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The enhancement of excitonic emission crossing
Saha equilibrium in trap passivated CH3NHsPbBrs
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Metal-halide semiconductor perovskites have received great attention for the development of
stable and efficient light emitting diodes and lasers, since they combine high charge carrier
mobility and light emission spectral-purity with low-cost fabrication methods. Nevertheless,
the role of excitons, free carries and trap states in perovskite light emission properties is still
unclear due to their interdependence. In this paper we selectively manage trapping and light
emission mechanisms by a reversible laser-assisted trap-passivation process performed on a
CH3NHsPbBr3 perovskite layer, coupled to the inner modes of a high-quality micro-cavity,
which only affects the radiative recombination. We show that photoluminescence is domi-
nated by exciton radiative decay process and that trap states passivation increases the
exciton gemination rate by reducing coulombic scattering of free electrons due to the ionized
impurities. This picture provides a more general description than the model based on trap
states-free Saha thermodynamic equilibrium between photo-generated species.
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emission process in semiconductors are essential for the

realization of efficient optoelectronic devices, such as light-
emitting diodes (LEDs), solid state lasers (SSLs) or semiconductor
solar cells (SSCs). Indeed, for these class of devices, the sponta-
neous emission process represents, respectively, the device-output
(LEDs), the trigger for the stimulated emission process (SSLs),
and the intrinsic detrimental channel for the photogenerated
carriers loss (SSCs).

Recently, metal-halide semiconductor perovskites have
received great attention in the aforesaid fields!~14, since they
combine the main characteristics of inorganic semiconductors,
namely high charge carrier mobility and light emission spectral-
purity, with those of conjugated organic semiconductors, such as
easy fabrication processes!>~17 and wide tuning of the energy gap
(Eg) in the visible and NIR spectral range.

Despite outstanding power conversion/external-quantum effi-
ciencies as high as 25 and 20%, recently reached in SSCs and
LEDs, respectively>!l, the interdependence of excitons (EX), free
carriers (FC), and trap states (TS) in the spontaneous emission
process of metal-halide perovskites is still an open issue!8-21. This
is especially true for those perovskites with energy gap in the
visible spectral range, which are more interesting for light-
emitting applications (LEDs, SSLs)20. In this respect, the main
issue in the radiative recombination mechanisms understanding
relies in the missing of an unambiguous identification of the
emitting species (FC vs EX).

In the literature, studies based on both continuous-wave and
transient photoluminescencet experiments (hereafter CWPL and
TRPL, respectively) typically identify three kinds of dominant
processes: (i) a monomolecular non-radiative carrier trapping
mechanism assisted by thermally activated ionized impurities; (ii)
the bimolecular FC radiative recombination process and (iii) the
trimolecular non-radiative Auger process. FC usually results the
dominant radiative species, EX having a negligible role in the light
emission process?2-24, These statements are supported by Saha
equation, which describes, at the thermal equilibrium, the ratio
between photo-excited species densities (EX vs FC) as a function
of EX binding energy Ey, temperature T and photogenerated-
carrier density ny>>?%. This equation forecasts, at room tem-
perature (RT) and in 3D-perovskite materials with E;, < 100 meV,
a relative EX concentration of the order of few percentage units,
at the photogenerated population density typical of perovskite
LED and SSC?*?7. Therefore, the possibility to realize exciton-
based optoelectronic devices seems greatly limited by the char-
acteristic low EX binding energy of metal-halide perovskites.
However, this standard picture is not conclusive. In fact, a sig-
nificant presence of TS may affect the FC-EX equilibrium and in
turn the validity of Saha equation application to these systems.
Additionally, even though EX represent the minority radiative
species, their radiative rate coefficient can result higher than the
FC bimolecular one (at excitation densities typically reported in
the literature, lower than 1017 cm—3)24, Anyway, the mono-
molecular radiative EX recombination process is hardly distin-
guishable from monomolecular non-radiative one (TS related) by
means of conventional analysis, without a suitable experiment
conceived in order to discriminate and/or to control TS. More-
over, a method that distinctively separates the radiative from non-
radiative contribution to the spontaneous emission has not been
developed to date, thus making the analysis of EX, FC, and TS
not clear.

In this work, we present a study on the competition/interaction
between FC, EX, and TS in the emission processes of
CH;NH;PbBr; thin films?82%, showing that PL is dominated by
the EX monomolecular radiative recombination rather than the
FC bimolecular one. Radiative and non-radiative processes are

The understanding and the control of the light spontaneous

distinguished by a reversible TS laser-assisted passivation per-
formed on the material coupled with a high-quality resonant
microcavity39-33, unveiling that the reduction of FC-Coulomb
scattering due to ionic Pb?* and Br~ vacancies enhances
electron-hole pairing exciton formation. Our experimental results
highlight that the two radiative species (FC and EX) do not form
an isolated system at thermodynamic equilibrium, as assumed by
Saha equation model, since their kinetics are affected by charge
carrier mobility which is limited by ionized impurities, well
described by the Conwell-Weisskopf semiconductor theory. It is
worth to underline that the tool herein proposed can be spread to
the study of all perovskite materials so far developed, allowing for
the unambiguous understanding of spontaneous emission process
and opening the possibility to realize optoelectronic perovskite
devices based on EX emitting species.

