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Abstract

The previously developed bistable DOS

amphoteric native defect (BAND) model Bright electrons —

Dark electrons —- 1)
is used for a comprehensive explanation
AMV\“ V,. Phonon
hv

. . . emit absorption
of the unique photophysical properties

Dark holes —

and for understanding the remarkable Bright holes —»-

performance  of  perovskites  as
photovoltaic materials. It is shown that the amphoteric defects in donor (acceptor)
configuration capture a fraction of photoexcited electrons (holes) dividing them into two
groups: higher energy bright and lower energy dark electrons (holes). The spatial
separation of the dark electrons and the dark holes and the k-space separation of the bright
and the dark charge carriers reduce electron hole recombination rates, emulating the
properties of an ideal photovoltaic material with a balanced, spatially separated transport
of electrons and holes. The BAND model also offers a straightforward explanation for the
exceptional insensitivity of the photovoltaic performance of polycrystalline perovskite
films to structural and optical inhomogeneities. The blue-shifted radiative recombination
of bright electrons and holes results in a large anti-Stokes effect that provides a quantitative
explanation for the spectral dependence of the laser cooling effect measured in perovskite

platelets.



1. Introduction

Recent years have witnessed unprecedented progress in applications of hybrid organic-
inorganic perovskites (HOIPs) for solar power conversion. Intense efforts of numerous
research groups have led to spectacular improvements in the perovskite based solar cell
power conversion efficiency from initial 3.8 %' to the current record of more than 25 %?.
Since this progress was achieved using simple, inexpensive materials and synthesis
methods it has generated significant interest in commercial applications of this thin film
PV technology®. Also, it has stimulated an enormous research effort aimed at
understanding the basic properties of the perovskites. Various aspects of the perovskite
related research have been extensively discussed in several reviews*°,

It was recognized quite early that the HOIPs cannot be viewed as standard
semiconductors as they show a range of unusual properties not found in other
semiconductor materials. Thus, most surprisingly, cladding of an insulating perovskite film
with electron and hole accepting layers produces a p-i-n PV with the open circuit voltage
determined by the band gap of the perovskite material rather than the Fermi level difference
between the electron and hole transporting layers® 1.

In our first paper'? we have proposed that the exceptional properties of HOIPs as PV
absorbers can be explained by bistable amphoteric native defects (BANDs), a class of
defects that can undergo a transformation between shallow donor and shallow acceptor

configuration. The BANDs model accounts for a variety of the phenomena observed in



HOIPs including formation of p-i-n junction PVs as well as hysteresis of J-V characteristics
and reversible UV degradation of PV devices'?. There is growing evidence showing that
the iodine site defects play an important role in determining the photophysical properties
and stability of MAPbI3'* %, In the amphoteric defect model'? an iodine vacancy donor,
D* =Vt with MA dangling bonds undergoes a structural relaxation in which the
neighboring MA molecule moves into the vacant I site forming MA vacancy like acceptor
complex A~ = [Vy4 + MA;]~ with iodine dangling bonds. This fully reversible defect
transformation depends on the quasi-Fermi energy as it requires participation of free
carriers'?,

There are other properties of HOIPs which are not satisfactorily understood. Extensive
experimental studies have demonstrated that the HOIPs exhibit extraordinary optical and
charge transport properties that cannot be easily explained in terms of standard
semiconductor models. For example, unexpectedly long and balanced diffusion lengths'>
16 for photoexcited electrons and holes have been observed and an exceptionally good PV
performance has been realized in polycrystalline perovskites which have very large spatial
and temporal variations of photoluminescence'”. The findings that a poorer crystallinity
and a larger concentration of structural defects do not affect perovskite material PV
performance was further substantiated by experiments showing that the grain boundaries
can actually play a beneficial role in collection of photoexcited charge carriers'®. Also,
detailed measurements of the optical properties of MAPbIs films!® have shown a

remarkably large blue shift of the PL energy relative to the absorption edge. This anti-
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Stokes shift was similar to the energy difference found for photons emitted from the surface

and the bulk of single crystals®® 2!

and appeared to be consistent with experiments
demonstrating optical cooling of perovskite platelets®.

Separately, it was observed that low energy photoexcited electrons and holes appear to
be protected from rapid recombination and contribute to a long lived photoconductivity®®
and to surprisingly long lifetimes for the photoluminescence and photoconductivity
transients®*. These findings suggest that HOIPs do not follow the standard radiative
detailed balance rule that relates photon absorption to photon emission rates and imply that
there is a disconnect between optical absorption and optical emission, with the bimolecular
recombination rates dependent on extrinsic material parameters such as sample preparation
conditions and/or sample thickness®. It has been argued that some of these properties of
perovskites can be understood considering different combinations of four mechanisms?®:
(1) trapping and de-trapping by shallow defects, (2) transfer of photoexcited electrons from
direct to indirect minimum, (3) polaron formation, and (4) photon recycling. A detailed
evaluation of the different mechanisms tends to favor photon recycling®® which has been
used to analyze optical transients?’ as well as long distance carrier diffusion®®. However,
this mechanism requires an extremely efficient, close to 90% confinement, of randomly
emitted photons in submicron thick polycrystalline films?’. This requirement for very
efficient photon confinement cannot be easily reconciled with the direct measurements of

photon recycling showing a photon retention fraction of less than 0.5% in single HOIP

crystals®.



In this paper we present an entirely new, comprehensive explanation of the unique
photophysical properties of HOIPs. We show that the Coulomb potentials of positively
(negatively) charged BANDs in donor (acceptor) configuration separate the photoexcited
charge carriers into bright electrons (holes) which can recombine radiatively and dark
electrons (holes) which are captured by coulomb fields of the BANDs and are thus
protected from recombination. The model is used to calculate photophysical properties of
HOIPs under transient and steady state illuminations. It is shown that the storage of the
photoexcitation energy by the dark carriers explains long lifetimes and long diffusion
lengths and is the key reason for the outstanding performance of HOIP- based PV devices.
Additionally, the model accounts for the large anti-Stokes shift of the photoluminescence

and the laser cooling effect.

2. Separation of mobile charge carriers into bright and dark fractions

The essential feature of the bistable amphoteric native defects (BANDs) is that they can
undergo a structural transformation between the donor and acceptor configuration. The
dynamic balance between those two defect configurations is controlled by the
concentrations of photoexcited electrons and holes'?. These properties of BANDs were
used to explain formation and the properties of p-i-n junction in perovskite films in contact

with electron and hole transporting layers. Here we develop a model describing how the



interactions between BANDs and mobile electrons and holes affect the optoelectronic
properties of hybrid organic-inorganic perovskite materials.

In our calculations we consider MAPbI3 as a prototypical perovskite material with
BANDs concentration of 2N;. Under equilibrium conditions the material is compensated
and has high resistivity with the defects evenly distributed between donor and acceptor
configurations, Nj = N; = N;'2. Illumination of the sample with above the band gap
energy monochromatic light produces electron-hole pairs with a narrow energy and k-
wavector distribution, schematically shown in Figure 1(a). Electrons and holes assume an
equilibrium thermal distribution shown in Figure 1(b) through absorption and emission of

phonons. This thermalization is a fast process occurring on a picosecond time scale.
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Figure 1. Separation of electrons and holes into bright and dark fractions illustrated in the
density of states (upper left panels), energy (upper right panels), real space (middle panels)
and k space (lower panels). (a) electrons and holes excited with monochromatic light into
a narrow energy and k-wavevector range in the conduction and the valence band remain
paired. (b) the electrons separate from holes and the charge carriers thermalize with the
lattice by emitting and absorbing phonons. (c) The distributions of photoexcited electrons
and holes calculated for the electron (hole) concentration of n;,, = 1018 cm™3 . The low
energy electrons (holes) become dark as they are captured by the donor (acceptor) BANDs

while the higher energy electrons (holes) remain bright as they move freely and can
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recombine radiatively with each other. High energy bright electrons (holes) cannot
recombine radiatively with low energy dark holes (electrons) because of the k-wavevector
mismatch schematically shown in the lower panel of (c). A fraction of the charge carriers

is eliminated by a recombination through non-radiative defects.

In a standard semiconductor the thermalized electrons and holes can recombine
radiatively in a bimolecular process. In addition, they can recombine non-radiatively via
deep defect centers and by the Auger recombination. A presence of positively and
negatively charged BANDs adds a new very important modification to the recombination
processes. As is schematically shown in Figure 1(c) the Coulomb potentials of BANDs
separate the photoexcited carriers into two groups. The low kinetic energy electrons that
are captured by the positively charged BAND donors are spatially separated from the low
kinetic energy holes that are captured by negatively charged BAND acceptors. This reduces
the radiative bimolecular recombination and the Auger recombination rates because the
low energy, “dark™ electrons do not encounter the low energy “dark” holes. In contrast, the
carriers with large kinetic energy are not affected by the coulomb potentials and are
uniformly spatially distributed. These high energy, “bright” electrons and holes can still
recombine radiatively, contributing to photoluminescence, and can also participate in the
Auger recombination. However, it should be emphasized that in addition to the, discussed
above, real space separation of the dark electrons from the dark holes, the high energy large

wavevector bright carriers are separated from the low energy small wavevector dark



carriers in the k-space. Therefore, although the bright electrons (holes) can penetrate the
regions occupied by dark holes (electrons) they cannot recombine radiatively with them
because of a k-wavevector mismatch.

