Supplementary Note 1: Fourier Transform Spectroscopy

A Fourier transform infrared spectrometer (Bruker Vertex 80v) was used in conjunction
with a gas exchange cryostat (Oxford Instruments OptistatCF2) to measure the temperature
dependent reflectance (R;) and transmittance (T3) of CH3NH3Pbls. A tungsten halogen lamp
source, a calcium fluoride beamsplitter and silicon detector were used. The angle of incident
light to the normal of the sample was # = 11°. Supplementary Figure [la shows a schematic
diagram of the setup used. Supplementary Figure [1b shows the reflection and transmission
spectra of the sample at 4 K. Below the band gap (1.3 to 1.6eV) the sum of the Ry and T} of
the sample is approximately equal to 1, as expected, since light is not absorbed in this region.
However, there are large modulations in Ry and T; which are Fabry-Perot oscillations. This
demonstrates the excellent surface quality of the material and indicates negligible scattering
of light at the surface which is important for accurate calculation of the absorption spectrum,

in particular near its onset.
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Supplementary Figure 1: Fourier transform infrared spectroscopy. (a) Schematic diagram
of the Fourier transform infrared spectrometer with a sample mounted inside a cryostat. (b)
Reflection and transmission spectra of CH3NH3Pbls at 4 K.



Supplementary Note 2: Scanning Electron Microscopy

Supplementary Figure [2] shows a scanning electron microscope (SEM; Hitachi S-4300) im-
age of a cross section through the CH3NH3PbI; layer investigated in this study. Based on
the analysis of this cross-sectional image, the thickness of the film was determined to be

435+ 5nm. The image was taken at a working distance of 9.9 mm and a voltage of 2.0kV.
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Supplementary Figure 2: Cross-sectional scanning electron microscopy (SEM) image of a
CH3NH3Pbl3 perovskite film, showing a thickness of 435 £+ 5nm.



Supplementary Note 3: Experimentally Determined Ab-
sorption Spectra

Absorption coefficient spectra for the full temperature range of CH3NH3PblI3 are shown in
Supplementary Figure 3] A phase transition occurs in the range 140-170 K between the low-
temperature orthorhombic and the tetragonal structures. At 155K there is clear evidence
of a coexistence of the two phases™ The excitonic absorption peak is most pronounced
at low temperatures. At higher temperatures the peak becomes smeared out because of
thermal broadening. The absorption coefficient (o) was obtained from the reflectance (Rj)

and transmittance (73) by,

1 T
a——gln(l_Rs) , (1)

where d is the thickness of the sample. Supplementary Equation (1| is valid for samples on

non-absorbing substrates such as the quartz substrates used in our study.
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Supplementary Figure 3: Absorption spectra of CH3NH3Pbl; for the full temperature range
from 4K to 295K as a function of energy (eV) on the bottom axis and wavelength (nm) on
the top axis. The absorption coefficient was determined using the reflection and transmission
spectra and Supplementary Equation [T}

Supplementary Note 4: GW and DFT First Principle
Calculations

All calculations are performed for the low-temperature orthorhombic crystal structure of
CH3NH;3PbI3, as reported by Baikie et al? This choice is motivated by the fixed orientation
of the CH3NHj cations in the orthorhombic phase.

We calculate the electronic structure of CH3NH3Pbl3 within the local density approxi-
mation to density functional theory (DFT/LDA)2? including spin-orbit coupling, as imple-
mented in Quantum Espresso® Furthermore, we use the GIW approximation® as implemented
in the Yambo code /™ and a self-consistent scissor GW scheme®? to calculate the quasiparticle
band structures. We use Wannier interpolation as implemented in the Wannier90 code? 13
in order to obtain the quasiparticle eigenvalues at arbitrary k-points in the Brillouin zone.

In the following we give the computational details of every calculation step.



DFT calculations. For the ground state calculations we use norm-conserving Troullier-
Martins** pseudopotentials, constructed as described in Ref. |8, with semicore d electrons
included in the valence configuration of both Pb and I. We use a plane-wave cutoff of 150 Ry
for all ground state calculations, and 6 x 6 x 6 ['-centered k-point mesh for the calculation
of the ground state charge density.