Results

Morphological characterization. We have grown thin films of
CH;NH;PbBr; by dual source thermal vapor deposition of the
precursors at 1077 mbar (see Methods section for further details)
with an equimolar concentration of CH;NH;Br (methylammo-
nium bromide, hereinafter referred as MABr) and PbBr,. We
underline that thermal deposition guarantees a fine control on the
relative precursors concentration?®2%, and it is compatible with a
possible industrial implementation in optoelectronic devices
production.

The sample surface has been studied by means of atomic force
microscope (AFM) revealing that it consists of randomly
distributed large grains with size of the order of 1 um, as shown
in Supplementary Fig. la of Supplementary Note 1. This is useful
to rule out the possible inter-grains diffusion that can influence
the recombination process of FC and EX. Since the perovskite
coverage of the substrate is 20 + 5%, the average thickness of the
layer, considering perovskite grains and voids, is around 50 nm
(see Supplementary Note 1). The X-ray diffraction (XRD)
spectrum of the MAPDbBr; film is reported in Supplementary
Fig. 1b of Supplementary Note 1, showing peaks corresponding to
the cubic phase of MAPbBr;28:34,

Trap passivation role on the optical properties. In order to tune
the TS density, we exploited a physical passivation procedure,
that has been recently explored3-32, It consists in irradiating the
sample with UV (405 nm) laser under air exposure. This proce-
dure ensured effective physisorption-based passivation and, most
of all, allowed to control TS density due to the reversibility of its
effects.

In Fig. la the absorbance of the as-deposited sample is
reported. A strong EX peak, emerging from the continuum, is
well evident at E=2.35eV (528 nm). The fitting procedure by
means of the Elliott model3® (red-line through the experimental
data) returns an EX binding energy of about (53.0 = 0.2) meV, in
agreement with the values reported in literature?0 (details are
reported in Supplementary Note 2).

The CWPL experiments have been performed on the sample

after passivation, under 405 nm CW laser fluence of 30 mW mm—2,

corresponding to a photogenerated carrier density of 1017 cm—3.
The representative CWPL spectrum is reported in Fig. 1b. The
emission peak is located at about 2.31eV (537 nm), showing a
Stokes shift of about 40 meV and a FWHM of 82 meV (about
20 nm). In order to identify the emitting species (EX and/or FC)
in the spontaneous emission, we performed a line-shape analysis
of the CWPL spectrum. In this analysis we take advantage of the
different excitons (PLx) and free carriers (PLpc) emission
features, originating from their different density of states
(DOS), Gaussian-like and 3D Elliott continuum, respectively
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Fig. 1 Absorption and photoluminescence spectra of CH;NH;3PbBr; films
with line-shape analysis. a Absorption spectrum with Elliott theory fitting.
b Photoluminescence (PL) spectrum with line-shape analysis. The red lines
through the experimental data (blue symbols, indicating the obtained
continuous-wave PL, named PL-CW in the legend) represent the best fit
curves as returned by the model reported in Supplementary Note 2. The
single PL components are also highlighted for free/localized excitons (EX/
EXLoc in the legend, indicated by the light-orange-shadowed areas) and for
free carriers (FC in the legend, indicated by the dark-orange-shadowed
area). The contribution of the single components to the total PL area results
to be 66% (25%) for free (localized) excitons, and less than 9% for free
carriers.

(details are reported of Supplementary Note 2). As reported in
Fig. 1b, two DOS components for EX (orange-shadowed areas)
and one for FC (dark-orange-shadowed area)?2-36-39 have been
used to fit the spectrum. We remark that, for the continuum 3D-
Elliott DOS, we fixed the same parameters used for the absorption
analysis by Elliott model (Fig. 1a), while at least two Gaussian
distributions have been required to fit the exciton resonances,
attributed to free and localized excitons*%:41. A localization energy
of about 15meV emerges from the comparison of localized
(EXroc) and free (EX) exciton. The main result arising from the
analysis, as reported in Fig. 1b, consists in the evidence of the
dominance of EX contributions (Free-EX and Localised-EX) in
PL spectrum, leading to a total PLx component that is about 36
times larger than the PLgc one (at 535 nm).