To provide a quantitative description of these processes we consider a HOIP with 2N,
of uniformly distributed BANDs. The average volume associated with each defectis V; =
(2N,)~t. A Coulomb potential of a donor (acceptor) will capture an electron (hole) when
the attractive electrostatic potential energy is larger than the kinetic energy, E, of the carrier,
W.(r) = E

where

e?

We(r) =

(1)

4ATTEGEYT
Here e is the electron charge, ¢, is the vacuum permittivity and &, is the low

frequency dielectric constant equal 18 in MAPbI3*°. The capture radius for a charge carrier

with energy E is given by,

92

rC(E) = 47T€0€0E (2)
with the corresponding capture volume,
4
V(E) = 2 (r(E))? 3)

The fraction of the volume outside the Coulomb capture regions is where electrons and
holes can encounter each other and recombine radiatively, producing PL. This “bright”

fraction of free carriers is given by,

{Vbr(E) =1-2DN,/(E)? for 2DN,/(E)3 < 1 @

Vyr(E) =0 for 2DN,;/(E)3 > 1
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where D=§T[( e’ )3.

4TTEYEQ

The spatial separation of the low energy electrons captured by donors from low energy
holes captured by acceptors prevents them from recombining radiatively. The fraction of

these “dark” electrons and holes as a function of energy is equal to,

{Vdr(E) = 2DNy/(E)? for 2DNa/(E)* <1 (5)

Vir(E) = 1 for 2DN,;/(E)3 > 1

It is important to emphasize that the capture of the dark electrons and holes by the
Coulomb potentials is different from previously considered trapping process! in which
electrons and/or holes are bound and immobilized by trapping Coulomb centers and do not
contribute to the charge transport. In the capture process considered here the dark electrons
and holes can still move around and transport charge, although their paths are separated as
the electrons tend to reside around positively charged donors and holes around negatively
charged acceptors. The bright and dark carriers are in thermal equilibrium with the lattice
via emission and absorption of phonons. In addition, as will be discussed later, the carrier
separation into bright and dark fractions modifies the non-radiative recombination rates
occurring via deep level recombination centers and by Auger recombination.

To calculate the equilibrium fractions of the bright and dark electrons and holes we
assume that the conduction and the valence band have the same parabolic dispersions with
the effective mass m; =m} = 0.2m,°, where m, is the free electron mass. An
important and consequential feature of the model is the transformation between BANDs in
the donor and acceptor configuration represented by the defect reactions'?

ZepVSK + 2D+ - DO + D+ + €pysk (63)
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D° + Dt + epysx = A+ DY + epysk (6b)

A’ + D* +epysg > A”+ DT + epysk + hpysk (6¢)

which assure that the free conduction band electron (epysx) and the valence band hole

(hpysk) concentrations are balanced and equal. Consequently, although the following

calculations are done for electrons in the conduction band, the same considerations apply

to the holes in the valence band as well. Thus, unless specified, in the following analysis

we will use the term electrons or carriers for both electrons in the conduction band and

holes in the valence band.

The distribution of bright and dark electrons in the conduction band is given by,

Ny (E) = NV (E)E2 £, (E) (7

and
1
Ngr(E) = NVar (E)Ez2f,, (E) )
where f,,(E) is the Fermi-Dirac distribution function, V}, and V. are given by Eq.
(4) and Eq. (5), respectively, and the effective density of states at the conduction band

minimum is,

3
1 Zm*] /2

€7 omz| a2

)

Under steady state illumination conditions, the incident light sustains a total electron
concentration n;, in the conduction band and the same concentration of holes in the
valence band. This corresponds to the reduced quasi-Fermi energy, g, = Eg,/kgT

which can be obtained from the following equation:
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o 72

Nin = Ne(kpT) /2 7 —~———dz = NegF1;, (11pn) (10)

1+exp(z—NFn)

where z = E/kgT, Ny = NC(kBT)3/2 and F1/2 (MFn) is the Fermi-Dirac integral of
the order %%.

The energy distributions of bright and dark photoexcited electrons are then represented
by Eq. (7) and (8), respectively, with the electron quasi-Fermi energy determined from Eq.
(10). The hole quasi-Fermi energy is given by an analogous set of equations derived for
hole statistics in the valence band. Figure 1(c) shows the thermal distribution for the
photoexcited carrier concentration of n;, = p;, = 2 X 1018 cm™3 corresponding to the

quasi-Fermi energies of electrons (holes) located at the conduction (valence) band edge.

3. Effects of BANDs on optical properties of perovskites

3.1 Optical absorption
For parabolic conduction and the valence bands the spectral dependence of the
absorption is given by,
a(hv) = ao(hv — Eg)l/2 (11)
where «, is a constant related to the strength of the optical coupling between the
valence and the conduction band states. Although the light absorption is not directly
affected by BANDs, they can have an indirect effect since, as will be shown later, they
change the recombination rates and thus also the concentration of the photoexcited carriers.

This has an effect on the optical absorption that depends on the occupation of the

13



conduction by electrons and the valence band by holes. The sensitivity of the optical
absorption to the band occupancy, or photobleaching effect, allows the study of the
dynamics of the photoexcited carriers by measuring time dependence of the photoinduced
transmission®” 3*. The phenomenon is described in terms of the absorption coefficient
modified by the band occupation,
() = a(hw)(1 — f[(hv — E;)/2k,T])° (12)

where f,,(E) is the Fermi-Dirac distribution function for electrons in the conduction
band and holes in the valence band.

3.1 Charge carrier recombination and capture

The temporal evolution of the distribution of photoexcited charge carriers is governed
by equations that account for the carrier generation as well as all possible routes for charge
recombination and capture. Thus, in the present case, in addition to the standard processes
that include: bimolecular radiative, Auger non-radiative and defect facilitated non-radiative

recombination®’- 3% 33

, we need to consider the process of capturing of electrons (holes) by
donor (acceptor) BANDs that divides them into bright (n,,) and dark (ng4,) electrons
(holes).

Capture and de-capture of bright electrons (holes) by BAND donors (acceptors) can be
described by first order reactions:

Capture by Coulomb potential, generating dark carriers

Kep

Npr + (Ng — Ngr) = Ny (13)

with the time dependence of their concentrations given by the equation,
14



dnpy

dc _kcpnbr(Nd — Ngr) (14)

De-capture, generating bright carriers

k_c
Nyr + Ny — Ngr (15)
dnpy
Zf = k—cpndr (16)

where k¢, and k_c, are the constants describing the capture and de-capture rates,
respectively. The time dependence of n,, and ng- is given by the counterbalance

between those two reactions as described by the equation,

dnpr __ dngr

dt dt = _kcpan(Nd - ndr) + k—cpndr (17)

s . o d d
At equilibrium and in absence of any other recombination processes, % = % =0
and the Eq. (17) yields a relationship between the capture and de-capture constants,

k—cp — kcpnbreq(Nd_ndreq) (18)

Ndreq

where ny,.., and ng.., are the equilibrium concentrations of the bright and dark
electrons, respectively. Using Egs. (7) and (8) the ratio of bright to dark carrier

concentrations can be expressed in terms of the equilibrium Fermi energy,

_ Nbpreq __ fooofn(z)zl/zvbr(z)dz

(19)

“U nareq [ fu(2)z 2V ar(2)dz
and the Eq. (14) takes the form,
anpy
Zf = _kcp (Mpr — Beqndr)(Nd — Ngyr) (20)

The energetic separation of the photoexcited charge carriers into bright and dark fractions
has a profound effect on the optical and charge transport properties of perovskites. Most
notably, since the dark electrons are spatially separated from the dark holes, they cannot

recombine in any processes that require close encounter of electrons and holes. Therefore,
15



the radiative bimolecular and non-radiative Auger recombination processes are limited to
the bright carriers only. In addition, the spatial localization of dark electrons and holes
reduces the sample volume fraction they can penetrate which, in turn, reduces the
probability of encountering non-radiative defect centers. Under the thermal quasi-
equilibrium conditions with defined lattice and the carrier temperature the monomolecular

non-radiative recombination for bright and dark electrons and holes are,

dnpy
dt

= — [ Ry Ny Neg Vi (2)72f, (2)d2 = Ky, 1)
P [ Ry NarNog (Var (2222 (2)d2 = ke Tarnar (22)
where k,, = R, N,,,- is the non-radiative recombination rate constant given by the
product of the non-radiative recombination rate, R,,, and the concentration of the non-
radiative recombination centers, N,,,.. The additional factor V,,.(E) in Eq. (22) accounts

for the restrictions on the penetration volume by the dark electrons (holes).
The effective non-radiative recombination rate of dark carriers is modified by the factor,
rar = [ Var V222 fo(2)d2/ [ Vap (D72, (2)dz (23)