GW calculations. All GW calculations are performed using the convergence parameters
detailed in Ref. [8, reproduced here for clarity: 30 Ry exchange cutoff, 6 Ry polarizability
cutoff, 1000 bands and 13.6 eV plasmon energy for the plasmon pole model’? A detailed
convergence study for each of these parameters can be found in Ref. |8. As shown by us®?
and others, !V self-consistency is important in the correct calculation of the quasiparticle band
gap and effective masses of lead-halide perovskites. Here we take self-consistency into account
by using a self-consistent scissor scheme described in Refs. |8,|9. Notably, in this calculation
we are using a denser k-point mesh in the calculation of the quasiparticle self-energy than
that reported in Refs. [8,/9, and we obtain a band gap of 1.57eV. The band gap is 0.14eV
smaller than that obtained in our previous calculations, while the effective masses are the
same as we reported in Ref. 9.

Wannier interpolation. The Wannier interpolation follows the same steps as described
in Ref. 9. We use the maximally-localized Wannier functions calculated at the DFT/LDA
level to interpolate the quasiparticle eigenvalues, as described in Ref. 9. The details of this
calculation are reproduced here for convenience. We consider the electronic states around
the band gap, using the Pb-p and [-p orbitals as initial guesses, and extracting 72 and 24
maximally-localized Wannier functions for the valence and conduction bands, respectively.
We optimize the Wannier functions for the valence and conduction band simultaneously.

Joint density of states (JDOS). For the calculation of the JDOS we use a 100 x
100 x 100 uniform k-point mesh centered at I' to discretize the Brilloiun zone. The energy
eigenvalues for each of these k-points are obtained from Wannier interpolation. For the
calculation of the JDOS we sum over all available transition energies calculated for the
100 x 100 x 100 uniform k-point mesh. Each transition is represented by a Gaussian function

centered at the transition energy. The width of the transition is calculated as the imaginary



part of the electron-phonon self-energy using the EPW codeX” as described in Ref. |18,

Independent particle absorption spectrum. We calculate the imaginary part of the

independent particle relative dielectric function using the expression::*=20
242 A 2
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where e is the electronic charge, ¢, is the dielectric permitivity of vacuum, 2 is the unit
cell volume, m, is the electron mass, € is the polarization vector of the electromagnetic field,
p is the electron momentum operator, 1. and 1, are the Kohn-Sham wave functions for
the valence and conduction band states respectively, €4 and €, are the corresponding Kohn-
Sham eigenvalues, and fiw is the photon energy. The integral is performed over the Brillouin
zone and gy is the Brillouin zone volume. The summation is performed over all conduction
and valence band states. In our calculation we include only the first conduction band, which
is sufficient to capture all optical transitions in the spectrum up to 0.6 eV above the onset.

To calculate the optical absorption using the GW band structure we neglect the off-
diagonal terms of the self-energy, as described in Ref. 19, and calculate the dipole matrix

elements (shown in Figure 2(c) of the main manuscript) as:*

(Eck - Evk)2

(eck - 6vk)2 ’

|<¢ck|é'p|1/}vk> gff = |<wck|é'p|¢vk>|2 (3)

where E. and F, are the quasiparticle eigenvalues for the conduction and valence band
respectively. For comparison, we calculate the GW optical absorption spectrum using either
the scaled dipole matrix elements (Supplementary Equation [3)) or the dipole matrix elements

calculated directly from DFT, using the following two expressions:
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We calculate the dipole matrix elements |(¢u|€ - p|tuk)|?* separately using the Yambo



code, and use the Wannier interpolated eigenenergies from DFT and GW, respectively, to
obtain the imaginary part of the dielectric function. The optical absorption coefficient is
calculated as a(w) = wey(w)/(nc), where we considered the refractive index to be a constant,
n = 244" and c is the speed of light in vacuum. In all our calculations the optical matrix
elements are averaged over the three polarization directions.

In order to reduce the computational cost, we calculate the optical matrix elements for a
40x40x40 k-point mesh, using norm-conserving LDA pseudopotentials for Pb and I without
the semicore d-states, and a plane wave cutoff of 50 Ry. We have checked the difference
between optical matrix elements calculated with and without semicore states for 7 k-points
along the I'-X direction, and obtained that in the latter case the optical matrix elements are
underestimated by up to 16%. In addition, all Gaussian smearings are rigidly blue-shifted
by 15meV in order to account for inhomogeneous broadening, as discussed in Ref. [18.

Effective masses. We calculate the DFT and GW effective masses as the inverse of the
second derivative of the conduction and valence band edges with respect to the wave vector
k, as described in Ref. 9. We calculate the second derivative numerically using the finite
difference method as in Ref. |9, by calculating the eigenvalues at a distance of 0.01%7T from I"
in reciprocal space, where a is the smallest of the three lattice parameters. In Supplementary
Table |1| we show the effective masses calculated using DFT/LDA and using the GW band
structure and the self-consistent scissor correction, respectively.