The passivation effects on the emission properties have been
investigated in detail, comparing PL emission at RT in vacuum
and in wet-air environmental conditions. In particular, we have
evaluated the change induced in the PL intensity by the laser-
assisted air exposure as a function of the exposure time, in the
range of few tens of minutes, until PL intensity saturation value
has been reached. The pressure has been varied from 10~3 mbar
(vacuum) to the atmospheric value (wet air) and vice versa, over
repeated cycles. Figure 2a shows the variation of the integrated PL
signal in the spectral region around the PL,,,. The signal
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Fig. 2 Continuous-wave photoluminescence and time-resolved
photoluminescence optical responses dependence of CH;NH;PbBr; films
on passivation exposure time. a Integrated photoluminescence (PL)
intensity in vacuum and wet air, as a function of exposure time. The error

bars are within the markers size. b Time-resolved photoluminescence
traces recorded at the different exposure times (fromt =10 s to t =300 s).

increases exponentially when wet-air (50% of humidity) fills the
chamber, increasing by more than two orders of magnitude in
900s, at the moment the highest switch-on/off ratio never
reported, at the best of our knowledge, then reaching a saturation
value. The signal rapidly decreases when the chamber is
evacuated, reducing by 98% in the first 10s. As reported in
Fig. 2a, the increases and decreases of integrated PL in presence/
absence of wet-air atmosphere result reversible over repeated
cycles of experiments, indicating that air molecules are just
physically adsorbed without forming strong chemical bonds with
the material. The reversibility of this process allowed us to
monitor over time the trapping mechanism, thus making easier
the understanding of the role of EX, FC, and TS in the radiative
emission process. It deserves to be stressed that in our
experiments the density of active traps (Nt) is not constant over
time. In fact, we have modulated Ny value by means of the CW
laser-assisted wet-air adsorption procedure, as above reported. As
a consequence, the intensity of the excitation laser has been kept
fixed in the experiments.

In Fig. 2b, the normalized TRPL traces recorded on the sample
at different laser-assisted wet-air exposure times, are shown. We
point out that TRPL experiments have been performed by
exciting the sample with a pulsed laser delivering 63 mW at
402 nm, corresponding to a photogenerated carrier density of 6 x
1015 cm =3, Tt is worth to note that the integrated PL spectrum
under pulsed excitation regime (dotted line in Fig. 1b) presents
the same line shape of the CWPL.
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Optical cavity and Purcell factor. In order to discriminate the
non-radiative trapping mechanisms from the radiative processes,
we carried out TRPL experiments by coupling the perovskite
material with the inner modes of a high-quality optical micro-
cavity33. This has been realized by mechanically approaching two
distributed Bragg reflectors (DBR), consisting of 7.5 alternate
pairs of quarter-wavelength TiO, and SiO, thin layers3342 (fab-
rication details are reported in Methods). In fact, by mechanically
removing/tuning the top DBR we modified the coupling of the
material with the photonic modes, thus changing the Purcell
factor and allowing us to identify the radiative components
among all the relaxation and/or recombination mechanisms
occurring after the carriers photo-generation, being only the
radiative recombination processes affected by the Purcell effect.
We underline that top DBR is never stacked on the bottom DBR/
perovskite layer.

Figure 3 shows the PL spectrum of the perovskite sample,
coupled to the optical cavity modes. Five narrow modes are
visible in the stop-band of the DBR, one of them being nearly
resonant to the out-cavity PL peak at 2.32 eV (535 nm). A Purcell
factor P = 6 + 1 has been experimentally and theoretically
estimated at resonance (see Supplementary Note 3 and 4).

The thin crawlspace of about 8 microns between the two
mirrors (see Supplementary Note 4) allowed us to control the TS
density by reversible laser-assisted physical adsorption of air
molecules also when radiative processes are modified by the
perovskite-cavity coupling30-32, A scheme of the microcavity is
also reported in the inset of Fig. 3. Evidences that passivation
effects occur in the case of in-cavity sample are reported in
Supplementary Note 5.

Light-emitting species identification in optical cavity. In Fig. 4a,
b we reported the normalized TRPL traces recorded in four dif-
ferent experimental conditions: (i) after wet-air passivation out of
the cavity (P = 1, blue full circles in Fig. 4a); (ii) after wet-air
passivation coupled with the cavity (P = 6, green open circles in
Fig. 4a); (iii) under vacuum out of the cavity (P = 1, blue full
circles in Fig. 4b) and (iv) under vacuum coupled with the cavity
(P = 6, green open circles in Fig. 4b). The laser instrumental
response in the first 10 ns is also reported in the figure (red-
dotted lines in the grey area).

Few general considerations deserve to be pointed out. First of
all in both out-cavity and in-cavity conditions, the passivated
sample shows a TRPL time evolution slower than the not-
passivated one, in agreement with the trap-passivation effect30-31;
moreover, the Purcell effect due to the coupling of sample to the
microcavity is clearly evidenced by the shortening of PL lifetime;
lastly in all cases the time evolution of the TRPL signal is clearly
not monomolecular (mono-exponential).

In literature the perovskite PL dynamics is typically described
by the so-called ABC rate equation model, namely % = —An—
Bn? — Cn®, where n is the volume density of the photogenerated
carriers?”#3, and A, B, C coefficients are related to monomole-
cular carrier trapping, FC bimolecular radiative recombination
and Auger process®>, respectively, the last one being usually
neglected at the exploited excitation regimes. Nevertheless, by
using this model to our case, the assumption that FC are the
dominant emitting photogenerated species leads to contradictory
results, as reported in Supplementary Note 6, supporting that, as
suggested by CWPL line-shape analysis, also the TRPL signal is
strongly affected by EX species contribution.

