  
FWHM	
  definition	
  of	
  linewidth,	
  but	
  some	
  papers,	
  indicated	
  by	
  an	
  asterisk	
  (*)	
  in	
  the	
  materials	
  
column,	
  define	
  it	
  as	
  the	
  HWHM	
  (Half	
  Width	
  at	
  Half	
  Maximum);	
  we	
  multiply	
  by	
  two	
  the	
  Γ0,	
  γac,	
  
γLO	
   and	
   γimp	
   values	
   from	
   these	
   papers.	
   Blank	
   cells	
   indicate	
   parameters	
   which	
   were	
   not	
  
considered	
  in	
  a	
  paper.	
  When	
  a	
  parameter	
  used	
  in	
  a	
  fit	
  was	
  fixed,	
  that	
  value	
  is	
  underlined	
  in	
  
the	
  table.	
  Materials	
  were	
  studied	
   in	
  the	
  bulk,	
  except	
  for	
  those	
  at	
  the	
  bottom	
  of	
  the	
  table,	
  
which	
  were	
  studied	
  as	
  quantum	
  wells	
  (indicated	
  by	
  §),	
  or	
  epilayers	
  (‡).	
  
	
  

	
  

	
  

Key	
  to	
  superscripts:	
  

A	
   Absorption	
  
E	
   Ellipsometry	
  
FWM	
   Four-­‐wave	
  mixing	
  
PL	
   Photoluminescence	
  
R	
   Reflectance	
  
*	
   Original	
  linewidth	
  stated	
  in	
  terms	
  of	
  HWHM	
  
†	
   Linewidth	
  of	
  exciton	
  A	
  
HH	
   Heavy	
  hole	
  exciton	
  
LH	
   Light	
  hole	
  exciton	
  
§	
   Quantum	
  well	
  
‡	
   Epilayer	
  
	
  

Material	
   Technique	
   Source	
   Γ0	
  	
  
(meV)	
  

γac	
  
(μeV	
  K-­‐1)	
  

γLO	
  
(meV)	
  

ELO	
  
(meV)	
  

γimp	
  

(meV)	
  
Eb	
  

(meV)	
  
FAPbI3	
   PL	
   	
   19±1	
   	
   40±5	
   11.5±1.2	
   	
   	
  
FAPbBr3	
   PL	
   	
   20±1	
   	
   61±7	
   15.3±1.4	
   	
   	
  
MAPbI3	
   PL	
   	
   26±2	
   	
   40±2	
   11.5	
   	
   	
  
MAPbBr3	
   PL	
   	
   32±2	
   	
   58±2	
   15.3	
   	
   	
  
CdS	
  	
   A	
   4*	
   0.32	
   29.0	
   212	
   38	
   	
   	
  
CdSe	
   E	
   5†*	
   4.6±0.6	
   	
   46±2	
   25.9	
   	
   	
  
CdTe	
  	
   R	
   6*	
   	
   	
   34±14	
   	
   	
   	
  
GaAs	
  	
   PL	
   7	
   0.32	
   13±3	
   30.4±4	
   	
   	
   	
  
	
   A	
   8*	
   	
   14	
   17.4	
   36.6	
   	
   	
  
	
   R	
   9*	
   	
   	
   40±2	
   36	
   	
   	
  
ZnO	
  	
   PL	
   10	
   10.3	
   	
   962.7	
   71	
   13.8	
   9.2	
  
ZnSe	
  	
  	
  	
  	
  	
  	
  	
   R	
   6*	
   	
   	
   60±14	
   	
   	
   	
  
	
   FWM	
   11	
   1.3	
   11	
   81	
   	
   	
   	
  
CdTe/Cd1-­‐xMnxTe	
   FWM	
   12§	
   0.89±0.05	
   13.7±1.8	
   	
   	
   	
   	
  
CdTe/Cd1-­‐xZnxTe	
  	
   PL	
   13§	
   75	
   	
   400	
   22	
   500	
   92	
  
GaAs/AlxGa1-­‐xAs	
  	
   PL	
   14§	
  HH	
  *	
  	
   0.9	
   2.94	
   8	
   36	
   1.5	
   10	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   PL	
   14§	
  LH	
  *	
  	
   0.6	
   2.38	
   4.9	
   36	
   0.4	
   10	
  
GaN	
  	
   PL	
   15‡†*	
   5.6	
   42	
   1050	
   91.5	
   	
   	
  
Zn0.56Cd0.44Se	
  	
   R	
   16‡*	
   12±4	
   2.2	
   34±12	
   28.8	
   	
   	
  
ZnSe	
  	
   R	
   16‡*	
   13±5	
   4.0	
   48±16	
   31	
   	
   	
  



	
  
	
  

Supplementary	
  Table	
  2	
  |	
  Calculated	
  electrical	
  parameters.	
  Calculated	
  Born	
  effective	
  charges	
  
(𝑍∗),	
  high-­‐frequency	
  and	
  static	
  dielectric	
  constants	
  (𝜖∞	
  and	
  𝜖5	
  respectively)	
  of	
  MAPbI3	
  and	
  
MAPbBr3	
  in	
  the	
  orthorhombic	
  phase.	
  We	
  report	
  the	
  isotropic	
  average	
  of	
  the	
  tensors,	
  and	
  we	
  
compare	
  the	
  dielectric	
  constants	
  to	
  experiment.	
  
