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ABSTRACT

Recently, continuous-wave (CW) lasing was demonstrated at room temperature in quasi-2D
perovskites. For 3D films, CW lasing at room temperature remains challenging. Issues hampering
3D materials include the temperature dependence of the: (a) distribution of carrier energies, (b)
build-up of photo-induced non-radiative channels, and (c) rates of bimolecular versus Auger
recombination. We study the latter in a phase-stable 3D perovskite using high index substrates to
completely suppress amplified spontaneous emission (ASE). The bimolecular recombination
coefficient decreases from 80 to 290 K (from 6.4:10'° cm™s™ to 1.1-107'° cms™), whereas the
Auger coefficient stays constant at 3-10% cm™ s, Above 250 K, the Auger rate exceeds the
bimolecular rate at carrier densities corresponding to the ASE threshold. At lower temperatures,
the decrease of the bimolecular rate coefficient with increasing temperature, and the fraction of

photoluminescence in the ASE band determine the temperature dependence of the ASE threshold.
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Metal halide perovskites have emerged as a promising class of materials for optoelectronic
applications, such as lasers and light-emitting diodes.! Significant progress has been recently
achieved concerning continuous-wave (CW) lasing — a milestone in its own right, and an important
step towards the possibility of achieving electrically pumped lasing. CW lasing at room
temperature has been demonstrated for low dimensional perovskite systems: in polariton lasing in
nanowires®> and nanoplatelets,® and very recently, in exciton lasing in quasi-two-dimensional
perovskite thin films fabricated on a distributed feedback structure®.

Unambiguous proof of CW lasing at room temperature in three-dimensional (3D) perovskite
films, whose emission is based on bimolecular carrier recombination, remains disputed™®.
However, Jia et al.” demonstrated clear proof of CW lasing at 100 K in a mixed-phase perovskite,
CH3NH;Pblz (MAPI), that undergoes an orthorhombic-to-tetragonal phase transition at 160 K. We
observed CW amplified spontaneous emission (ASE) at cryogenic temperatures in single-phase

perovskite thin films.®

These films, with the non-stoichiometric chemical composition of
Cs0.1(MA0.17F A0.83)0.9Pb0 .84(10.84B10.16)2.68, €xhibited CW ASE at temperatures from 80 K to 120 K
while still completely in the cubic phase.” Our triple cation films show similar ASE behaviour to
MAPI at room temperature reported by another group.! Here, we investigate the carrier
recombination dynamics of this phase-stable triple cation perovskite as a function of temperature
to investigate why CW ASE is not achieved at temperatures higher than 120 K. In particular, we
determine the second-order carrier recombination coefficient (responsible for radiative decay), and
the third-order Auger recombination coefficient (a non-radiative loss channel) as a function of

temperature from 80 K to 290 K. Knowing these rates enables the analysis of the influence of

Auger recombination in the lasing process.



To accurately determine the Auger rate, we need to measure carrier dynamics after very intense
impulsive excitation. Such high-fluence pulsed excitation is above the ASE threshold for thin films
prepared on standard substrates (e.g. glass, sapphire). In the case that ASE occurs in the film, the
charge carrier concentration becomes clamped. This domination of the dynamics by the ASE
process precludes simple extraction of the Auger coefficient. Therefore, we use a silicon (Si)
substrate with a higher refractive index (n = 3.7 at 770 nm) to eliminate the waveguiding in the
perovskite film and completely supress ASE. The Si is capped with an evaporated 10 nm thin
silicon dioxide layer to prevent any possible effects of charge extraction into the substrate. A
similar approach was used to study higher-order population dynamics in conjugated polymers.!!

Figure 1 compares the light-in light-out curves measured under femtosecond excitation for a
perovskite film on sapphire (n = 1.76 at 770 nm), and on Si (n = 3.7 at 770 nm). The reference on
the sapphire substrate is the structure that achieves CW ASE at cryogenic temperatures,’ in which
a perovskite thin film with a refractive index of 2.5 (at 770 nm) acts as the core of the slab
waveguide and the propagating mode is confined within the perovskite gain medium (Figure 1a).
The light-in light-out curves obtained at all temperatures exhibit clear ASE thresholds for these
reference samples, whereas no ASE is observed in the analogous samples on the Si substrate
(Figures 1c-f). The ASE threshold is evident from the characteristic kink in the light-in light-out
curves, along with the distinctive spectral narrowing (Figure S1). In the case of the Si substrate,
there is no guided mode in the perovskite since the substrate has the highest refractive index in the
stack of 3.7 (Figure 1b). Consequently, the light-in light-out curves of perovskite films on Si do
not exhibit the inflection point for ASE but become sublinear at high carrier densities (Figures 1c-
f). Also, spectral narrowing is not observed (Figure S1). The Si substrates completely suppress

ASE allowing the Auger rate to be accurately determined at high carrier densities.
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Figure 1. Comparison between perovskite films deposited on sapphire and silicon substrates. A
perovskite layer on sapphire acts as a waveguide allowing amplified spontaneous emission (ASE)
to occur in the layer (a). Conversely, on silicon, light is not guided in the perovskite layer and ASE
is completely supressed (b). Emission intensity as a function of initial carrier density for perovskite
layers on the two substrates (vertical offset for clarity) at different temperatures: 80 K (c), 120 K
(d), 200 K (e) and 290 K (f). The emission intensity corresponds to the maximum value of the
spectrum collected via surface detection. Excitation was with a femtosecond laser (532 nm, 260
fs, 1 kHz). The intersection of the linear fits for the sapphire substrate gives the ASE threshold,

whereas the linear fit for the silicon substrate emphasizes the sublinear dependence of the emission

intensity on carrier density due to increasing role of Auger recombination.