For the sake of completeness, we have performed the previous
experiments also on a spin-coated MAPbBr; sample, whose
morphology and optical analysis were reported in Supplementary
Note 7. Also in this case, the sample showed the presence of EX
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Fig. 3 Optical cavity coupled to CH3NH3;PbBr; perovskite layer.
Photoluminescence (PL) spectra of CH3NH3PbBr3 perovskite out of the
cavity (grey) and inside the cavity (green). Inset: Distributed Bragg
Reflector (DBR)-based microcavity. The ultraviolet laser-assisted air
passivation process is simplified by representing water molecules that
passivate the trap centers in perovskite grains (orange/green cubes for
bare/passivated CH3NH3PbBrs grains).

species at RT and the ABC model failed as well, due to the strong
contribution to PL from EX states.

To study in depth the relaxation mechanisms involved in the
light emission processes we assumed that the recombination
dynamic after photo-generation of FC is governed by the
following mechanisms: (i) EX gemination/dissociation; (ii)
carriers Trapping/Detrapping; (iii) FC and EX radiative recom-
bination. We highlight that in this model the trapping process is
only associated with the FC. Details concerning this point are
reported in Supplementary Note 8.

Therefore, in this frame, we analyzed the PL decay signals by
using the outputs of the coupled rate equations accounting for
electrons, holes, EX and filled TS densities (n., ny, nx and ny
respectively), which have been derived by the aforementioned
processes, sketched in Fig. 4c (see Supplementary Note 9 for
further details). In the rate equations system, kt (kpr) is the
trapping (detrapping) coefficient usually related to electrons
traps*? (Nt being the full trap density); B, is the bimolecular
radiative band-to-band FC recombination coefficient; kx (kpx) is
the exciton gemination (dissociation) rate; A, is the EX
monomolecular radiative recombination rate. To reproduce the
temporal evolution of the emission signal, we simulate the TRPL
traces by taking into account the electron/hole/exciton densities
and the radiative recombination rates/coefficients (A, and B,) as
returned by the calculation procedure. The photo-doping effect??
has been taken into account in the simulation, as described in
Supplementary Note 9.

We performed the trace analysis on the TRPL data recorded at
different experimental conditions, namely passivated/not-passi-
vated and in-cavity/out-cavity sample. The simulated PL decays
are shown in Fig. 4a, b by red continuous lines through the
experimental data, and the corresponding values of the
parameters used in the calculation are reported in Table 1. The
simulated curves well reproduce the TRPL traces, after the laser
response range.

We point out that an analysis performed by using the same
model on high-quality perovskite crystal or nanostructure have
been reported in the literature with similar qualitative fitting to
the experimental curves!”#4, Furthermore, contrarily to what
obtained in the ABC model application, all the parameter values
used in the simulations (reported in Table 1) are in agreement

4 COMMUNICATIONS PHYSICS | (2020)3:41| https://doi.org/10.1038/s42005-020-0309-3 | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-020-0309-3

ARTICLE

T T
e out-cavity P=1
o in-cavity P=6

T T
e out-cavity P=1
o in-cavity P=6

hy
E
Free camers
4 k /
T k b
¥ ' AN
Trapplng ﬁ
Exciton

| B%hv%/‘

200

]
S N,=0.5n, N=1.7n,
2 10"
= 3
c
9
£
©
(0]
N qo2E
@
g
[e]
z
10-3 _ . O ! d !
0 50 100 150 O 50 100 150
Time (ns) Time (ns)

Fig. 4 Time-resolved photoluminescence analysis. a Time-resolved photoluminescence traces of the perovskite film recorded after wet-air passivation in
(open green circles) and out (full blue circles) of the cavity. Laser response in the first 10ns (red-dotted lines) and simulation curves (red continuous lines)
are also reported. b Time-resolved photoluminescence traces of the perovskite film recorded in vacuum in (open green circles) and out (full blue circles)
the cavity. Nt and ng stand for trap density and photogenerated carrier density (6 x 101> cm=3), respectively. P is the Purcell factor. ¢ Scheme of the

processes involved in the spontaneous emission according to the rate equation system (see Supplementary Note 9). E+ is the trap energy; k1 (kp7) is the
trapping (detrapping) coefficient usually related to electrons traps; B, is the bimolecular radiative band-to-band free carriers recombination coefficient; kt
(kpT) is the exciton gemination (dissociation) rate; A, is the excitons monomolecular radiative recombination rate; hv is the energy of emitted photons.

Table 1 Rate equations parameters.