Note that since V;,.(E) < 1 then also 74, < 1 which means that in addition to being
protected from radiative recombination the dark carriers have also the non-radiative
recombination rate that is smaller than bright carriers. Also, the k-wavevector section rule
eliminates the radiative recombination between the bright electrons (holes) and dark holes
(electrons) because, as is schematically shown in Figure 1(c), and discussed in the
1

supplementary information section there is a large difference of more than 3 X 10® cm™

between k-wavevectors corresponding to the average energy of the bright and dark carriers.
16



Combining all the recombination and capture processes and adding the carrier generation
rate G yields two coupled equations for the time evolution of the photoexcited bright and

dark electrons or holes,

dnpr
dt

= _kcp(nbr - Beqndr)(Nd - ndr) - kznbr2 - k3nbr3 — KnyNpr + G (24)

dngr
dt

= kep(npr — Begnar ) (Ng — Nar) — knpTarnay (25)

here k, and k5 are the bimolecular and Auger recombination constants, respectively.
It should be noted that k, which describes recombination of mobile high energy electrons
and holes is expected to be larger than k¢, describing capture of the slow, low energy
electrons (holes) by immobile donors (acceptors).

At this stage it is important to highlight certain distinctive features of the dark charge
carriers. Since the dark electrons (holes) reside mostly in the vicinity of BAND donors
(acceptors) they are separated and cannot recombine radiatively. Also, dark electrons
(holes) attracted by positively (negatively) charged donors (acceptors) are easily trapped
and produce neutral BANDs that can transform between donor and acceptor configuration
making them energetically indistinguishable from each other. Therefore, these neutral
BANDs behave as a new class of quasiparticles, which in the following will be called
bandons. They remain mobile, can store and transport energy of a photoexcitation and are
protected from recombination. Since, the bandons are in thermal equilibrium with electrons
and holes as shown by the reactions (6a) to (6¢), they also provide a path for maintaining
the balance between electrons and holes. Any local excess of electron concentration

produces excess of bandons in donor configuration by neutralizing some donors (reaction
17



(6a)). To reach equilibrium a fraction of excess bandons in the donor configuration
transforms into acceptor configuration (reaction (6b)). Eventually the bandons in the
acceptor configuration are ionized producing holes in the valence band (reaction (6¢)). The
process restores the balance between bandons in the acceptor and donor configurations and
equalizes electron and hole concentrations. An analogous process occurs also for an excess
hole case.

The partition of the carriers into the bright and dark fractions spatially separates the
transport of the dark electrons and holes and is highly beneficial for the PV performance.
The effect is somewhat similar to the separation of electrons and holes in interpenetrating
phase-separated donor acceptor absorber blends that are used to reduce recombination and
improve charge collection in polymer PVs*® 37, However, it is important to note a key
difference between those two cases, as the spatial configuration of the blends is pre-
determined during material preparation whereas the formation of the dark electron and dark
hole transporting regions in HOIPs is a dynamic process in which the spatial distribution
of the electrostatic field is affected by free carrier induced transformations between donor
and acceptor configuration of randomly distributed BANDs. It can be also seen that the
bandons’ capability to store and transport the energy of optical excitation is expected to
lead to effects similar to photon recycling that has been frequently invoked in explaining
photophysical phenomena in HOIPs?"-2%:38, An evident and critical difference is that unlike
isotropically emitted photons that can easily escape the sample the bandons are fully

confined to the sample volume.
18



4. Model calculations of photophysical properties

In order to illustrate the effects of the BANDs on optoelectronic properties of perovskites
we solve the Egs. (24) and (25) for the cases corresponding to specific phenomena that can
be determined experimentally. The purpose of the calculations is to give a general
description of the main features of the model and to illustrate how it provides a consistent
and unified explanation for a large variety of strikingly unusual and seemingly unrelated
photophysical effects observed in HOIPs.

Time resolved and steady state measurements of the photoluminescence (PL),
photoconductivity (PC) and photobleaching (PB) are the methods commonly used to
discern properties and evaluate quality of perovskite materials®® 3> 3% 40 Standard
interpretation of such experiments assumes that the photoexcitation produces electrons in
the conduction band and holes in the valence band that can be treated as uniform free
electron and hole gases. However, as is discussed above, this is not the case for HOIPs with
BANDs because the photoexcited electrons and holes will be separated in two fractions
with distinctly different characteristics. This, we will show, has a profound effect on the
optoelectronic as well as charge transport and diffusion properties of HOIPs.

4.1 Time resolved photoeffects

The time resolved and the steady state PB, PL and PC are determined by the

concentrations of the bright and dark electrons and holes which can be calculated using the

19



coupled Egs. (24) and (25). In our calculations the PL intensity depends on the
concentration of the bright carriers and is equal to k,n,,> whereas PB depends on the
occupation of the conduction and the valence band states and is related to the total
concentration of the photoexcited carriers, n;,; = ny, + ng-. The change in the optical
absorption AA/A or transmission AT /T = —AA/A can be calculated using Egs. (10),
(11) and (12), where the quasi-Fermi energies for electrons (holes) are determined from
the total concentration of the photoexcited electrons (holes). It can be shown that for the
nondegenerate carrier statistics, i.e. when the carrier concentration is smaller than about
108 ¢m™3 , the transmission change is just proportional to n., and its spectral
dependence is given by A?T(hv)~ntota(hv)Exp[(hv — E,;)/2kgT]. Finally, the PC is
given by the contributions from the dark and bright electrons and holes to the conductivity
and is proportional to 2(ny,Up, + Ngrlar), Where pp,. and pg,- are the mobilities of the
bright and dark electrons (holes), respectively. The mobility ratio pg./Up, 1is rather
difficult to estimate, although results of simple calculations presented in Figure S2 of the
supplementary information section suggest that an approximate value of py,-/up, should
be equal to about 0.14. Therefore, the conductivity of the photoexcited carriers is assumed
to be proportional to, ny, + 0.14ng4,.

Currently there is no consensus on the values of the recombination constants in HOIPs.
In our model calculations we have used, k, = 8 x 107! cm3s~1for the bimolecular
recombination constant, which falls into the broad range of the values for this parameter

reported in the literature*!. The carrier capture by BANDs depends on the mobility of the
20



dark carriers and is expected to be smaller than k,. Here we adopted the value k¢, =
2 x 1071 cm3s~1. The third order Auger recombination process does not appear to be
important at typical photoexcitation levels and as we will show later the laser cooling

65~1 In order to evaluate the effects

experiments provide an upper limit, k3 < 1072% ¢m
of non-radiative defect trapping we have also added term with a recombination rate
constant varying in the range 10° 5™ <k, = Ry -Nppr < 107 571,

Figure 2(a) and (b) show the calculated time dependencies of the total, n;,; and the dark,
ng, carrier concentrations for few different values of N; and initial concentrations of the
photoexcited charge carriers, ny,. For N; = 0 the total concentration shows a typical
transient with the decay rate determined by a combination of the radiative bimolecular and
a non-radiative monomolecular recombination. Adding BANDs results in a rapid capture
of carriers and increase of the dark carrier concentrations until they reach the thermal
equilibrium with the bright carriers. And since the dark carriers are protected from
recombination this leads to a much slower decay of n;,; at longer times. This effect is
3

especially significant at larger n, where, as is seen in Figure 2(b), for ny = 101® cm~

at 300 ns 7, is several times larger for N; = 5 X 1018 cm™3 than for N; = 0.
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Figure 2. (a), (b) Time dependence of the total electron concentration (solid lines) and the
dark electron concentration (dash lines) as well as corresponding photoluminescence (PL)
(¢), (d) and photoconductivity (PC) (e), (f) transients calculated for different BANDs
concentrations, N;, and two different initial concentrations of the photoexcited charge

carriers, ny. More PB, PL and PC transients at different time ranges corresponding to
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possible experimental conditions are presented in Figures S3 to S6 of the supplementary

information section.

