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Multi-particle Auger interactions are one of the major intrinsic limiting
factors for lasing applications of lead halide perovskites. In this
communication, we report a possible way to tackle this problem by
investigating the transfer of the photo-excited population to radiative
defect inclusions using transient absorption (TA) spectroscopy. We
demonstrate a reduction of the threshold of amplified spontaneous
emission (ASE) in the presence of an efficient transfer.

1. Introduction

Hybrid lead halide perovskites have recently emerged as exceptional
materials for different optoelectronic applications. Beyond the very
good performances demonstrated when embodied in photovoltaic
(PV) devices,>* high photoluminescence quantum yields, long
carrier lifetimes®” and wavelength tunability®® place them as good
candidates for lasing applications. Recently, amplified spontaneous
emission (ASE) as well as lasing have been demonstrated in a
variety of sample morphologies ranging from polycrystalline thin
films,'® single crystals,"" nanowires'>"? to films made from
colloidal nanocrystals."* The reported gain thresholds are very
promising; however, they have been achieved under ultra-short
(fs/ns)* pulse excitation. Therefore operation under technologi-
cally relevant continuous wave (cw) conditions or under electrical
injection remains a major challenge in the field.

Within the high excitation density regime needed for population
inversion in semiconductors, non-radiative Auger recombination
leads to a population loss, heating of the material and higher gain
threshold." One of the established routes implemented in quantum
well lasers to counter this process is to create a controlled phase-
architecture of spatially separated domains for pumping and
population inversion. Such engineered material systems enable
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spatial redistribution of the excited state population such that
inter-particle Auger interactions are lowered, thus leading to an
overall reduction in the gain threshold.">™”

Here, we report a proof of principle for the implementation
of such an architecture by the exploitation of radiative defect
inclusions in polycrystalline thin films of methyl-ammonium
lead iodide (MAPDbI;) perovskites. These defects form after the
phase transition of the semiconductor, from the room tempera-
ture (RT) tetragonal structure to the orthorhombic one, stable at
temperatures below 160 K.'®'® We use transient absorption
spectroscopy to show an efficient transfer of carriers from the
dominant orthorhombic phase of the semiconductor to these
defects, which intrinsically represents the spatial separation of
pumping and emission domains. We demonstrate that this leads
to a reduction of the gain threshold and allows us to retrieve
design parameters for an optimized architecture. This result
provides an interesting route to the defect engineering of these
self-assembled materials for cw lasing applications.

2. Results

Fig. 1a shows the optical absorption spectra of a poly-crystalline
film of MAPDI; deposited on glass, taken at different tempera-
tures (see Fig. S1, ESIf for structural data). As previously
reported,”®>" the orthorhombic phase, stable at low temperature
(<160K), has a larger gap compared to that of the RT phase. The
optical edges are placed at 740 nm and 760 nm at 150 K and
290 K respectively, which then red-shift as the temperature is
lowered as a result of continuous expansion/shrinkage of the
lattice.”® In a single crystal, the phase transition occurs at
160 K.>* Importantly, it has been shown often that polycrystalline
films do not exhibit a sharp transition, at least with regard to the
optical signature of the phases.>*® This is evidenced in Fig. 1a
by the existence of the spectral signature of the tetragonal phase
in the absorption spectra even down to 140 K. Similar trends
are observed also in the photoluminescence spectra shown in
Fig. 1b. The lower energy emission peak initially blue-shifts in

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6tc01360k&domain=pdf&date_stamp=2016-05-12
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6tc01360k
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC004021

Open Access Article. Published on 05 May 2016. Downloaded on 7/20/2025 11:51:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

Energy (eV)
177 172 168 1.63 159 155 151

b Energy (eV)
165 1 1.46

—=—80K
5 160 —v—150K | 2250 >
o --- 170K o o
S 14} g% z
g 2 2
S £ 150 2
212} g £
<< o
100
1.0 . . . L . . :
700 720 740 760 780 800 820 750 800 850
Wavelength (nm) Wavelength (nm)
Fig. 1 (a) Temperature dependence of the absorption edge. (b) Spectral

evolution of the low energy photoluminescence (PL) peak as a function of
temperature. The white squares mark the position of the PL maximum as a
guide to the eye.

the temperature range of 170 to 130 K, passing through a
maximum in emission intensity and thereafter red-shifts. The
nature of the lower energy emission feature in the anomalous
temperature range has already been debated in previous reports
and assigned either to a bound-exciton next to free-exciton emis-
Si01’1,10’23
coexistence of the tetragonal and orthorhombic phases.
Recently, Kong et al. have shown temperature dependent X-ray
diffraction studies of the film,*® demonstrating the coexistence of
the tetragonal and orthorhombic phases within a range of 30 K
around the phase transition temperature. However, a very low
density of such intrusions can still be optically perceived at
temperatures well below such range (i.e. 77 K, see the ESIf of this
manuscript). Thus, Kong et al. suggested, following the theoretical
prediction of Yin et al.,*’ that these are inter- band gap states of

therefore belonging to the same structural phase, or to a
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the orthorhombic phase due to iodide and lead vacancies, which
form radiative recombination centres. We can also speculate that
these correspond to linear defect sites, which form in between
crystalline grains of the orthorhombic phase. Though, there is a
need for a detailed investigation to identify the nature of these
defects, from now on, we will generally indicate them as colour
centres.