Out-cavity In-cavity

Wet-air Vacuum Wet-air Vacuum Order of magnitude Ref.
Ny 106 cm—3 0.3 1.0 0.3 1.0 105-10"7cm—3 22,62
kr 10-8 cm3 s~ 1.70 1.70 1.70 1.70 10-1-10-7 cm3s~! 222,32
kot 10710 cm3 s~ 1.70 1.70 1.70 1.70 10131010 cm3s—1 222,32
kx 10> cm3s—! 8 5 8 5 10—> cm3s~! 22
kpx 101251 1 1 1 1 1071251 22
A, 10751 5 5 6x5 6 x5 106—108 51 22
B, 10710 cm3s1 17 17 6 x17 6 x17 10-1-10-% cm3s~1 18,21,22

Methods).

Values of parameters which return the best time-resolved photoluminescence simulation curves reported in Fig. 4a-b, corresponding to the passivated (wet air)/not-passivated (vacuum) and out-cavity/
in-cavity experimental conditions. In the in-cavity case, A, and B, values result increased by the Purcell factor (P = 6). The photogenerated carrier density has been fixed to ng = 6 x 10> cm=3 (see

with those typically reported in the literature?’43. The set of
parameters related to the four different experimental conditions
evidences some important results which deserve to be stressed.
Firstly, the set of parameters corresponding to the passivated and
not-passivated experimental conditions in the out-cavity case
(first and second columns of Table 1), differs from the one
describing the corresponding in-cavity case (third and fourth
columns of Table 1) only in A, and B, values, which result 6 times
increased by the Purcell factor (P = 6). This result shows that not
only the bimolecular decay process but also the monomolecular
one is related to radiative recombination, confirming the relevant
role of EX in the spontaneous emission processes (monomole-
cular behavior) occurring in these materials, as suggested by
CWPL line-shape analysis. Secondly, the values of parameters
corresponding to the not-passivated and passivated experimental
conditions (in both in-cavity/out-cavity cases) are the same with
the only exception of Nyt and ky, suggesting an unexpected
dependence of the EX gemination coefficient by the passivation
conditions. We attribute the reduction of trap density to the

intercalation, by the perovskite grains, of the O, and H,O air
molecules that induce ion passivation, thus affecting the EX
gemination rate.

For a better understanding and to clarify the relationship
between kx and Ny, we have also analyzed the TRPL traces
carried out in the case of out-cavity sample, by exploiting the rate
equation model to all the TRPL data reported in Fig. 2b. The
values of kx and Nr, as a function of laser-assisted wet-air
exposure time, are reported in Fig. 5a. As we can see, in the
investigated time range, Ny decreases by a factor 4 while kx
increases by a factor 2, thus resulting in a first evidence of clear
dependence of the EX geminate rate on trap density, in perovskite
systems. We stress that in the TRPL traces simulations, recorded
in all the different experimental conditions (eight traces), five
parameters have been fixed, namely kr, kpr, kpx, A, By, and only
two acted as free, that is Nt and kx, as reported in details in
Supplementary Note 9.

Finally, we observe that, concerning the radiative recombina-
tion, in the case of out-cavity sample, the model returns a value of
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Fig. 5 Parameters values, radiative species density and equilibrium population as resulted from differential rate equations. a Trap states density (red)
and excitons gemination rate (blue) versus exposure time. Vertical bars are related to the values range of Ky and Nt parameters for which the simulation
curves well describe time-resolved photoluminescence (TRPL) traces for each exposure time while the error bars of exposure time are within the markers
size. b Excitons gemination rate versus trap states density. Continuous line represents the theoretical excitons gemination rate as calculated by Langevin
and scattering limited mobility models for a net charge value of Z =1 (red line) and Z = 2 (purple line); grey line represents the best fitting-curve of the
experimental data, resulting in an average value of Z = 1.6, indicating a larger dominion of Z = 2 ionic traps than Z =1 ones. The bars are related to the
values range of Ky and Nt parameters for which the simulation curves well describe time-resolved photoluminescence (TRPL) traces for each exposure
time. ¢ Excitons, electrons and holes density fractions versus passivation time after 20 ns from laser pulse. The grey line, labeled as Saha equilibrium,
indicates the exciton density as extracted by Saha equation for a photogenerated carrier density value of ng = 6 x 101> cm—3. n, reported in the y axis stay
for electrons ne, holes ny, and excitons ny populations. The error bars are within the markers size. d Equilibrium population versus trap states density as
extracted by the electrons ng, holes n;, and excitons ny populations taken from time-resolved photoluminescence fits at different times after laser pulse
(from 20 to 50 ns). Red and purple lines represent the theoretical equilibrium density calculated by the ratio kpx/kx (wWhere ky and kpx are the excitons
gemination/dissociation rate, respectively) as extracted by the time-resolved photoluminescence fit against the trap density by using modified Langevin
model. The grey line, labeled as Saha equilibrium, indicates the equilibrium population as extracted by Saha equation for ng = 6 x 101> cm=3. The black line
represents the photogenerated carrier density. Horizontal bars are related to the values range of Nt parameter for which the simulation curves well
describe time-resolved photoluminescence (TRPL) traces for each exposure time while the vertical error bars are within the markers size.