The time dependencies of n.,.(t), ng,(t) and ny,(t) = nger(t) — ng,-(t) from Figure
2(a) and (b) can be used to calculate the transients of the photophysical properties such as
PL, PB and PC that are commonly measured to evaluate properties and asses suitability of
perovskite materials for PV applications. Since, for the nondegenerate carrier statistics the
PB effect is proportional to the carrier concentration therefore, in relative terms, its
transients are represented by n;,; shown in Figure 2(a) and (b). Figure 2(c) and (d) show
the calculated PL transients given by, k,n,,.2. For N; = 0 the calculations show standard
PL transients dominated by the monomolecular non-radiative recombination for the low
excitation level, ny = 101® cm™3 (Figure 2(c)) and by the bimolecular radiative
recombination at the higher excitation level, n, = 108 cm™3 (Figure 2(d)). A presence
of BANDs strongly affects the PL transients even for the low excitation intensity where as
it is seen in Figure 2(c) the PL intensity decays rapidly at short times with the decay rate
increasing with increasing N; . The effect is more pronounced for the higher

photoexcitation case, ny, = 108 cm™3

where, as is shown in Figure 2(d) the PL intensity
decays by more than an order of magnitude in the first 20 ns for N; = 5 x 10 cm™3. 1t
is important to note that the decay does not originate from a loss of carriers but is fully

attributable to shown in Figure 2(b) rise of the concentration of dark carriers or bandons

that are protected from the radiative recombination. The photoexcitation energy stored by
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dark carriers is eventually released at longer times when, as is illustrated in Fig. 2 (d) at
300 ns the PL intensity for N; =5 x 1018 cm™3 is few times large than for N; = 0.
Thus, it can be argued that the dark carriers (or bandons) serve as a medium capturing and
storing the photoexcitation energy at short times and releasing it later when the dark
carriers start to back transfer to maintain the thermal equilibrium and replenish the bright
carrier reservoir depleted by the radiative recombination.

Photoluminescence transients with rapid initial and much slower decays at longer times
have been routinely observed in perovskite films***°. At low and moderate photoexcitation
levels the initial decay is typically attributed to non-radiative recombination processes such
as deep level facilitated trapping of one type of carrier by defect centers followed by a
release of the trapped carriers*?. Overall, such a process always leads to a non-radiative
removal of the photoexcited carriers and is detrimental for both light emission and charge
transport. In contrast, although the capture of the photoexcited carriers by BANDs results
in an initial fast reduction of PL it does not eliminate the carriers but protects them from
recombination and shifts all the transient effects to longer times. At very high excitation

levels the initial decays are often attributed to the Auger recombination which requires the

6.—1 27

assumption of unusually large recombination constants of about 10728 cm®s
The calculated BANDs induced reduction of the recombination rates and, shown in
Figure 2(b), the slow decay of the carrier concentration explains the experimentally

observed long lived PL signals®!. Also, it helps to understand the high-resolution micro-PL

study that has shown large differences in the PL intensity and transients between different
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grains in polycrystalline perovskite films'”. It was observed that the dark grains, with rapid
initial PL transient exhibit a delayed PL that converges on the PL intensity of the bright
grains that exhibit a faster decay at long times. This behavior can be easily explained
assuming the dark grains with larger concentration of BANDs capture the carriers and, as
is seen in Figure 2(c) and (d), delay the PL to longer times. However, it is important to
emphasize that these spatial variations in the PL do not have any detrimental effect on the
charge carrier transport or PV performance since, as is seen in Figure 2(a) and (b) the
materials with larger N, (dark grains) actually have the n,,.(t) larger than the materials
with smaller N; (bright grains). Also, the variations of the n.,;(t) between bright (small
N;) and dark (large N;) grains are much smaller that the variations of the PL intensity.
This explains why such optically inhomogeneous materials make so exceptionally good
PVs.

4.2 Steady-State [llumination

In order to evaluate the effects of BANDs on the optical characteristics under steady-
state or continuous-wave (cw) illumination conditions we solve Eqgs. (24) and (25) with a
spatially uniform, nonzero generation rate G. Figure 3(a) shows the calculated time
dependence of the total and the dark electron concentrations for different concentrations of
BANDs and the generation rate G = 5 X 102! cm™3s™! roughly corresponding to the
one sun illumination of 0.1 Wcem™2 switched on at t = 0. As expected, for N; = 0 the

3

carrier concentration increases with time and saturates at n.,; = n,, = 4 X 1015 cm=3.

Adding BANDs leads to formation of bandons (n4,-) and an increase of n;,;. However as
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is seen in Figure 3(b) formation of bandons that are protected from radiative recombination
results in a large reduction of the PL intensity. This is because in the presence of BANDs
the ng, is increasing reducing the concentration of n, and thus also the PL intensity.
At the saturation level the ratio of the bright and dark carrier concentrations is constant and

equal to the thermal equilibrium ratio, B,, given by Eq. (19).
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Figure 3. Temporal evolution of the total, (n;,;) and the dark, (ng4,-) carrier concentrations
(a) as well as PL intensity (b) at the one-sun equivalent steady-state illumination,
5 x 102 ¢m™3s™1 for different concentrations of BANDs, (N,). Calculated dependence

of the saturated (steady-state) total carrier concentration (n,;) (c) and the PL intensity (d)
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on the BANDs concentration. Both n;,; and PL are normalized to their values at N; =
0. The rise (a) and the saturation level (¢) of the total concentration is increasing with Ny
whereas, in a stark contrast, the rate of the initial rise (b) and the steady state saturation

levels (d) of the PL intensity are decreasing with increasing N,.

To gain a better insight into how the BANDs affect the photophysical properties under
steady state illumination conditions and how they relate to the device performance we have
calculated the dependencies of the saturation values of n;,, and PL on the BAND
concentration. The results, normalized to the values at N; = 0, are shown in Figure 3(c)
and (d). It is seen in Figure 3(d) that for the illumination intensity G = 3 X
102! cm™3s 1roughly corresponding to the one sun illumination the PL intensity is
decreasing by a factor of about 5 when N, changes from 0 to 6 X 1018 cm™3 | at the
same time Figure 3(c) shows that the total carrier concentration is increasing by about 30%.
This explains a puzzling and apparently contradictory feature of thin polycrystalline HOIP
films that are composed of grains with drastic variations of the PL intensity'” ** but still
work as PV absorbers with superior uniform charge transport properties. Also, they
demonstrate that the conventional approach relating performance of PV devices to the
intensity and uniformity of the PL signal does not apply to HOIPs. An interesting feature
of the results presented in Figure 3(d) is that at high carrier generation rates G, the PL

intensity becomes insensitive to the concentration of BANDs. This is in excellent
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agreement with the observation that large spatial variations of the PL intensity under low
illumination are washed out at high illumination intensities'”.

4.3 Diffusion of photoexcited carriers

The above calculations show that the BANDs induced separation of the photoexcited
carriers into bright and dark fractions greatly affects the carrier dynamics and the
photophysical characteristics of HOIPs. Therefore, it is also expected to impact the
photoexcited carrier diffusion which plays a critical role in determining the performance
of PV devices. In standard semiconductors the electron mobility is typically significantly
larger than the hole mobility. This, in addition to most likely different electron and hole
non-radiative recombination rates leads to a large difference in the diffusion lengths
resulting in an unbalanced transport and charge accumulation effects. In many instances
this is an important factor affecting the performance of PV devices.

Measurements of the charge diffusion have shown long and balanced diffusion with
diffusion lengths of more than 1 micron for electrons and holes in perovskite thin films'>:
16, Remarkably, the large diffusion lengths have been observed in nonuniform
polycrystalline films with large spatial variations of PL intensity that appeared to indicate
a highly nonuniform distribution of non-radiative recombination centers. Even more
unexpectedly it was shown that photoexcited electrons and holes can diffuse and produce
detectable PL and photocurrent tens of microns away from the excitation point!> 38, It was

argued that such long-distance transport of the photoexcitation can be explained by an

efficient photon recycling effect®®. Here we present an alternative and, in our opinion more
28



plausible, explanation based on the BANDs induced charge separation and formation of
bandons that are protected from recombination and can store and transport the
photoexcitation energy over long distances.

In order to illustrate and understand how the capture of charge carriers by BANDs and
formation of bandons affect the carrier diffusion we perform model calculations for a
material system simulating properties of HOIPs. In addition, we assume that electrons (n)
and holes (p) have different diffusion constants. In the calculations we consider a simple
case of one-dimensional diffusion where electron-hole pairs are photoexcited in the plane,
x = 0 with a constant generation rate, G. The diffusion profiles of the bright and dark

electrons and holes are given by solutions of four coupled differential equations:

W - kcp (nbr - Beqndr)(Nd - ndr) - kznbrpbr - knrnbr (26)

ongr 2°ngy
gg = Ddr,n an + kcp(nbr - Beqndr)(Nd - ndr) - knrrdrndr - kONd(ndr - pdr) (27)
oppr 0%ppr
g: =6+ Dbrp Tpg - kcp (pbr - Bequr)(Nd - pdr) - kznbrpbr - knrpbr (28)
Opar azpdr

oc = Darp 52 T kep(Por — BeqPar) (Na — Par) — knrTarPar + koNa(ar — par) (29)
where D;; with { = br,dr and j =mn,p are the diffusion constants for bright and
dark electrons and holes and the other symbols have the same meaning as in Eqs. (24) and
(25). The additional term kyNy(ng — pgr-) in Egs. (27) and (29) describes the transition
of bandons between donor and acceptor configuration that maintains the balance between
the concentration of electrons and holes as described by the reactions 6(a) to 6(c)'2.
The second order partial differential equations (26) to (29) were solved numerically using

the finite difference method with codes written in Python 3. In addition to previously used
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values, Ko =2%x107" 57! k, =8x 107" cm3s™'  we assume that the
transformation rate between BANDs in the donor and acceptor configuration is given by a
constant ko =1 x 10° s™*. Using the longitudinal optical phonon frequency vy, =
2.8 X 1012 571 % a5 an attempt frequency, this value of k, corresponds to about 0.43 eV
energy barrier for the transformation between the donor and acceptor configuration of
BAND:s.