We use transient reflection spectroscopy (TR) to study the dynamics of the perovskite thin film
on a Si substrate and make use of the strong signal in the near infra-red (NIR) region to monitor
the charge carrier density as a function of time. This signal reveals the change in refractive index,
which is proportional to the concentration of free carriers in the material.'>"!” Exemplary spectra
as a function of time are given in Figure S2.

1.8 utilizing visible-pump terahertz-

Similar to the temperature-dependent study of Milot et a
probe spectroscopy to determine the carrier dynamics on MAPI across its different crystal phases,
we globally fit TR measurements over a range of excitation fluences for a sequence of temperatures
between 80 K and 290 K to extract the temperature-dependent bimolecular and Auger rates.

The charge carrier lifetimes as a function of fluence for different excitation fluences are
presented in Figure 2. We neglect the influence of the monomolecular recombination coefficient
k; in our analysis, as bimolecular and Auger recombination dominate in the fluence range

considered (details are provided in the Supporting Information, Figures S4-6).!° Consequently, the

carrier dynamics can be described with the following rate equation

dn(t)
dt

= —kn(t)? — ksn(t)® (1)
where n is the carrier density and k2 and k3 are the bimolecular and Auger rate coefficients,
respectively. Global fits for all fluences at a given temperature are shown in Figure 2, these allow
the k, and k3 to be estimated at each temperature. Further details on the fitting are in the SI, as is
a consideration of systematic error in the estimation of parameters at a given temperature caused

by the different transient laser-pulse induced heating at the different excitation fluences.
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Figure 2. Carrier density as a function of time from 10 ps up to 4 ns for different initial carrier
densities, at 80 K, 120 K, 200 K and 290 K. Open circles represent the measured data (integral of
the transient reflection signal between 800 - 900 nm) and solid lines correspond to the global fitting

based on bimolecular and Auger recombination as described in the text.

Figure 3 summarizes the extracted rate coefficients. The values for k; and k3 are consistent with
previous literature reports on other perovskite formulations (Table S1). The bimolecular rate
coefficient decreases with increasing temperature, following the relation k» o< T2 (Figure 3a).

This decrease is consistent with a reduction of the carrier mobility with increasing temperature, as

20,21

theoretically expected due to increased phonon scattering, and it is also consistent with the

behaviour of reported values for MAPI,1%:18.22.23
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Figure 3. Recombination coefficients as a function of temperature extracted from the global fitting
of the carrier recombination dynamics. Black spheres represent the bimolecular rate coefficient k,
(a) and the Auger coefficient k3 (b), and the red line corresponds to the power law dependence T-
3/2, Note that the error bars consider the heating effect from the pump (details are provided in the

Supporting Information).

The Auger recombination is a third-order process, which depends highly on the electronic band
structure.?* 27 The unexpectedly weak temperature dependence of the Auger coefficient is depicted
in Figure 3b. Typically, the Auger coefficient in inorganic semiconductors increases with
temperature.”® 32 In InGaAs, the Auger coefficient increases by a factor of two, from 1.5:102% cm’
6s1at 200K, to 3-10%8 cm® s at 300K.%! In the same temperature range, the Auger coefficient
for GalnAsP increases from 4.01:102° cm™® 57 to 5.9:102° cm® 57122 For metal halide perovskites,
it has previously been established that the Auger coefficient shows a very strong dependency on
the crystal phase. For the low-temperature-stable orthorhombic phase of MAPI, the Auger rate was
found to decrease with increasing temperature, whereas for the room temperature-stable tetragonal
phase the value stays approximately constant.'®3* The triple cation perovskites under study here

remain constantly in the cubic phase throughout the entire temperature range,’>* possibly



explaining the constant Auger rate from room to cryogenic temperature. The extracted Auger
coefficients (3 = 0.7)- 10%° cm™ s™! are one to two orders of magnitude smaller than the previously
reported for MAPI in the tetragonal phase.'® Further work to elucidate how material chemistry

alters the Auger rates in perovskites, and the temperature dependence thereof will be of interest.

The increase in ASE threshold as a function of temperature in MAPI has already been discussed
by Jia et al.'’, in terms of energy dispersion of the charge carriers in shallow band tails. This
approach leads to a prediction for the threshold as a function of temperature, Ny < T° [cot?
(k»Tr/E9)+1].1%3% where Ej is the characteristic decay. We also find that this function provides a
reasonable parameterization of the ASE threshold as a function of temperature and extract £y = 44
meV (similar the 39 meV reported for MAPI).”!° However, in the following, we examine in more
detail how the changing rates of bimolecular and Auger recombination alongside the energy
dilution (quantified below in terms of the fraction of the total emission within the ASE band) can
explain the temperature dependence of the ASE threshold.