20 ns for exciton lifetime (1/A;) and 1 ps for free-carrier initial-
time constant (1/B,ny), respectively. All these results suggest that,
at least at the beginning of the relaxation, FC and EX can be
treated as a trap-dependent system in quasi-equilibrium.

Discussion

In order to describe the EX gemination rate dependence on trap
states density we have developed a theoretical framework based
on the Langevin model. This model was so far used to qualita-
tively describe the FC bimolecular recombination process in

metal-halide perovskites, but it failed from a quantitative point of
view, returning a value of the bimolecular recombination coeffi-
cient, six order of magnitude larger than the one experimentally
observed?0. Nevertheless, this model can be used, as we will
demonstrate here, to explain the kx behavior in our sample,
namely its relationship with the trapping states. In the frame of
the Langevin model, in fact, the EX gemination rate can be
expressed as kx = eu/e, where ¢ is the dielectric function of the
perovskite material and p the free-charge mobility, that is influ-
enced by the trapping mechanisms. Concerning the mobility, in
fact, we assume that it depends both on lattice and on ionized
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species presence (scattering limited mobility—SLM). In more
details, we consider in our sample a total mobility value derived
by the Matthiessen’s rule y=! = p;~! + w1, where yy is the
mobility due to the carriers interaction with lattice and gy is the
ionized impurity SLM#°, accounting for Coulomb potential gen-
erated by unsaturated ion vacancies, able to modify the electron
scattering cross section. As resulting from the well-known scat-
tering theory, we consider for y; the following expression:

128ﬁ(6r€0)2(kBT)3/2 F (1)
= Vme’Z*(Ny —ny) '

where €,, kg, m, Z are, respectively, the relative dielectric constant,
the Boltzmann constant, the electron mass and the net charge in
the vacancy. F value is a function of trap states density and
temperature, and it is dependent on the collision integral value
describing the scattering process. We calculate F by means of
the Conwell-Weisskopf model“®. F parameter has been truncated
because of the divergence due to long range Coulomb potential.
Since the trap density is in the order of 101® cm™3 (roughly 1 trap
in a cube of 108 unit cells) we used the Conwell-Weisskopf
truncation® of the collision integral at a value of the impact
parameter corresponding to half the distance between two
impurities (b,,,, = 1/2/Ny).

The mobility related to the lattice interaction y; has been derived
by means of the following considerations: as already reported, since
in all the samples conditions the trapping process results to be
slower than EX formation rate coefficient (Table 1) we expect that
the FC-EX equilibrium can be reached just after the laser pulse. In
these conditions the FC-EX kinetics equilibrium leads to an equi-
librium population density of n., = Bl — kk% Under CW condi-
tions we expect that, in the passivated sample, TS play a minor role
in the emission process. Since the ratio between PL emitted by EX
and FC (resulting to be 36 at the emission peak; Fig. 1b), is simply
given by % =5 ;(];’; , a value of 1.2 x 1074 cm3s~! is achieved for
the passivated geﬁiination rate ky, corresponding to an equilibrium
density n1¢q of 8 x 101°> cm =3, This leads to a mobility dominated by
the lattice resulting, from Langevin model, in y = y;, = eky/e =
350 cm? V™15~ a value in the range reported in the literature for
crystals*”. We remark that, since our value is extracted by optical
analysis, it is expected to be larger than that extracted by electrical
transport measurements for polycrystalline films, which are affec-
ted also by inter-grain surface boundary scattering of electrical
charges.#” Assuming the same concentration of electrons and holes
(ne = ny,), we can solve the second order equation % = %, x being
the FC fraction, for n,(CWPL) 22 10" cm~3, resulting in a max-
imum exciton fraction 1—x of about 75%. Saha equation (see
Supplementary Note 10) foresees, at RT, an equilibrium population
density of about 8 x 101°cm™3, thus underestimating the EX
fraction to the value of 42% (see Supplementary Fig. 13 in Sup-
plementary Note 10).

To check the validity of our model that assumes ionized
impurity SLM, we compare in Fig. 5b the EX gemination coef-
ficient kx values as a function of trap density Nr, as derived from
TRPL traces simulation model, with the theoretical curves cal-
culated by means of Eq. (1) at Z=1 and Z = 2 (corresponding to
the charge of Br- and Pb?™ ionic vacancies). As we can see, the
kx values, extracted from the experimental data, match very well
the theoretical curves, clearly showing that SLM model accurately
describes the kx behavior in our sample. The correlation between
data and theoretical model in the case of Z =1 and Z = 2 sug-
gests that vacancies can be concurrently attributed to doubly-
charged species as well as singly-charged species. In particular,
since the data are better described by Z =2, we can assume a
larger contribution by doubly-charged vacancies (i.e. Pb2* ions)
in the determination of the scattering mobility.

TS saturation combines two atmosphere-dependent passiva-
tion channels occurring via: (i) adsorption of molecules onto
promptly-accessible and widely-extended surfaces and grain
boundary interfaces, and (ii) bulk inclusion, namely intercalation
of molecules in the material lattice framework.