To illustrate how the BANDs facilitate equilibrium between electrons and holes leading
to balanced carrier diffusion we assume that the electron diffusion constant is 10 times
larger than the diffusion constant of holes (this is a typical ratio for standard compound
semiconductors). In a customary consideration of an unbalanced bipolar diffusion problem

the coulomb attraction between faster diffusing electrons and slower diffusing holes leads

DeDp

to a common, effective diffusion constant D, = 2D D
e h

where D, and Dy are,
respectively, the diffusion constants of electrons and holes®. Note that, as expected, for a
large diffusion constant ratio the bipolar diffusion rate is mainly determined by the slower
diffusing carriers.

Figure 4 shows steady state 1D diffusion profiles calculated for the electron-hole pair

3571 at x = 0. To demonstrate the protective role of

generation rate of G = 1026 cm™
BAND:s the calculations with Ny = 0 and N4 = 108 cm™3 were performed for a wide
range of the non-radiative recombination constants 10° < k. < 107 s~ . The results in

Figure 4 demonstrate that the introduction of BANDs extends the diffusion resulting in

higher total concentration of the carriers (Figure 4(a)) as well as the PL intensity (Figure
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4(b)) at long distances. The effect is most pronounced for higher values of k,, and, as is
seen in Figs. 4(a) and 4(b) for k,. = 107 s71, adding Ny = 10® cm™3 of BANDs
results in more than 3 orders of magnitude increase in n;,; and more than 6 orders of

magnitude increase in the PL intensity at the distance x = 50 um.
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Figure 4. Calculated dependence of the steady state diffusion profiles on the non-radiative
recombination rate, k,. and the concentration of BANDs, Ny for Ng = 0 and Ny
1018 ¢m™3. The total and the dark carrier concentration (a) and PL intensity (b) for k. =

10% and 107 s~1. A generation rate of G = 1026 cm™3s™1 at x = 0 was assumed.

The efficient, long-distance diffusion of the bandons combined with shown in Figure 3(c)
storage of the photoexcited carriers have interesting consequences for the photophysical
properties of polycrystalline HOIPs with spatial variations of stoichiometry and
nonuniform distribution of BANDs. The results in Figure 3(a) and (b) indicate that the dark
grains with larger Ny exhibit less intense PL but have larger total carrier concentrations
whereas bright grains with smaller Ny have stronger PL but smaller total carrier

concentration. The difference in the total carrier concentration originates from higher
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concentration of bandons in the grains with larger N4. Under steady state illumination
conditions, the bandons or dark carriers will diffuse from the high Ny (dark) to lower Ny
(bright) grains where they can become bright and recombine radiatively. This leads to an
unusual effect in which dark grains act as a source supplying the carriers and enhancing
PL in the bright grains. It is also in a stark contrast to standard polycrystalline
semiconductors where the dark grains, with a strong non-radiative recombination, act as
sinks depleting the concentration of carriers in the bright grains*¢.

Another important feature of the bandons facilitated diffusion is the evolution of the PL
spectra with the distance from the excitation source. The spectral dependence of the PL is

proportional to the square of the energy distribution of the bright carrier concentration:

1 2
PL(h0)~ |Vyy (E)E2f, (E /KT (30)

hv-Eg ()

where E = , Vpr(E) is given by Eq. (4) and f,(z) is the Fermi-Dirac
distribution function. The calculated color maps of the PL spectra corresponding to the
diffusion profiles presented in Figure 4 are shown in Figure 5(a) and (b). The map in Figure
5(a) shows that, as expected for the Ny = 0 case, the PL intensity is decreasing with
increasing distance without any significant change in the spectral distribution of the emitted
photons. In a stark contrast, as is seen in Figure 5(b), Ng = 1018 cm™3 of BANDs not
only extends the PL to larger distances but also results in a distinct blue shift of the spectra.

This anti-Stokes shift will be later discussed in the context of the laser cooling effects. Here

we only note that the value of the blue shift is decreasing with the distance in a manner
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similar to the experimentally observed energy shift in the PL spectra measured as a function

of distance from the excitation in perovskite thin films?®,
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Figure 5. Color maps of the distance dependence of the PL spectra of diffusing carriers for
(@) Ng=0 and (b) Ny =10¥cm™3. The white dashed lines show the distance
dependence of the energy of the PL. maximum; when BANDs are present, the blue-shifted
peak of PL spectrum exhibits a much larger red-shift as the distance away from the

excitation source is increased.

The results presented in Figures 4 and 5 show that BANDs have a very large effect on
the carrier diffusion extending the carrier concentration and PL profiles to longer distances.
Although here we consider a simple one-dimensional, plane excitation geometry, the
results are directly relevant to experimental observations that were performed in a point
excitation geometry®®. Previously the results of the long-distance diffusion®®, as well as,
PL and conductivity transients?’ were explained by a photon recycling which can be viewed
as a form of storage of the photoexcitation energy within the sample. It was shown that the

photon recycling can be formally accounted for by reducing the bimolecular radiative
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recombination rate k,?’ by the factor equal to the probability of the photon escape, P
which has been estimated to be equal to about 0.12?”-4’. Calculations in Figures 6(a) and
(b) show that, as expected, the eight-fold reduction of k, for Ngy = 0 expands the
diffusion profiles resulting in increases of the n.,; by the factor of 7 and the PL intensity
by the factor of 14 at the distance of 50 um. However, it is also seen in these figures that
retaining the same value of k, = 8 X 10711 ¢m3s~! and adding Nq = 108 cm™3 of
BAND:s leads to an even larger extension of the diffusion profiles, with a factor of about
15 increase of the n.,; and a very large increase by the factor of 200 for the PL intensity
at the same distance of 50 um. This demonstrates that the bandons-enabled storage and
transfer of the photoexcitation energy can very well account for the long-distance diffusion

of carriers without invoking photon recycling.
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Figure 6. Effect of the bimolecular radiative recombination rate, k, on the diffusion
profiles of the total carrier concentration (a) and the PL intensity (b) for Ny = 0 and

Ny = 108 ¢m™3. A generation rate of G = 1026 cm™3s™1 at x = 0 was assumed.
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5. Anti-Stokes Effect

The above considerations show that the BANDs induced separation of photoexcited
charge carriers into bright and dark electrons and holes and formation of bandons have a
profound effect on a large variety of photophysical properties of perovskites that depend
on the photocarrier recombination processes. In this section we examine how the energy
distributions for bright and dark carriers affect the relationship between absorption and
emission spectra and provide explanation for some unusual properties that appear to be
specific to HOIPs.

A shift of the PL emission to an energy higher than the photoexcitation energy is known
as an anti-Stokes effect. This unique and rare phenomenon requires demanding conditions
that are difficult to satisfy in standard semiconductors*®. Here we show that an anti-Stokes
shift of the PL spectrum occurs in HOIPs with the concentration of BANDs large enough
to induce significant separation of the photoexcited carriers into bright and dark fractions.
We will demonstrate that it provides a straightforward explanation for a number of unique
phenomena observed in perovskites including: a direct observations of the PL anti-Stokes
shift'®?2, the energy difference between surface and bulk PL of single crystals®®?!, and the
optical cooling effects®> %,

As is illustrated in Figure 7(a) the threshold for photon absorption associated with
electron transfer from an occupied state in the valence band to an unoccupied state in the

conduction band is defined by the bandgap, Ej. In the presence of BANDs the absorption
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edge is lower than the threshold for the photon emission that can happen only when, as is
shown in Figure 7(a), a bright electron in the conduction band recombines with a bright
hole in the valence band. The energy difference is provided by lattice phonons that are

absorbed to maintain thermal equilibrium between dark and bright carriers.
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Figure 7. Anti-Stokes effect in HOIPs, (a) schematic illustration describing the mechanism
of the anti-Stokes effect (b) calculated PL spectra for different concentrations of BANDs
(left hand axis) along with the absorption spectrum (right hand axis). The inhomogeneously
broadened curves are represented by solid lines. (¢) color map of the PL intensity spectra
vs. the concentration of the photoexcited electron-hole pairs, (d) color map of the PL

3

intensity vs. concentration of BANDs for 7.,y = Pror = 2 X 1018 cm™3 corresponding to

the quasi-Fermi energies for electrons and holes positioned at the band edges.
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To calculate the anti-Stokes shift, i.e. the difference between the energy of emitted and
absorbed photons, we again assume that there is a full symmetry between the distributions
of photoexcited electrons and holes.