The carrier density, N4, at which the Auger and bimolecular free carrier recombination rates
become equal can be determined using k2 = k3'N4. At carrier densities higher than N4, Auger
recombination will be faster than bimolecular free carrier recombination, and the Auger
recombination will significantly increase the ASE threshold. In Figure 4a, we compare N4 with the
ASE threshold density (determined for the reference samples in Figure 1). the ASE threshold is
below Ny at temperatures below 250 K but the rate of Auger recombination exceeds the rate of

bimolecular recombination at the threshold density above 250 K.
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Figure 4. Influence of recombination coefficients on ASE as a function of temperature. Carrier
density at which the bimolecular and Auger recombination become equal (black spheres) and ASE
threshold carrier density (red spheres) (a). The red dashed line shows the band tail fit. The total
rate of photon emission (black spheres) and the rate of photon emission within the ASE band (red
spheres) (b). The fraction of the PL emission originating from the ASE band, given as the ratio of
the PL in the ASE band to the total PL (c). Generation rate for the CW steady-state condition,

including (black spheres, g4uger) and neglecting (red spheres, g) the Auger recombination (d).

To sustain ASE, the product of the photon and carrier density need to reach a critical value. To
achieve the necessary photon density, the rate of emission per volume at photon wavelengths

within the ASE band must reach a critical value. Although the lasing threshold for films with

10



photonic structures will be lower than the ASE threshold due to the effects on the photon density
through modified emission rate and light confinement (and this reduction is important for
achieving room-temperature or electrically-pumped lasing, see Table S2 for comparison of lasing
thresholds in various structures), the study of the ASE gives a clearer insight into the intrinsic gain
properties of the material. The total rate of photon emission per volume at the ASE threshold
density as a function of temperature, k2(T)Nu(T)’ is plotted in Figure 4b. The rate of photon
emission necessary to reach the ASE threshold increases sharply with temperature because the
full-width at half maximum of the spontaneous PL spectra broadens significantly with increasing
temperature. The fraction of the spontaneous PL that lies within the ASE bandwidth consequently
decreases with increasing temperature. Figure S7 demonstrates how the fraction of the spontaneous
PL within the ASE band can be determined, and this fraction is presented in Figure 4c. The rate of
photon emission into the ASE band at the threshold is found by multiplying the total photon
emission rate (k2Ny°) by the fraction of the photon emission in the ASE band (PL4sg/PLiotar) (ted
points in Figure 4b). The rate of photon emission into the ASE band stays constant, as we would
expect (at least at temperatures under 200 K, the small increase at higher temperatures could be
due to slightly increased photon loss at high temperatures). Thus, we can reach the strong
conclusion that below 200 K, ASE in our materials requires a photon emission rate of
approximately 10?° cm™ s! into the ASE band (Figure 4b); and the temperature dependence of the
ASE threshold is due to: (1) the change in the rate of photon emission due to the temperature
dependence of k2, and (2) the change in the fraction of PL that is emitted into the ASE band due to
the broadening of the PL spectrum with increasing temperature. Both of these effects play
significant roles in the increase of the ASE threshold with increasing temperature under 200 K.

Auger recombination, however, does not play a major role in this temperature range.

11



To more clearly show the effect of the Auger process on thresholds, we consider the steady-state
generation rate needed to reach the threshold density with and without Auger recombination. The
generation rate considering Auger processes iS Qauger = kon’+ksn® whereas that without Auger
processes considered is g = kzn’. It can be seen in Figure 4d that g4ue.r and g are almost identical
until 200 K, after which guuger starts to significantly exceed g.

In summary, below 200 K, the rapid increase in threshold with temperature is related to: 1) the
decrease in k> with temperature leading higher carrier densities to be required to maintain the same
total emission rate, and 2) the broadening of the PL spectrum decreasing the fraction of PL
involved with the ASE. Above 200 K, Auger recombination can also affect the threshold. Under
the pulsed conditions studied here, k; can be neglected but Jia et al, 19 have established that k; can
increase by a photo-induced process until it is no longer negligible under quasi-CW excitation.
This certainly could further affect the CW ASE and lasing thresholds, on top of the considerations
presented herein. To increase the temperature at which CW ASE can be maintained, material
strategies to maintain a higher k> and narrower PL bandwidth at higher temperatures should be
examined. This may involve tailoring the electron-phonon interactions through strain or rigidifying

the perovskite via matrix materials.

ASSOCIATED CONTENT
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The following files are available free of charge. Emission spectra for sapphire and Si substrates,
details on global fit, influence of pump-induced heating, justification for neglecting SRH,
comparison of emission rates with other perovskites, comparison of lasing/ASE thresholds for

different photonic structures, fraction of PL in the ASE band, experimental methods. (PDF)
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