	
  

𝑍∗	
   𝜖	
  
	
   Pb	
   I/Br	
   C	
   N	
   𝜖∞	
   𝜖678∞ 	
   𝜖5	
   𝜖6785 	
  
MAPbI3	
   +4.42	
   -­‐1.88	
   +0.03	
   -­‐0.95	
   5.86	
   6.517	
   25.3	
   30.518	
  
MAPbBr3	
   +4.11	
   -­‐1.78	
   +0.09	
   -­‐0.80	
   4.71	
   4.819	
   23.9	
   26.218	
  

	
  
	
  
	
  
	
  
	
  

	
  
	
   	
  



	
  

	
  
	
  
Supplementary	
  Note	
  1	
  |	
  Details	
  of	
  first-­‐principles	
  calculations.	
  The	
  GW	
  calculations	
  for	
  the	
  
quasiparticle	
   energies	
   were	
   performed	
   as	
   described	
   previously20.	
   The	
   SS-­‐𝐺𝑊 	
  eigenvalues	
  
were	
  interpolated	
  using	
  Wannier	
  functions	
  starting	
  from	
  a	
  4×4×4	
  grid.	
  This	
  gives	
  effective	
  
masses	
   in	
  very	
  good	
  agreement	
  with	
  the	
  experiment,	
  which	
   is	
  crucial	
   for	
  electron-­‐phonon	
  
calculations.	
  In	
  fact,	
  the	
  electron-­‐phonon	
  self-­‐energy	
  at	
  the	
  band	
  edges	
  is	
  very	
  sensitive	
  to	
  
the	
  curvature	
  of	
  the	
  bands.	
  

The	
   lattice	
   dynamical	
   properties	
   of	
  MAPbI3	
  were	
   calculated	
   according	
   to	
   a	
   previously	
  
published	
   procedure21.	
   All	
   calculations	
   were	
   performed	
   for	
   the	
   low-­‐temperature	
  
orthorhombic	
  structure	
  of	
  MAPbI3,	
  since	
  the	
  vibrational	
  frequencies	
  are	
  relatively	
  insensitive	
  
to	
   the	
   structure21,	
   and	
   the	
   measured	
   PL	
   broadening	
   does	
   not	
   change	
   across	
   the	
  
orthorhombic/tetragonal	
  phase	
  transition.	
  In	
  the	
  case	
  of	
  MAPbBr3	
  the	
  vibrational	
  properties	
  
were	
   calculated	
   for	
   the	
   orthorhombic	
   structure,	
   starting	
   from	
   the	
   lattice	
   parameters	
   and	
  
atomic	
  coordinates	
  given	
  by	
  Swainson	
  et	
  al.22.	
  

In	
  order	
  to	
  evaluate	
  the	
  electron-­‐phonon	
  self-­‐energy	
  we	
  calculated	
  the	
  electron-­‐phonon	
  
matrix	
   elements	
   using	
   the	
   ab	
   initio	
   Fröhlich	
   vertex23	
   in	
   its	
   simplified	
   form,	
   as	
   given	
   in	
  
Supplementary	
  Equation	
  1.	
  The	
  calculated	
  Born	
  effective	
  charges	
  and	
  dielectric	
  constants	
  are	
  
reported	
   in	
   Supplementary	
   Table	
   2.	
   Additionally,	
   we	
   accounted	
   for	
   the	
   quasiparticle	
  
renormalization	
  of	
  the	
  electron	
  lifetime	
  by	
  calculating	
  the	
  factor	
  𝑍,	
  which	
  corresponds	
  to	
  an	
  
improved	
  solution	
  of	
  the	
  Dyson	
  equation24,25.	
  

	
  

	
  
	
  
Supplementary	
  Equation	
  1	
  |	
  Ab	
  initio	
  Fröhlich	
  vertex.	
  Here	
  𝐙∗ = 𝑍@A∗ 	
  is	
  the	
  Born	
  effective	
  
charge	
   tensor,	
  𝝐C = 𝜖C,@A 	
  is	
   the	
   high-­‐frequency	
   dielectric	
   tensor,	
  𝐞EF(𝐪) 	
  is	
   a	
   vibrational	
  
eigenmode,	
  𝐆	
  represents	
  a	
  reciprocal	
  lattice	
  vector,	
  and	
  𝑀E	
  is	
  the	
  mass	
  of	
  atom	
  𝜅.	
  

𝑔LMF 𝐪 = 𝑖 OP𝑒
2

R
ℏ

TUVWXY

Z
[ 𝐪\𝐆 ⋅𝐙V∗ ⋅𝐞VY(𝐪)

𝐪\𝐆 ⋅𝝐∞⋅(𝐪\𝐆)
𝛿LM𝐆_`𝐪E 	
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