Photoluminescence spectra for different concentrations of BANDs calculated using Eq.
(30) along with the absorption spectrum for E; = 1.55 eV are plotted in Figure 7(b). The
calculations were done for the nondegenerate carrier distribution case. The calculated PL
spectra shift to higher energy with increasing concentration of BANDs and as is shown in
Figure 7(b), an inhomogeneous broadening of the spectra results in a slight upward shift of
the maximum PL energy. The PL spectrum for the N; = 0 case shows the standard anti-
Stokes shift AE,s of about 30 meV resulting from a thermalization of the distribution of
the photoexcited carriers. This small effect has been previously considered as a potential
mechanism for a laser cooling in semiconductors*®. However, as is seen in Figure 7(b)
adding N; = 5 x 108 cm™3 of BANDs results in a large, three-fold increase of the anti-
Stokes shift AE,s to about 90 meV. As will be shown in the next section this large
enhancement of the anti-Stokes shift is essential for understanding of the experimentally
observed laser cooling effect in MAPbI3?2.

The anti-Stokes shift does not depend on the carrier concentration for the nondegenerate
carrier statistics, i.e. when Ny = Pror < 2 X 1018 cm™3 and the quasi-Fermi energies
for photoexcited electrons and holes are in the bandgap. However, as is shown in Figure
7(c) the PL peak shifts to higher energy and the PL intensity is increasing with increasing

carrier concentration for Ny = Peor > 2 X 1018 cm™3
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Fermi energy enters the conduction (valence) band. The results in Figure 7(d) show that
the PL peak shifts to higher energy but its intensity is decreasing with increasing
concentration of BAND:s.

5.1 Surface versus bulk photoluminescence in single crystals

The BANDs-induced anti-Stokes effect provides a clear-cut explanation for the observed
difference in the PL spectra measured in thin polycrystalline films and bulk crystals®® 2!,
Detailed PL studies have demonstrated that the emission spectra of thick single crystals of
HOIPs depend on whether the photoexcitation occurs close to the surface or in the bulk of
the crystal®®2!, Interestingly and somewhat unexpectedly, excitation of a subsurface region
with one, above the bandgap energy photon, produced a PL that was blue shifted relative
to the PL photoexcited with two sub-bandgap photons and originating from the bulk of the
crystal. The blue shifted subsurface PL spectra were found to be quite similar to the
emission spectra of thin polycrystalline films?” 2!, In addition, it was observed that the PL
emission energy can be tuned between these two extrema by changing the ratio of the
surface to bulk contribution using the photoexcitation with different photon energies®' or
single crystal platelets with different thicknesses>.

In order to explain this effect, we note that, as was discussed before!?, the concentration
of BANDs is related to local deviations of crystal stoichiometry that depend on the
crystallinity and/or proximity to surfaces and interfaces. Therefore, higher concentrations

of BANDs are expected in thin polycrystalline films rather than in single crystals. However,

even in the case of single crystals significant deviations from stoichiometry and larger
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concentrations of BANDs can exist close to the surface. Figure 8(a) shows the PL spectra
calculated using Eq. (30) along with the experimental PL data obtained with single-photon
and two-photon excitations of a MAPbIs crystal®. It is seen that the blue shift of the one-
photon relative to the two-photon spectrum can be well explained assuming an average
BAND concentration of Ny = 2.5 X 108 ¢cm™3 in the subsurface region and a much
lower concentration of N; < 10'®> cm™2 in the bulk of the crystal. The relative peak
positions and the shapes of the spectra are reasonably well reproduced by the calculations
that include a small inhomogeneous broadening. Also, the results in Figure 8(b)
demonstrate that the same set of parameters can explain experimentally observed large
differences in the time dependence of the PL intensity from the subsurface and bulk
region?’ confirming that both effects, the blue shift of the PL energy and the faster initial
PL decay originate from a higher concentration of BANDs and an increased capture of the

photoexcited carriers in the subsurface region.
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Figure 8. Effects of the anti-Stokes shift on the PL in single crystals. (a) comparison of the

experimental and calculated PL steady state spectra for the bulk, two photon excitation (red)
and for the subsurface, one photon excitation (blue) conditions. The calculated spectra are

represented by the solid lines. (b) The PL transients for the bulk (red) and the subsurface

(blue) regions calculated using the BANDs concentration obtained from the fits in (a) and
the monomolecular non-radiative recombination constant k. = 4.5 X 10°s~!. The
experimental results in (a) and (b) were adopted from ref. 20. (¢) Determination of the
average BANDs concentration from comparison of the calculated and measured PL spectra
for single crystal platelets of different thickness. (d) Thickness dependence of the anti-
Stokes shifted PL peak energy and the PL. maximum intensity. The BANDs concentration

N;(d) was obtained by averaging over the subsurface and the bulk regions of the platelets.
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(for more details see the supplementary information section). The experimental results in

(c) and (d) were adopted from ref*?.

Further support for the BANDs based interpretation of the PL energy shift has been
provided by a systematic PL study of MAPbI3 single crystal platelets, which has shown
that PL peak energy is decreasing whereas its intensity is increasing with increasing platelet
thickness. As is seen in Figure 8(c) and (d) these dependencies are again well explained by
calculations assuming larger concentration of BANDs in the subsurface region compared
with the bulk of the platelets. Further details of the calculations are presented in the
supplementary information section.

5.2 Optical or Laser Cooling

The most intriguing and potentially most consequential effect of the large BANDs-
induced anti-Stokes shift is an optical or laser cooling effect. It is an effect that requires a
very efficient up-conversion of low energy absorbed photons into higher energy emitted
photons*®. Remarkably, a large and clearly observable optical cooling has been observed
in platelets of MAPbI3 synthesized on mica substrates?”. It is shown here that the
experimentally measured cooling can be well understood in terms of the BANDs induced
anti-Stokes shift discussed above.

To calculate the laser cooling effect, we consider a perovskite platelet illuminated by a

laser with a photon energy, hv; and the incident photon power flux [,. The lattice
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temperature change, AT is proportional to the difference in the power density of absorbed
and emitted light,

APgep = G(hvy) (hv, — 7(hvy) hvem;e) (31)

here hv,,;; is the average energy of emitted photons and 0 < r(hv,) <1 is the

external PL efficiency that accounts for the crystal heating by the photon energy deposited

in the sample through non-radiative recombination processes. The carrier generation rate

is given by,

6 (hv,) = 2bmetlnConel) — p, ), (32)
where the modified absorption coefficient, a,,(hv;) given by Eq. (12) accounts for
possible absorption bleaching effects expected at high excitation levels when the quasi-
Fermi energies move into the bands, and P, (hv;) is the excitation laser power density
absorbed in the sample. As is seen from Eq. (32) the carrier generation rate and thus also
the power density deposited in the sample depends on the depth of the photoexcited region
under the illuminated surface. In the cooling experiment?? the temperature change was
measured with PL probe excited with the photon energy of hv, = 1.85 eV yielding an
approximate value of d,, = 1/ am(hvp) = 230 nm for the thickness of the probed region.
The cooling efficiency is then given by,
2P0 = 1 — 1 (hvy) hemie/ hvy (33)

The average energy of emitted photons can be calculated from,

Iy (2E+E4)PL(E)dE
Iy PL(E)dE

hvemic =

(34)
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where PL(E) is the spectral distribution of the photoluminescence of the bright carriers
given by Eq. (30).

The external PL efficiency defined as,

r(hvy) = kyng, /G (hvy) (35)
is determined by the steady state concentrations of photoexcited bright carriers that were
obtained solving Eqgs. (24) and (25). In the calculations of the spectral dependence of the
laser cooling we have adopted the values of the bimolecular recombination, k, =
8 x 107 em®s™" , and the BANDs capture, ko, = 2 X 107!* cm3s™! constants, the
same as those used for the calculations of transients and diffusion processes in the
preceding sections. The cooling efficiency is strongly dependent on the PL efficiency
r(hvy), that is determined by non-radiative recombination processes. Here we consider the
monomolecular non-radiative recombination via defect centers determined by the
recombination constant, k,, that plays a more significant role at low carrier
concentrations and the Auger recombination given by the constant, ks that is more
important at high carrier densities.