As well documented in the literature, cubic MAPbBr; results
stable in the ambient conditions®! and, more specifically, is prone
to exhibit MABr-terminated (001) surfaces that are energetically
more favorable than PbBr,-terminated (001) as confirmed by
calculations*® and experiments?®. Therefore, such surface states
specifically contribute to electronic properties and provide a n-
type character to that region, because of an excess of Pb. Indeed, a
surface stoichiometry close to MAPD; ,;Br; reveals a bromine
deficient area (or lead rich) and points out the straightforward
tendency to oxidation>0. Calculations have shown that the
dominant defects in MAPbBr;, namely Pb and Br vacancies,
create shallow energy levels®! in the vicinity of valence band
maximum, with a significant contribution of lead®?, which will
affect charge carrier dynamics. In this view, Wei H. et al.
unequivocally showed the deactivation of surface trap states via
oxygen-assisted passivation with the subsequent photo-
luminescence enhancement of organolead tribromide perovskites
(see Fig. 2a) and the formation of chemical bonds with lead®%>3.
Apart from O, and H,O neutral molecules, also hydroxide- and
superoxide-based ligands can have a more straightforward role in
the perovskite surface passivation®3. At the same extent, grain
boundaries TS passivation occur because of oxygen segregation
into such states®*.

The adsorption of H,O-deriving species onto the perovskite
film actively depends also on the orientation of MA™T of surface
terminated facets. In the event of MABr-exposing surfaces,
whether NH;* points outward, precise hydrogen bonds can be
formed between water molecules and MAT molecules. By con-
trast, in the less-favored case that the exposed surface shows a
PbBr, composition, water will preferably interact with lead ions,
with NH;T pointing inward and forming hydrogen bonds with
the inorganic framework>>0,

The inclusion of gaseous molecules from ambient into the
perovskite lattice cannot be ruled out as well; the cases of MAPbI;
for which H,O molecules can promote the chemical complexa-
tion with the formation of mono- and di-hydrate forms, due to
their ability to penetrate into the lattice framework®7->8 or oxygen
can diffuse into the lattice, via interaction with interstitial
iodine>?, are significant. Oxygen and water infiltration of orga-
nolead tribromide perovskites can occur, when exposed to
ambient condition, via intrinsic defects present in polycrystalline
materials. Also, a contribution to the intercalation of molecules is
made by the light irradiation at energies larger than the band gap,
a phenomenon that causes a structural lattice expansion, even
persisting for some dozens of minutes after lighting off. The event
occurs due to the photogenerated charge carriers that populate
the relative states of the conduction and valence bands, inducing a
distortion (or elongation) of specific perovskite chemical bonds®.
The intercalation of O, and H,O molecules in the bulk structure
of the MAPDBr; can results in an annihilation of Frenkel pairs,
namely bromine-related vacancies and interstitial defects, thus
effecting the TS associated with them and the bulk charge carrier
dynamics in accordance with our experimental data®!.

From the analysis of TRPL data by means of the rate equations
model, we have also calculated the electrons, holes and excitons
densities at different laser-assisted wet-air exposure time. In
Fig. 5¢ the values of n;/ >, n;(i = e, h,X) at 20 ns after the laser
pulse are reported. Contrarily to what stated by Saha equation,
which does not consider the influence of traps states, the relative
populations result to be dependent on trap density Ny. In parti-
cular exciton density increases from 7 to 15% of the total
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population after passivation and it consists in 50% of the electron
density, thus overcoming the limits of Saha prediction of 6.6% at
ny(TRPL) 2 6x 10> cm™ (see Supplementary Fig. 13 in Sup-
plementary Note 10). Therefore, the FC-EX equilibrium is limited
by kinetics rather than thermodynamics also in TRPL conditions.
This is better shown in Fig. 5d, where we reported the trap
dependence of the equilibrium population density n., = B, as
X
extracted by the electrons, holes and excitons population den-
sities, for different times after the pulse (from 20 to 50 ns). It
appears that Saha equation greatly over-estimates the equilibrium
density value by one order of magnitude. In Fig. 5d we have also
reported n.q determined by the kinetic equilibrium condition
N, = 7%, where kx dependence on Nt has been calculated by

eq ~ ky’

SLM model. As we see, the data match nearly the two curves
corresponding to Z = 1 and Z = 2. Moreover, the SLM model well
describes also the trend of nq as a function of TS density, thus
promoting it as an efficient framework able to explain the rela-
tionship between EX and FC density in presence of trap states.