Supplementary Table 1: Comparison between the hole, electron and reduced effective masses
calculated using DFT/LDA and the using the GW band structure and the self-consistent
scissor correction. m, is the rest electron mass.

DFT GW
my, 0.14 m, 0.23 me
m’ 0.12me. 0.22me,
I

0.06 m, 0.11m,




Supplementary Note 5: Modelling Of The Absorption

Onset (Elliott Theory)

Supplementary Table 2: Description of variables used in the derivation of radiative bimolec-
ular recombination.

Variable Description
E Energy
T Temperature
® Convolution
o Total absorption coefficient (excitons and continuum states)
ax Absorption coefficient of bound excitonic states (below-gap absorption)
agc Absorption coefficient of continuum states
OFree Absorption coefficient of free electrons and holes in the absence
of Coulombic attraction
¢ Coulombic enhancement factor
[Broad Broadening function
I(E) Dirac delta function
Eg Band gap energy
Ex Exciton binding energy
JDoS(E)  Joint density of states for transitions at photon energy E
Co Joint density of states constant
bo Proportionality constant
L Reduced effective mass of electron-hole system

N(u,0?)  Normal distribution with mean u and variance o>
2

In(NV(u,0?)) Log-normal distribution

arg pmax () Location of maximum
W Vector of local free parameters (Eg, Ex, or) and global parameters (us, 0y).
Y Measured data

Our fitting procedure follows the standard least squares minimisation method:

n

S(w) =Y (yi — alB;w))” . (6)

%

where S is the sum of the squared differences between the experimental data (y;) and the
model for the absorption coefficient («). Our goal is to minimise S with respect to the free
parameters w of the model. In this work we have used Elliott’s model for the intensity of
optical absorption by excitons.*# The absorption model is a linear combination of the absorp-

tion from bound excitons and electron-hole continuum states and for a direct semiconductor



is written as,

with,
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The joint density of states (JDoS) is given by,

coVE — Eqg, for E > Eg
JDoS(E) = 9)

0, otherwise

where,

co = ﬁ @_/;)3/2 <2 (10)

The first term in brackets in Supplementary Equation [8]is the contribution from bound
excitonic states and has the form of a line series at energies —Fx /n? below the band gap (Eg)
where n is a positive integer and the magnitude is proportional to 1/n%. A pseudo-continuum
is produced as n tends to infinity, which is continuous with the absorption of continuum
states at the band gap. The absorption associated with continuum states deviates from the
expected square-root form for direct-gap semiconductors. Even though electrons and holes
in the continuum are unbound, the Coulombic attraction enhances the absorption coefficient
of these states. The Coulombic enhancement factor, £ (equivalent to Equation 3.11 in the

original article by Elliott?? and appearing in Supplementary Equation [8]) is given by:

= (11)




It represents the probability of an electron and a hole existing in the same space and is
proportional to the overlap of the electron and hole wavefunctions*® However, we also need
to be in a position to evaluate the absorption coefficient in a system where the Coulombic
attraction is not felt between electrons and holes. Physically, this can occur when the attrac-
tion is screened owing to a high background charge-carrier density in the system (i.e. above
the Mott transition, as discussed further below). Turning off the Coulombic attraction is
exactly equivalent to evaluating the limit of the absorption coefficient as the exciton binding
energy tends towards zero, since:

lim & =1 (12)

Ex—0

Taking this limit for Supplementary Equation |8 defines the absorption coefficient apyeo(E) as
the value expected when Coulomb interactions are fully screened:

apree(F) = lim a(F) = lim ac(F), (13)

Ex—0 Ex—0

Hence, we obtain from Supplementary Equation

ac(E) = {(E)arre(E) (14)

with
| (V| PP,

aFree(E) == bO E

cy'JDoS(E — Eg). (15)

Therefore, in summary, we may write our expression for the total absorption coefficient «
as the sum of bound excitonic (below-gap) absorption and the free (screened) electron-hole

absorption multiplied by the Coulombic enhancement factor:

| a(E) = ax(E) + £(E) apee(E) | (16)

Supplementary Figure 4| shows the contributions of bound excitonic states (ax), Coulomb-
correlated continuum states (a¢) and free (screened, apee) electrons and holes to the total

absorption coefficient spectrum «(F) for a range of different temperatures, obtained from

10



fits of Elliott Theory to the experimentally obtained absorption coefficient spectra. With de-
creasing temperature, excitonic effects are enhanced, leading to a larger discrepancy between

ac and OFree.