To quantitatively assess the photo-carrier transfer from
the semiconductor bandgap to the colour centres, we performed
fs-TA spectroscopy at different temperatures with the pump at
530 nm. In Fig. 2, we show the TA spectra of MAPbI; taken at
150 K (for other temperatures, compare Fig. S2, ESI{). The main
features are the photo-bleach (PB) bands due to state filling by
the photo-excited carriers.>® In particular, we observe two PB
bands, peaking at 730 nm (labeled PBy) and 760 nm (PBp),
corresponding to the orthorhombic phase and the defect phase
respectively. The time evolution of the spectra shows quenching
of PBo and a concomitant growth in the PBp, band in tens of
picoseconds (see dynamics in Fig. 2c). Fitting the dynamics at
150 K of the two peaks with simple exponential decays, including
one term accounting for the transfer time, delivers a time
constant of about 13 + 2 ps for the transfer (Fig. 2c).

Note that such a transfer can be observed even at lower tem-
peratures, down to 77 K, albeit with a lower amplitude and not only
at the phase transition, as claimed earlier.”® Since the efficiency of
the process decreases at lower temperatures (the transfer rate and
the strength of the transfer component decrease with lowering
of the temperature, compare Fig. S3b, ESI{), we assume that this
is related to a change in the density of colour centres.

To further substantiate our hypothesis of population transfer
versus other explanations, such as slow de-trapping and to
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(a) Top: Spectral evolution of the TA signal within 50 ps. Bottom: TA-spectra representing three different time steps. (b) Sketch illustrating the

observed processes. (c) Time evolution and corresponding fits for the two PB signals at 150 K.
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Fig. 3 Steady state PL measurements as a function of excitation density for 140 K (a) 150 K (b) and 160 K (c). The corresponding ASE threshold is marked

for each temperature.

exclude contribution from overlapping TA features, we performed
a TA experiment with two different pump wavelengths, above and
below the orthorhombic phase energy. Pumping at 400 nm, very
similar to the previous case, we photo-excite both the phases and
we observe the increase of PBp, due to the transfer of population
in the ps timescale (Fig. S4, ESIt). Upon pumping at 760 nm,
we do not observe any PBg feature and we just observe the
recombination dynamics of PBp. This unambiguously proves
our assignment of carrier transfer and supports the presence of
a defined dual domain structure for pumping and emission.

In order to test the effectiveness of this system for lowering
the threshold of lasing, we performed steady state emission
measurements with fs-excitation at different temperatures to
analyze the ASE thresholds. Since our aim here is to investigate
the possible effect of population transfer, we performed the
measurements at 140 K, 150 K and 160 K, all within the phase
transition regime, as shown in Fig. 3. This small range guarantees
immunity of the observed behavior to temperature induced effects
and ensures a critical density of colour centres to observe a
perceivable change. As shown in Fig. 3, we find that the ASE
thresholds at 140 K and 160 K are at 1.45 x 10"° and 1.8 x 10"
respectively, while it is lowered to 7 x 10'® at 150 K. This is
supported by the fact that the transfer is most efficient at 150 K
as observed in the TA experiment (see Fig. S3, ESIT).

3. Discussion

Our result points to the possibility of energy relocation from the
carrier plasma to radiative defects states, thereby reducing the
effect of non-radiative Auger losses. This occurs by exploiting a
dual phase architecture that is naturally engineered within the
crystalline semiconductor. To optimize such a process, with the
aim of transferring the acquired know-how to a system which
can operate at RT, we need to deduce design principles. The
important parameter here is the transfer rate, along with the
relative defect density. The main purpose of the transfer process
is to replenish any loss in the population due to Auger, thus
mitigating the loss in population inversion needed for the gain
mechanism. If the transfer time were much faster than the Auger
mechanism within the low energy phase, this would result in the
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loss of even the transferred population. On the other hand,
it should be faster than the recombination within the high
energy phase. Thus a precise engineering of the transfer rate is
extremely important.

We observe that the transfer rate is diffusion limited and
thus correlated with the orthorhombic domain size and the
density of the colour centres. This is evident from the tempera-
ture dependence of the rate, with the transfer becoming slower
at lower temperatures along with a concomitant reduction in
the amplitude of the transfer component of the PB dynamics
(see comparison of the transfer dynamics in Fig. S3, ESIT).
Assuming a mobility (1) of 50 cm® V™' s™* reported for these
materials at 150 K,*° and with the observed transfer time (t¢ans)
of 13 ps, we can estimate the effective length travelled by the

/ ko T
carriers before they are quenched, Lp (1) = {/Tians - K ; to be

around 29 nm. This represents the effective length-scale of the
orthorhombic phase within the materials. At lower temperatures,
at 120 K, where the relative concentration of colour centres is
lower (thus larger domains of the orthorhombic phase), we
observe a transfer time of around 60 ps, corresponding to an
effective diffusion of about 60 nm before the carriers can be
transferred. Moreover, in a sample that is composed of smaller
crystallites and hence is prone to a higher density of grain
boundaries, the transfer times are much faster due to the
reduction of domain size. Thus effective domain sizes have to
be suitably engineered to obtain an efficient transfer process.

4. Conclusions

In summary, we have investigated the interaction between the
orthorhombic phase and radiative defect states in MAPDI;
below the structural phase transition temperature using TA spectro-
scopy. We unambiguously assign the previously observed abnormal
emission behaviour to transfer between the orthorhombic phase
and defect sites and demonstrate that an efficient transfer can lower
the threshold for ASE. Our results suggest fundamental design
principles for mixed phase architectures for lasing applications,
based on the interplay between Auger and transfer rates as well as
the distribution and size of the respective domains.

This journal is © The Royal Society of Chemistry 2016
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