Figure 9(a) shows the dependencies of the photon energy corresponding to the maximum
of the PL intensity and the average emitted photon energy on the concentration of BAND:s.
As expected, adding BANDs results in a rapid increase of both energies. The average
energy of emitted photons increases from 1.60 eV at N; =0 to 1.66 eV for N; =
5x 1018 cm™3. It is seen that under these idealized assumptions even for N; = 0 the

average energy of the emitted photons is larger than the band gap energy. This standard
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photon up-conversion effect*® has been previously considered as a potential mechanism for
the laser cooling in semiconductors. However, it was found that a very high, close to 100%
external PL efficiency is required to explain laser cooling in HOIP platelets*?. Here we
show that the BANDs-induced increase of the average energy of the emitted photons
greatly relaxes the strict requirements on the external PL efficiency and makes observation

of the laser cooling effect practically feasible.

(a)SB 1.68 (b) 0.2 1.08
: ' ' ' ' ' ' ——k,=10° s, N=2x10 cm™ :
_____ . 501 N = 18,3
1861 1.66 0154 Kn=7%10° s, Ng=2%10"" cm J
105 <1 N = -3 .
k=10 s™, N;=0 cm 4105
%‘1,54. 164 N 0_1::::-..;_-.---km=7x1055'1, Ng=0cm3.," | -
= Maximum 3 T NE2aotim® 7 &
D462 _ verage  {1.62 o 005 - o2 §
E 5 < o . E
] o Eg=1.55 eV el F
16 _ 116 0 _
o 5 < g
,=10° Wiem? .+~ - o
1.58 1515516165 1.7 1./51.8 -1.58 -0.05 ) .
Energy (eV) . -~ 'Ng=0 cm™
1 1 1 1 T ya T rd T T
0 2x10"™  4x10"® 6x10"® 8x10'®  1x10'° 700 720 740 760 780 800
Ny (cm™®) Wavelength (nm)
(C) 3 E - AT 187.5 (d) T T T T T
[K=s" @ Experimental (AT) 12x10% 18 3 4
\ [Ng=em®" kq=3.5%10°, N=2x10" X \ N,=2x10™ cm
2.25 o T ——r=100 %, Ny=2x10"® 140625 x10sh Y 1,=10° Wicm?
o ko=1%10%, N;=2x10"® Y
E 15 - = =100 %, Ng=0 fEEEen exiosk _
— Y
§ k,=3.5%10°, N,=0 = [ < 9 N Heating region
- 0.75 146.8752 = ewios | o |
= Heating = | = \ D) .
% 0 : 0 S| &1tk b Figure (c) Begin cooling J
Cooling 1 fitting \0\
-0.75 {-46 875 P ~ . _
\ . =
Cooling S~
-1.5 T T T T T T -93.75 0 - . . : =@
750 760 770 780 790 800 810 820 0 2x10% 4x10% 6x10% 8x10% 1x10%°
Wavelength (nm) ky (em® )

Figure 9. Laser cooling in HOIPs. (a) dependence of the calculated average and maximum
PL photon energy vs. concentration of BANDs. (b) spectral dependencies of the cooling
efficiency and the ratio of the emitted to absorbed photon energies for two concentrations
of BANDs, N; = 0 and 2 X 108 cm™3, and two non-radiative recombination constants,

k,, = 10° and 7 X 10° s~ 1. (c) Calculated spectral dependencies of the power density
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deposited by laser light with the photon power flux of I, = 103 Wcem™2 for N; = 0 and
2 x 108 ¢m™2 and different values of the non-radiative recombination constant, k.
The experimental laser light induced change of the sample temperature adopted from ref*
is well explained by the calculated power density for Ny =2 x 1018 cm™3, k,,, =
35x10°s™! and k3 =1073% cm®s~! corresponding to the external radiative
recombination efficiency of 0.98. (d) the relationship between k,,, and k5 corresponding
to the transition from cooling to heating regime defined by the condition APy, = 0 (see
Eq. (31)) at all wavelength (blue dashed line). The light blue dashed line represents the
relationship for the external PL efficiency of about 0.95. The dark blue dashed line

represents the relationship for the external PL efficiency of about 0.98.

As is seen from Eq. (32) the carrier generation rate depends on the power of the
illumination photon flux, I,, which we assume to be equal to 1000 Wcm™2. Calculated
dependencies of the cooling efficiency given by Eq. (33) along with the ratios of the emitted
to absorbed photon energies on the excitation laser photon energy are shown in Figure 9(b).
The upper limit for the laser photon energies to produce cooling effect is increasing from
1.59 ¢V (779 nm) for N; = 0 to 1.63 eV (762 nm) for N; = 2 X 1018 cm™3. Even more
importantly, increasing the BANDs concentration makes the cooling effect much less
sensitive to the non-radiative recombination. Thus, the results in Figure 9(b) show that for

Ny =2x10'® ¢m™3 a significant cooling is still observed for k,, =7 X 10°s71
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whereas this relatively low non-radiative recombination completely eliminates the cooling
effect for N; = 0 case.

The photon energy dependence of the laser cooling effect has been calculated using Eq.
(31). The results in Figure 9(c) show that the power density extracted or deposited in the

3 and the non-

sample calculated for the BANDs concentration of N; = 2 x 1018 cm™
radiative recombination processes with k,, = 3.5 x 10°>s~! and k; = 1073% cmbs~!
is in a reasonably good agreement with the spectral dependence of the measured
temperature change??. It is worth noting that these conditions correspond to an external PL
efficiency of about r = 0.98 whereas, as is seen in Figure 9(c) and was demonstrated
previously??, almost perfect external PL efficiency of 7 = 1 is required to explain the
observed cooling effect using a standard semiconductor model*® with N; = 0.

Although the BANDs-induced anti-Stokes shift improves the efficiency of the laser
cooling, the observation of the effect still requires higher than 95% external PL efficiency.
This requirement sets limits on the efficiency of the non-radiative recombination processes.
Thus, as is shown in Figure 9(d) the cooling sets the upper limits on the non-radiative
recombination constants, and requires that k,, < 1.2 X 10° s~ for the monomolecular
and k3 < 1Xx 10722 ¢cm®s~! for the Auger non-radiative recombination constant. Note
that although this limit of k3 is well below the sometimes quoted values of about
10728 cm®s~1 for the Auger recombination constants for HOIPs?’, it is more in agreement

with the values of the Auger recombination constants reported for standard

semiconductors>’.
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6. Conclusions

In this paper we have presented a comprehensive explanation of the origin of
extraordinary photophysical properties of hybrid organic-inorganic perovskite materials. It
is based on the concept of bistable amphoteric native defects (BANDs) which has been
used previously to understand the mechanism of the p-i-n junction formation in undoped
perovskite PV absorbers!?. There are several key component features of the model: (1) the
capture and separation of photoexcited electrons (holes) by Coulomb fields of the BANDs
in the donor (acceptor) configuration divides the photoexcited carriers into high energy
bright and low energy dark fractions with the dark electrons spatially separated from the
dark holes and the bright carriers separated from the dark carriers in the k-wavevector space;
(2) the spatial separation eliminates radiative and reduces non-radiative recombination of
the dark electrons and holes whereas the k-space separation eliminates radiative
recombination between the bright and dark carriers. The reduced recombination and the
partial separation of the electron and hole transporting regions are essential for explaining
exceptional performances of HOIPs based PVs; (3) instantaneous equilibrium of neutral
BANDs between donor and acceptor configuration prevents space charge accumulation
effects by maintaining local balance between electrons and holes even in structurally and
optically inhomogeneous polycrystalline thin films; and (4) the radiative recombination
between bright electrons and bright holes produces blue shifted PL that results in a strong

laser cooling effect.
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All the presented quantitative considerations of the photophysical properties of HOIPs
were, for clarity, limited to the prototypical perovskite material, MAPbIs. An obvious
question arises to what extent these concepts are applicable to other HOIPs or their alloys.
It is an important issue since it has been shown that the best PV performance is achieved
through partial substituting of iodine with small amounts of Br and/or Cl and the
methylammonium (MA) site with formamidinium (FA)’!. In both instances the alloying
has a direct effect on the strengths of the bonds between the halide and the organic
components of the material affecting the formation energy as well as the transformation
dynamics between the donor and acceptor configurations of BANDs. Thus, it can be argued
that the optimized alloy composition corresponds to a stabilized concentration of BANDs

that is most beneficial for performance of the perovskite photovoltaics.