Supplementary Figure 4:
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Contributions to the absorption onset. Contributions of bound

excitonic states (ax), Coulomb-correlated continuum states (a¢) and free (screened, apyec)
electrons and holes to the total absorption coefficient spectrum «(E) for a range of different
temperatures, obtained from fits of Elliott Theory to the experimentally obtained absorption
coefficient spectra.

Electron-phonon interactions broaden the absorption, with larger effects at higher tem-
peratures®® An additional energetic disorder may lead to some element of inhomogeneous
broadening. We found that a log-normal distribution was useful to parameterise this addi-
tional disorder brought into the system. Previous studies have found a distribution of band
gap positions varying with crystallite size and even within a single crystal 2423 Our model
can be described as the sum of the contributions of excitonic and continuum states convolved
with a broadening function. The broadening function is a normalised function centred at

the maximum and is the convolution of a normal distribution, caused by electron-phonon

11



coupling, and a log-normal distribution, caused by disorder and local fluctuations of the

stoichiometry of the material. In mathematical notation,

g(E) =N(0, 07) @ In(N (ug, 03)) , (17)

where ® represents a convolution, us and oy are fitted globally and op are temperature

dependent parameters fitted for each temperature representing the electron-phonon coupling

g(E —arg gmax g(E))
7 9(E)dE

fBroaa(E) = (18)
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Supplementary Note 6: Calculating the Radiative Bi-
molecular Recombination Rate Constant (k) from the

van-Roosbroeck and Shockley Relation

Supplementary Table 3: Description of variables used in the derivation of radiative bimolec-
ular recombination.

Variable Description

E Energy
FEq Conduction band energy level
Ey Valence band energy level
Ep Fermi energy level
ng Density of electrons in the conduction band
Do Density of holes in the valence band
T Temperature
Rrad Radiative recombination rate
ko Bimolecular recombination rate constant
« Absorption coefficient
Ny Refractive index
P Equilibrium photon distribution
15} Reciprocal of the thermodynamic temperature
n; Intrinsic charge-carrier density
my, Effective mass of holes
m? Effective mass of electrons

Radiative recombination rate. Following the work of van Roosbroeck and Shockley,2°
which starts from the principle of detailed balance, the radiative recombination rate (Rgraq)
at thermal equilibrium for an infinitesimal energy interval dE at energy E is equal to the
generation rate of electron-hole pairs by thermal radiation at that energy. This rate is
P(E,T)p(E,T) per unit volume and energy interval, where p(E,T)d(FE) is the density of
photons in the material in the interval dE, and P(E,T) is the probability per unit time that
a photon of energy E is absorbed. The total radiative recombination rate per unit volume

may be written as the integral over F,
Rua(T)= [ plE.T) P(E.T)dE . (19)
0

Supplementary Equation 14 of van Roosbroeck and Shockley’s article® gives P(E)p(FE) in

13



terms of frequency v and absorption index x,

32m2kn3 1
P dv = 3 d 2
(W)plv)dv R exp(hv/kgT) — 1 v (20)

Replacing the expression for the absorption index s with the absorption coefficient

a = 4mnkr/c, and using a change of variables hy = E gives,

P(E)p(E)dE = — (”j) eBEl_ ~dE (21)

where 3 is the reciprocal of the thermodynamic temperature. We make the approximation®
that the refractive index in the medium is constant relative to large variations in the photon
distribution p with temperature; n, = 2.4 We consider this assumption to be reasonable
since the refractive index is directly linked with absorption through the Kramers-Kronig
relations*® We find that while the magnitude of the absorption coefficient may theoretically
vary with temperature, such changes are very minor for CH3NH3PbI3 near the band edge (see
Supplementary Figure [3]) suggesting that changes in refractive index are similarly negligible.