In conclusion, we report on a thermally deposited 3D
MAPDBTrj; thin film whose PL spontaneous emission is dominated
by the radiative exciton recombination. We demonstrate that the
monomolecular decay process cannot be solely attributed to non-
radiative trapping process, as usually reported for low exciton-
binding energy perovskites, but also to efficient radiative exciton
recombination. In order to discriminate the contribution of
excitons, free carriers and trap states and their role in the
radiative emission process, we conceived an appropriate experi-
mental method, that can be extended to other perovskite films: we
control the trap states density by means of reversible laser-
assisted exposure to air molecules, and we simultaneously dis-
criminate radiative from non-radiative processes by coupling the
sample to the inner modes of a high-quality microcavity, being
only the radiative recombination affected by the Purcell effect.
Additionally, we developed a theoretical framework which well
describes the exciton formation by means of the Langevin model
adapted to the Conwell-Weisskopf theory of semiconductor
mobility, based on the Coulomb scattering of free-electron by
ionized impurities. In particular, we have shown that the trap
states passivation reduces the mobility scattering cross-section,
thus improving the exciton gemination rate in our systems. These
results clearly highlight that the two radiative species (free carriers
and excitons) cannot be treated as an isolated system at ther-
modynamic equilibrium, as assumed by Saha equation model, but
rather as an open system whose kinetics are affected by the trap-
states density. It is worth to underline that the tool herein pro-
posed is independent of the perovskite compound and deposition
technique selected.

Methods

Perovskite deposition. We deposited MAPDbBr; films on glass substrates as well as
on dielectric cavity mirrors (DBR). The perovskite film was fabricated by co-
depositing in a vacuum chamber the precursors methylammonium bromide and
lead (II) bromide from two independent sources. The stoichiometry of the two
perovskite precursors was MABr:PbBr, = 1:1, co-evaporated at a rate of 0.3A s~!
(reached at about 150 °C) and 0.25 A s—! (reached at about 300 °C), respectively.
Perovskite film was not annealed after the deposition.

Cavity fabrication. The open microcavity was made by two DBR made by sput-
tering, on a glass substrate, 7.5 pairs of TiO,/SiO, alternating quarter-wavelength
layers. Both SiO, and TiO, layers were deposited at 250W, heating the substrates at
250 °C. Moreover, in order to maintain a balanced stoichiometry, SiO, was grown
adding reactive oxygen at 10% of the nitrogen flow. The optical constants and
thickness of the employed materials were measured using a J.A. Wollam M-2000XI
ellipsometer, while the theoretical modelling of DBRs’ optical behavior and cavity
were carried out by using the Transfer Matrix Method (TMM)*, taking into
account the experimental thickness and the optical constants of the employed
materials.

To shed light on the behavior of the enquired cavity mode in presence of
perovskite grains, electromagnetic simulations have been carried out using a
software based on Finite Element code (COMSOL Multiphysics).

The microcavity was simply realized by approaching the top mirror onto the
bottom one by micrometric mechanical setup, obtaining the optical system
reported in Fig. 3. The cavity mode resonances were tuned in situ by finely
controlling the mirrors separation distance, until one of the few optical modes
appearing in the cavity transmission spectrum was in resonance with the emission
peak of perovskite film (A = 535 nm).

AFM and XRD measurements. AFM image was recorded by a Park XE-100
model in non-contact mode.

XRD patterns were recorded from 10° to 60° 20 with a step size of 0.02° and an
acquisition time of 25 s per degree, using a Panalytical X’PERT Pro X-ray
diffractometer.

Optical constants of perovskite layer. Real and imaginary parts of refractive
index (n, k) of perovskite layers were carried out by ellipsometric measurements
performed by means of a J. A. Wollam M-2000XI ellipsometer. The shift angles psi
and delta have been fitted by using general oscillators (genosc function).

PL experiments. CWPL experiments were performed by exiting the sample by a
solid state CW laser delivering 100 mW at 405 nm with a spot D 2 2mm. The
emission signal was collected in backscattering configuration by an optical fiber
(diameter 1 mm) and dispersed by a Triax320 (focal length of 0.32 m) Horiba
monochromator, coupled to a Peltier cooled CCD in kinetic acquisition mode.
CWPL measurements for sample in microcavity were also recorded by using an
iHR320 (focal length of 0.32 m) Horiba monochromator equipped with a Peltier
cooled Hamamatsu photomultiplier (Head-on mod R943-02), operating in single
photon counting mode.

TRPL measurements were performed exciting the samples by a solid state
pulsed laser (mod. PLP10-040, Hamamatsu), which provided pulses at a
wavelength of 402 nm of about 58 ps, at repetition rate of IMHz. The
photogenerated carrier density at time zero from the pulse was estimated following

P

the equation ny = i, where o is the absorption coefficient (6.6 x 10*cm™1); P

is the average power of pulsed laser under a full period (3.8 uW), hv is the laser
energy (3.08 eV; 402 nm), S is the laser spot area on the sample (about 0.1 mm?),
and RR is the repetition rate (1 MHz). With all these input data, we estimate for
1 a value of 6 x 101> cm~3. In the TRPL experiment, the PL was dispersed by an
iHR320 (focal length of 0.32 m) Horiba monochromator equipped with a Peltier
cooled Hamamatsu photomultiplier (Head-on mod R943-02), operating in single
photon counting mode. The instrumental laser response (about 10 ns) was also
recorded and reported in Fig. 4a, b (red-dotted line in the gray area).

Data availability

All relevant data are available from the authors.
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