Supporting Information. k-space separation of the bright and dark carriers (Figure S1), dark
to bright carrier mobility ratio (Figure S2), time dependent photophysical properties at
different time scales (Figure S3, Figure S3, Figure S5, Figure S6), thickness dependence

of the average defect concentration in platelets (Figure S7).
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I. k-space separation of the bright and dark carriers

The average energy, E,,, of the bright electrons (holes) relative to the conduction

(valence) band edge is:

1
ff(E)[vbr(E)Effn(E/kBT) dE

Eav -

(SD)

Iy [vbr(E)E%fn(E/an]dE

The average energy of dark electrons (holes) is given by an analogous expression with
Vyr(E) replaced by V,,-(E). The k-wavevectors corresponding to the average energies of
the bright or dark carriers are determined form

_ Rh%k3,

Eqy = (S2)

2my

Figure S1 shows the dependencies of the |k,,| as well as the difference of the |k,|
on the concentration of BANDs for the bright and dark carriers. The calculations were
performed for the nondegenerate carrier statistics i.e. for the total free carrier concentration
of lessthan 2 x 108 cm™3. It is seen that the difference between |k,,| for the bright and

dark carriers is larger than 3 x 108 m~1 and is only very weakly dependent on the

concentration of BANDs.
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Figure S1 Average k-wavevector value |k,,| for bright and dark carriers as well as the

difference of the |k, |, as a function of the concentration of BANDs. Assumes Boltzmann

statistics and parabolic dependence of energy and k-wavevector.
II. Dark to bright carrier mobility ratio

As is discussed in section 4.1 of the main text the photoconductivity (PC) of photoexcited
electrons and holes is proportional to 2(ny,pp, + ngrthar). Therefore, it depends on the
dark to bright carriers’ mobility ratio, pg,-/Upyr. To estimate the mobility ratio we assume

that charge scattering is dominated by two mechanisms, optical phonon and ionized



BANDs scattering. The relaxation time approximation has been used for the optical phonon

scattering, with the microscopic relaxation time given by,
1
1 _ ezww (i_l)@ _fLa)Lo hwro . _1( E _ )E
B~ Wimeoh \ew 20) VE X [(ng + D[ |1 — t— sinh . 1))+

1
h h . _ E 2
ngl |1+ RULO _ 2UL0 i1 (hww)z] (S3)

where E is the electron energy, w;, is longitudinal optical phonon frequency, &, and

gy are high frequency and static dielectric constants, and n, is the Bose-Einstein LO
phonons distribution function.
The charged defect scattering is described by the microscopic relaxion time of the form

(see e.g. reference?),

1
Tdef(E)

4x/a
1+4x/a

= 2.415 x 24eL (M) =1/2(xT)=3/2 x [In (1 + 2 — )] (S4)
g "mo a
where x = E/kgT, Ny is the total concentration of the charged defects and a is the

reduced screening energy, which is given by

hZ
a=————
2mldk,T
3 1
m"\2, L
1 13 (mo) Tz
— =5.80x 10" x ——F 1(n)
b €o 2

and F_1(n) is the Fermi-Dirac integral of order — % To calculate the total mobilities of
2
the dark and bright carriers the combined relaxation time 77'(E) = 7o (E) + Tg0¢(E)
has to be averaged over the distribution for both types of carriers.

Thus, for bright carriers,

e

or = = [ T (E) Vg (BVEZfo(2)/ [ Vot (EDEZ 1, (2) (35)



With an analogous formula for 74, but with V,,;(E) replaced by 1 — V,,(E).

Figure S2 shows the calculated dependence of the mobility ratio on the total carrier
concentration for three different concentration of BANDs. The calculations were
performed using the values &, = 18 3, &, = 7 *and hw,o = 11.5 meV 3. The ratio is
very weakly dependent on the concentration of BANDs and is relatively constant for the

nondegenerate carrier statistics i.e. for the charge carrier concentrations smaller than

2 X 1018 ¢cm™3. In our PC calculations we have adopted the value ? = 0.14 that falls in
br

the range of the calculated values for the BANDs and charge carrier concentrations

expected for typical photoconductivity experiment in thin polycrystalline films.
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Figure S2 Calculated dependence of the dark to bright carrier mobility ratio on the total
carrier concentration for three different concentrations of BANDs. The concentration of

the ionized scattering centers Ngor = Ny = Ny = 2 X Ny.

ITI. Time dependent photophysical properties at different time scales

As is shown in the section 4 of the main text the separation of photoexcited carriers into
bright and dark fractions has a large effect on the optical properties of HOIPs. The
calculations presented in the main text are focused on the transients of the photoeffects in
the time range from 0 to 300 ns. In this section we examine the transients ~ for times shorter
than 10 sec and for much longer times up to 3000 ns. These calculations aim at
demonstrating how the capture of the photoexcited carriers by BANDs affects the
transients of these photoeffects at so much different time scales. For consistency with main
text calculations we have adopted the values of k, =8 x 10711 ¢m3s™! for the

3571 for the carrier capture

bimolecular radiative recombination, k¢, =2 X 107! cm
rate by BANDs and k,,,, = 10° s™! for the monomolecular nonradiative recombination
rate. Figure S3 presents calculated transients of the total and dark carrier concentrations
(a), photoluminescence (b) and photoconductivity (c) for times shorter than 10 ns. It is seen

that adding BANDs increases the dark carrier concentration resulting in a slower decay of

Ngoe OF (PB) and significantly faster decay of PL and PC.
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Figure S3 Initial transients of n;,; (PB) and the dark carrier concentration (a), PL (b) and
PC (c) for the photoexcitation density n, = 1018 cm™3 and different concentrations of
BANDs. The capture of the carriers by BANDs results in an increase in the dark carrier
concentration (a) leading to slower decay of (PB) and faster decays of PL (b) and PC (c¢).
The protective role of BAND:s is already visible at these short times where, as is seen in (a)

the slowest temporal decay of the total concentration is found for the highest concentration

of BAND:s.



Figure S4 shows the transients calculated for times up to 3000 ns with the same set of
parameters as that used in Figure 2 in the main text. The protective role of BANDs is

clearly visible in all three photoeffects which show larger values for larger concentrations

of BANDs.
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Figure S4 Calculated long time transients for the photoexcitation density ng =
10 ¢cm™3 and different concentration of BANDs. (a) the total and dark carrier
concentration (a); PL (b) and PC (c). The dark to the total concentration ratio attains a

constant, equilibrium value at these long times.



Figures S5 and S6 present the short (< 10 ns) and long (< 3000 ns) transients for N; =
1x 1018 cm™3 and three different photoexcitation densities, n,. The initial decays
(Figure S5) clearly show that the carrier capture by BANDs is responsible for the fast
decay of the PC and an even faster decay of the PL. The decay rates increase with

increasing excitation density, n,.
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Figures S5 Calculated transients of the total and dark carrier concentration (a) PL (b) and
PC (c) for the concentration of BANDs N; = 1 x 108 ¢m™3 and three different initial
photoexcitation carrier densities. The dark to the total carrier concentration ratios reaches

equilibrium at about 10 ns.



Figure S6 presents the calculated long-time transients for N; = 1 X 10 ¢cm™3 and
three different photoexcitation densities. It is seen that the initial decays are strongly
dependent on the photoexcitation level. This is clearly evident in the PL transients in
Figure S6(b) where for the highest photoexcitation level, n, = 10 cm™3 the PL
intensity drops by few orders of magnitude in less than 500 ns whereas only a modest, less
than order of magnitude decay is seen for n, = 101® cm™3. These results indicate that the
rate of the initial rapid PL decay is not a reliable measure of the importance of nonradiative
recombination and that it is extremely important to know the photoexcitation level for any

quantitative interpretation of experimental time resolved photoeffects.
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Figure S6 Calculated time resolved total carrier concentration (PB) and the dark carrier
concentration (a), PL (b) and PC (c) for the BANDs concentration N; = 1018 cm™3 and
different values of the initial photoexcitation density, n,. The results show that the decay

rates of all the photoeffects depend on the excitation intensity n.

IV. Thickness dependence of the average defect concentration in platelets

In the Figure 8 (c) and (d) of the main text, we show how the thickness dependent PL
peak energy and intensity measured in MAPDbI3 single crystal platelets can be explained by
different concentrations of BANDs®. Here we demonstrate that the dependence of the
concentration of BANDs on the platelet thickness, d can be understood assuming low
concentration of BANDs in the bulk and much higher concentration in a thin subsurface
layer. Under these assumptions the average concentration of BANDs is given by the
expression:

Na(d) = Ny + Sds="anlxds (S6)

where Ny, is the bulk BAND concentration and Ny is the concentration of BANDs
in the surface layer of thickness dg. As is shown in Figure S7 the best fit for the average
N4(d) given by Eq. (S6) is obtained with Ny, = 1x 10*® cm™3 and Ny X d =
6.2 X 1013 ¢m™2. Such a good fit with a single set of parameters indicates a reproducible

growth conditions with both bulk and surface concentration of BANDs independent of the

platelet thickness.
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Figure S7 Average concentration of BANDs vs. platelet thickness. The points represent
the concentrations determined from the PL spectra and listed in Figure 8 (c) (main text)®.
The fit (red line) is the concentration averaged over the bulk and the surface layer using

Eq. S6.
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