Since €% >> 1 near the band gap, the Bose-Einstein distribution term in Supplementary
Equation can be written as e #”. Using this approximation we obtain the following

expression for the total radiative recombination rate per unit volume:

a0 = [ CED (Y o, 22)

Intrinsic charge-carrier concentration. The electron density ny in the conduction

band is given by:

ng = / Electronic density of states x Fermi-Dirac distribution dE (23)
Ec
> 2 om*\ ¥/ 1
- VE - Ec X —————dF 24

where m} is the effective mass for the electrons as determined from GW and shown in

Supplementary Table [I, E¢ is the conduction band energy level and Ef is the Fermi energy

14



level. For an intrinsic semiconductor, the Fermi energy level is near the middle of the band
gap and hence far away from both the conduction and valence bands and so the Fermi-Dirac

distribution may be approximated by the Boltzmann distributions. Hence we can write:

© 2 fomr\*?
no :/ <—( me) VE — Ec x e” B8R (25)
Ec

2m)2 \ K2

which is equivalent to:

2 [2m:\*? o0
no = ok ( me) e_(EC_EF)B/ VE — Eqe” BB p (26)
Ec

Using a change of variables (r = (E — E¢)f; dv = BdE):

2 (mm 3/26_(EC_EF>53—3/2 / " JretdE (27)
0 (2m)2 \ A2 0

The integral evaluates to 1/7/2, and so the density of electrons in the conduction band is:

miksT\*? _ . _
no :2( o2 ) e~ (BEc—Er)B (28)

Similarly, the density of holes pg can be expressed as,

. 3/2
po = 2 (n;hk;2T) e~ (Br—Ev)B (29)
m

where mj is the effective mass for the holes as determined from GW and shown in Supple-
mentary Table [1] and Fy is the valence band energy level. For an intrinsic semiconductor
no = po = n; where n; is the intrinsic charge-carrier density. Using ngpy = n? we can elimi-
nate Er and obtain an expression for n; in terms of m;, m; and Eq (Equation 47 in Varshni’s

review article*?):

keT \ /2 ,
m=2 (2] gt (30)
s

Bimolecular recombination rate. The intrinsic charge-carrier density may be used

to convert the radiative recombination rate to the bimolecular recombination constant ks,

15



according to

Choice of Absorption Coefficient Used in the Calculation of ks

The van Roosbroeck and Shockley relation requires accurate knowledge of the absorption
coefficient spectrum for the calculation of the radiative recombination rate, as indicated
by Supplementary Equation 22 However, as the previous section on Elliott’s Theory has
highlighted, careful consideration must be given to the extent to which excitonic effects are

taken into account.
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Supplementary Figure 5: Two-particle picture schematic of the energy-levels of the ground
state and excited states (exciton and continuum) of a semiconductor and the respective
transitions between these states.

The principle of detailed balance demands that transitions between any two states occur
with equal frequency and in either direction at equilibrium and also prevents the maintenance
of equilibrium by means of cyclic processes.*® Supplementary Figure [5| shows a schematic
of the energy levels for a semiconductor taking into account Coulomb correlation. For this
coupled system of free carriers in the continuum states and bound electron-hole pairs in the

excitonic states the rate equations are as follows:#*5Y

dn

E = GC + kich — (k'CX + k2)7’L2 (32)
dX
T Gx — (kxc + kxa)X + koxn® (33)
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where X and n are the exciton and free charge carrier densities with generation rates G¢ and
Gx respectively. kxc, kox, and kxqg are rate constants for transitions between the ground,
exciton and continuum states as detailed in Supplementary Figure |5, and ks is the desired
rate constant of bimolecular recombination. At thermal equilibrium and with black body
radiation being the only source for generation, each process must be equally balanced by
the reverse process. Hence, the rate at which photons are absorbed and excite electrons and
holes into the continuum states must be equally matched by the rate of emission resulting
from recombination of electrons and holes in the continuum states. Similarly, the rate at
which photons are absorbed and excite electrons and holes in to bound excitonic states is
also equally matched by exciton recombination. Likewise, excitons dissociate to free electrons
and holes in the continuum states at the same rate as formation of excitons from free electrons

and holes in the continuum states. Therefore we can write:

Ge = kyn? = RS, (34)
Gx = kxaXo = Riny (35)
kxoXo = koxni (36)

where Xy and n; are the equilibrium densities of excitons and free electrons and holes re-
spectively, with n; given by Supplementary Equation |30} The total radiative recombination
will be the sum of the excitonic recombination and free electron-hole recombination to the
ground state, however, only the latter is a second order process under equilibrium conditions.
Hence, the absorption coefficient that should be used in the van Roosbroeck and Shockley
relation in order to determine the bimolecular rate constant (ks) is the absorption coefficient
of the continuum states, with or without Coulombic enhancement, and here we discuss these

two possibilities:

ac(E): The above considerations suggest that the calculation of ky should be based on
the continuum-state absorption, but this leaves open the question of whether or not

Coulomb correlations should be included. Early application of the van Roosbroeck and

17



Shockley relation to silicon and Groups IV, VI and III-V semiconductors?®8234 Jed to
much discussion on the importance of such Coulomb effects. Schlangenotto et al>?
concluded that calculations of the temperature-dependent bimolecular recombination
rate between unbound electrons and holes must take into account Coulomb interactions
in order to accurately reflect experimentally obtained values. This conclusion is intu-
itively sensible, since the Coulombic enhancement factor £ increases the probability of
an electron and a hole existing in the same space and therefore the bimolecular recom-

bination rate. Therefore, in the presence of full Coulombic interactions (no screening),

ac(E) should be used to calculate the bimolecular recombination rate constant.

arree(E): Use of the “free” electron-hole absorption spectrum for the calculations would
assume an absence of Coulombic interactions between electrons and holes. As pointed
out previously*? this case may be approached for charge-carrier densities above the
Mott transition, for which the Coulomb interactions between carriers are effectively
screened. We also note that the fully theoretical evaluation of ks based on DFT®? is
often limited to this option since Coulomb correlations may still be too challenging to
integrate into such calculations at this point. However, such theoretical evaluation then

represents the case of screened interactions at high charge-carrier densities.

In summary, calculations of ks to compare with experimental measurements obtained
from transient spectroscopy should be based on the full (Coulomb-enhanced) continuum
absorption ag(E) for charge-carrier densities n below the Mott density ny, and on the the
screened absorption spectrum apee(E) for n > ny.  Supplementary Figure @ shows the
bimolecular recombination rate constants calculated from the van Roosbroeck and Shockley
relation for both scenarios. Screening of Coulomb interactions leads to a clear reduction
in the radiative recombination rate constant ko by a factor 4.4 at room temperature, but
an increasing divergence is seen as the temperature is lowered. Points obtained from the
absorption spectra measured at different temperatures were well represented by the following
phenomenological functions (shown as black lines on the graph):

Temperature-dependent value of k; for Coulomb-enhanced electron-hole recom-

18



bination:

702K
ko(T; ) = 1.36 x 107 cm®s™! _— 37
Temperature-dependent value of k, for the case of screened interactions:
340 K
kQ(T, aFree) =0.81 x 10710 cm?’sfl X exXp (m) (38)
|- ‘ -
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Supplementary Figure 6: Temperature dependence of bimoleulcar recombination. Bimolecu-
lar recombination rate constants ks calculated from the van Roosbroeck and Shockley relation,
based on either the continuum-state absorption spectrum ac(F) as enhanced by Coulomb
interactions (white triangles) and expected for charge-carrier densities below the Mott tran-
sition (n < ny), or the free electron-hole absorption spectrum apyee(E) (red triangles) for
the case of screened interactions above the Mott transition (n > ny).
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Supplementary Note 7: Mott Density

As discussed in the previous section, a correct evaluation of the bimolecular recombination
rate constant depends on knowledge of the extent to which the Coulombic attraction between
electrons and holes is screened. When electron and hole densities exceed the Mott density ny
a transition occurs from an insulating gas of excitons at lower densities to a metal-like state

30 To determine whether screening effects are of importance at

of an electron-hole plasma
charge-carrier densities typically employed in transient spectroscopic measurements of ko we
calculate the Mott densities across a wide temperature range. Previous works have reported
different expressions for the Mott densities originating from model assumptions and varying
degrees of model complexities. Since there is not a strong concensus in the literature on
which expression best describes the transition, we report here a range of values for the Mott

densities ny as they emerge from different equations given in the literature as follows:#0"%

ot = <%>3 (39)

ag

0.26°
ni]/[dwards — ( ) (40)
ag
X
Klingshirn-1 _ o €r €0kpT
o 4 -1
nﬁhngsmma =3 <§7ra3]’3> and typically 1 <r <5 (42)
. kT
HaugSchmittRink — 0.028 B 43
nM EXa3B ( )

where ap is the Bohr radius of the exciton, given by:

ap = ayg Ei( % (44)
M
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with ay the Bohr radius for hydrogen (5.29 x 10~ m) and p the reduced mass of the electron-
hole system (here assumed to be 0.11 as determined from GW and shown in Supplementary
Table .

Evaluation of Equations and [44] also requires knowledge of the value of the dielectric
function at the frequency corresponding to the exciton binding energy. We are able to
determine this value of €X as a function of temperature from the exciton binding energy Fx

(as extracted from fits based on Elliott’s Theory to the absorption spectra) using:

13.6eV pu

X

= —. 4
N (45)

Supplementary Figure [7] shows the resulting values of the exciton binding energy, Bohr

radius, relevant dielectric function and Mott density as a function of temperature. Over the
temperature range for which ko has been evaluated in this work, the Mott densities ny; from
the above expressions are found to lie in the range of a few 10® cm™3 to 106 cm™3, with
a surprisingly wide spread of possible values resulting from these different expressions. We
note that this wide range mostly results from slightly different assumptions on the exact
value the product nll\égag assumes in order for the Mott criterion to hold (i.e. the assessment
of the distance to which excitons can approach one another before screening effects start
to dominate). Since the assumed critical distance enters the various equations as a power
of three, any slight changes in these assumptions can lead to very large differences in the
resulting Mott density, as evident in Supplementary Figure [7d.

To assess if screening affects the values of ks measured in typical transient spectroscopic
measurements we need to compare values stipulated for the Mott density with those at which
bimolecular processes begin to feature under pulsed photoexcitation. Accurate extraction
of ko from transient charge-carrier density decays requires the generation of charge-carrier
densities for which this process begins to dominate over trap-related recombination. The
charge-carrier-density dependent recombination rate is given by*!' K (n) = ki + nky + n%ks,
where k1, ko and k3 are the rate constants for monomolecular, bimolecular and Auger pro-

cesses. Hence, the onset of significant bimolecular recombination is expected to occur when
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nky exceeds ky, i.e. at charge-carrier densities 7i>(7ky) ™!, where 7=k; ! is the trap-related
(monomolecular) recombination lifetime. For typical values 7 between 10ns and 1pus for
MAPDI;?Y one obtains values for 7 that range between 10 cm ™ and 10" ecm 3. These val-
ues fall mostly below those shown in Supplementary Figure [7d although they clearly come
close enough that some element of Coulomb screening may be present. In addition, we note
that a typical transient spectroscopic experiment will be based on laser excitation pulses
that have a spatially varying intensity profile and which generate an exponentially decaying
absorption profile through the film depth, as expected from Beer’s law. Therefore, a distri-
bution of charge-carrier densities will be present, some of which may fall above, and some
below the Mott density. Our considerations above therefore only serve as a rough guide,
but they suggest that transient experiments sensitive to ky may fall into the limit below the
Mott transition, for which electron-hole recombination is enhanced though Coulomb corre-
lations, making comparison with calculations based on the van Roosbroeck and Shockley
relation using the absorption coefficient of continuum states, ac, the most viable. However,
for charge-carrier denisties mostly in excess of nyr, the use of ap.e clearly becomes more
appropriate, although changes to the absorption onset arising from band-filling effects may

then also have to be included in such calculations for a fully accurate evaluation.
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Supplementary Figure 7: Mott density derived using the extracted exciton binding energy.
(a) Exciton binding energy extracted from fits of Elliott Theory to absorption spectra, which
was then used for the calculation of (b) the value of the dielectric function at a frequency rel-
evant to exciton formation (c) the exciton Bohr radius and (d) the Mott density, as described

by Equations [45] [44] and respectively.
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Supplementary Note 8 Corrections to ky; From Tran-
sient Spectroscopy to Account for Photon Re-Absorption

Effects

We compare the values obtained from applying the van-Roosbroeck Shockley relation with
those extracted in a previous study*” from excitation-fluence dependent photoconductiv-
ity transients recorded after excitation with an intense short laser pulse. Such apparent

ESPPY™Y however have to be corrected for self-

bi-molecular recombination rate constants (
absorption effects™™ to yield the intrinsic values (ki) This correction accounts for the
re-absorption of photoluminescence (PL) emanating from the radiative bi-molecular recombi-
nation of electrons and holes as described previously*! The bimolecular recombination rates
obtained from applying the van-Roosbroeck Shockley relation in combination with absorp-
tion spectroscopy measurements are intrinsic values, and can therefore be directly compared
with the corrected values from transient spectroscopy.

We calculate the effect of re-absorption using an explicit ray tracing model for the prop-
agation of photons inside the perovskite. The model separates the perovskite film into a
stack of slices 2nm thick and simulates isotropic photoluminescence emission from each slice.
Beer’s law is used to determine the re-absorbed charge-carrier distribution in the material,
and reflections at the film boundaries are governed by Fresnel equations. For a given PL
wavelength, the model then calculates the fractions of PL that are re-absorbed by the per-
ovskite, escape from the film or remain unabsorbed in the film. By averaging the results of
the model across the measured PL spectrum of a sample, the overall effect of re-absorption
within a sample can be determined. Supplementary Figure |8 illustrates the overlap between
the measured absorption coefficient and photoluminescence spectrum at 70, 120, 170 and
295 K which causes this self-absorption effect.

To account qualitatively for re-absorption, we recorded the time-integrated photolumi-
nescence (PL) spectra of a vapour-deposited CH3NH3PbI3 thin film, identical to that for

which absorption spectra were recorded, over temperatures from 4.4 to 295 K in increments
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Supplementary Figure 8: Absorption coefficient and PL intensity as a function of energy of
CH3NH3PbI3 demonstrating the overlap between the two at 70, 120, 170 and 295K for (a)
to (d) respectively.

of between 5 and 10 K. The sample was mounted under vacuum (p < 10"%mbar) in a
cold-finger liquid helium cryostat (Oxford Instruments, MicrostatHe2). An associated tem-
perature controller (Oxford Instruments, MercurylITC) monitored the temperature at two
sensors mounted on the heat exchanger of the cryostat and the end of the sample holder,
respectively; the reading from the latter was taken as the sample temperature. The sample
was photoexcited by a 398 nm picosecond pulsed diode laser (PicoHarp, LDH-D-C-405M)
with a repetition rate of 1 MHz and a fluence of 40nJem~2. The resultant photolumines-
cence (PL) was collected and coupled into a grating spectrometer (Princeton Instruments,
SP-2558), which directed the spectrally dispersed PL onto an iCCD (PI-MAX4, Princeton

Instruments).

Supplementary Figure 8 shows that in the tetragonal phase (> 160 K) there is one peak
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resulting from band-to-band recombination. At higher temperatures, the PL peak energy
blueshifts monotonically with increasing temperature, which is consistent with the known
temperature dependence of the bandgap energy in hybrid lead halide perovskites2%27 In
the orthorhombic phase (< 160 K) the PL spectra exhibit additional broad peaks at lower
photon energies much lower than the band-gap, which has been observed many times for
solution-processed CH3;NH;PbI3 thin films'®%Y and single crystals®® The additional emission
peaks result from impurity states and small inclusions of the higher-temperature tetragonal
phase that do not feature in the absorption because they are present as a minority species 142
Immediately after photoexcitation, these states are therefore not populated and only become
so as a result of charge-carrier diffusion! over the long life times of charge-carriers at the low
fluences employed for these PLL measurements. Hence the population of these states is only
completed at times much greater than the time range probed by the transient spectroscopy
measurements (2ns) and the PL from these states will not contribute to the emitted radiation
during the first 2 ns. Therefore, self-absorption over the first 2 ns after excitation is governed
mostly by the PL and absorption from the majority orthorhombic phase. To account for this,
we reconstruct the band-to-band recombination peak of the majority orthorhombic phase by
mirroring the PL spectrum about the central peak position from the high-energy half onto the
low-energy half, as displayed in Supplementary Figure [§. In addition, the PL is corrected for
self-absorption effects which results in a small blue-shift in comparison with the uncorrected
PL.

Using our model for PL re-absorption, we link the effective bimolecular recombination rate
constants determined from transient spectroscopy® with the intrinsic values by determining

intrinsic apparent
ke [k

a correction factor, p = . This correction factor was extracted by comparing

t
kPP and our

a simple charge carrier recombination model”” used to obtain the original
more nuanced charge-carrier recombination model, which accounts for PL re-absorption and
charge-carrier diffusion, and can determine kY™, By using both models to fit a range
of simulated charge-carrier decays, a correction factor p was established as a consistent re-

lation between the two models, shown in Supplementary Figure refPL2 and values p were

interpolated to a required temperature that matched those at which transient spectroscopy
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measurements were taken. The correction factor is specific to a given sample and is depen-
dent on the overlap between the PL and absorption (Supplementary Figure , as well as
the sample geometry and excitation conditions. Corrected values kP#insic = p x k3PP are

shown in Figure 3 of the main manuscript, with k5*****™ taken from Ref. .
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Supplementary Figure 9: Calculated correction factor p = kintrinsic/
of temperature. This correction factor allows for transfer of bimolecular recombination rate
constants derived from a simple rate equation model to values that also take into account
re-absorption of photons and charge-carrier diffusion.
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