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ABSTRACT: Hybrid metal-halide perovskites have potential as cost-effective gain Monomolecular Recombination

media for laser technology because of their superior optoelectronic properties. Although
lead-halide perovskites have been most widely studied to date, tin-based perovskites have

been proposed as a less toxic alternative. In this Letter, we show that amplified ) < trap

spontaneous emission (ASE) in formamidinium tin triiodide (FASnlL;) thin films is 3 dopant

supported by an observed radiative monomolecular charge recombination pathway _§ Vel vel

deriving from its unintentional doping. Such a radiative component will be active even at &

the lowest charge-carrier densities, opening a pathway for ultralow light-emission ¢ -

thresholds. Using time-resolved THz photoconductivity analysis, we further show that s

the material has an unprecedentedly high charge-carrier mobility of 22 cm®* V7' s7! & |—38 -

favoring eflicient transport. In addition, FASnl; exhibits strong radiative bimolecular

recombination and Auger rates that are over an order of magnitude lower than for lead- Charge Carrier Density >

halide perovskites. In combination, these properties reveal that tin-halide perovskites are

highly suited to light-emitting devices.

ybrid metal halide perovskites are increasingly attracting than 10 yJ/cm?* to over 100 uJ/cm? which are values already
attention as a class of low-cost semiconductors that can competitive with those of leading solution processed materials

be easily synthesized via solution processing or vapor including organic semiconductors and quantum dots.””*"®
deposition techniques."”” Their favorable optoelectronic proper- Hybrid perovskite lasing through optical pumping has been
ties include high charge-carrier mobility, long charge-carrier demonstrated with a variety of cavity configurations, exhibiting
lifetimes, high absorption coefficients, long charge-carrier high gain and Q-factors up to 3600.>” Furthermore, tunable
diffusion lengths, and synthetic tunability.”* The recent focus lasing has been demonstrated at wavelengths ranging from the
has mostly been on photovoltaics, and perovskite-based cells visible to the near-infrared,”" opening up a wide range of
now boast power conversion efficiencies in excess of 22%, potential applications including spectroscopy, imaging, data
rivaling existing silicon technologies.” However, a good storage, and telecommunications.
photovoltaic material should also lend itself effectively to the Most of the studies of ASE and lasing in hybrid metal-halide
reverse process—light emission. Hence, promising reports of perovskites have focused on lead-based perovskites such as
LEDs and lasing are emerging.°”® Lasing is a particularly methylammonium lead triiodide (MAPbIL;) and cesium lead
suitable application since there is currently a high demand for triiodide.”” However, toxicity is a main deterrent for using lead
cost-effective laser diodes that can be assembled on chips using perovskites for optoelectronic aPPliCéltiOﬂS-lg’zo For example,
simple synthetic means. That said, many of the existing the European Union’s RoHS compliance guidelines on
solution-processed materials have struggled to be competitive electrical and electronic equipment limit lead content to less
with traditional inorganic semiconductors currently imple- than 1000 ppm (there is an exemption for renewable energy
mented in laser diodes.” For example, organic semiconduc- technologies such as photovoltaic cells but not for lasers).21
tors are limited by low charge-carrier mobility, low Varying legislation across different countries could make
damage threshold, and losses due to exciton—exciton worldwide commercialization of light-emitting devices with
annihilation,””'° whereas colloidal quantum dots suffer from lead-based materials difficult. Tin-based perovskites have
high Auger recombination rates that compete with photo- therefore been proposed as a less toxic alternative.">*™**
emission.” Hybrid metal halide perovskites, on the other hand, Initial photovoltaic studies with hybrid tin perovskites have
offer a promising alternative because of their low defect yielded power conversion efficiencies (PCEs) limited to below
densities, high charge-carrier mobilities, and high photo- 6%, which is much lower than the record of now over 22% for
luminescence (PL) quantum yield.” Amplified spontaneous
emission (ASE) and lasing have been reported for a range of Received: September 6, 2016
hybrid perovskite materials including thin films, nanowires, and Accepted: October S, 2016
nanopartic:les.é’7’11_17 Reported ASE thresholds vary from less Published: October 7, 2016
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lead-based systems.>*”**** This decreased efficiency has been

attributed to p-doping, occurring as a result of a low formation
energy of tin vacancies.”*>* The additional holes released from
dopant sites contribute to an enhanced monomolecular charge-
carrier recombination rate, which decreases the diffusion length
and leads to less eflicient charge transport in the thin
film.>****** Accordingly, decreasing the doping concentration
by adding excess Sn** to the precursor solution has resulted in
improved PCEs.””*’ Although such p-doping is clearly
detrimental for photovoltaics, it can be advantageous for lasing
applications, given that the additional monomolecular
recombination pathway between electrons and holes released
from dopants should be radiative for a direct band gap
semiconductor. An enhanced radiative recombination pathway
in the low charge-density regime would be highly beneficial for
lasing because the ASE threshold is determined by the radiative
lifetime and the overall lasing efficiency is governed by the
radiative efficiency of the material.”® For example, a recent
report on GaAs nanowire lasers has demonstrated that it is
possible to exploit p-doping specifically to improve radiative
efficiency and decrease the ASE threshold.’’ Here, we
conclusively show that formamidinium tin triiodide (FASnl,)
also displays such highly desirable monomolecular radiative
charge-carrier decay channels. We demonstrate that thin films
of FASnl; exhibit ASE at moderate threshold charge-carrier
densities and analyze the recombination dynamics above and
below threshold. We find that FASnI; exhibits an advantageous
combination of a radiative bimolecular recombination rate
constant similar to GaAs and an Auger rate constant much
lower than those reported for lead-based perovskites. In
combination with a high charge-carrier mobility, this lead-free
material therefore displays highly favorable properties for light
emission and lasing.

FASnl; thin films were synthesized via spin-coating onto z-
cut quartz substrates using a solvent quenching approach,
which enables the production of high quality, smooth, and
continuous films (details in the Methods section). The
resulting films were 380 nm thick and highly crystalline as we
show in Figure S1A of the Supporting Information (SI). UV—
visible absorption measurements revealed a band edge centered
near 860 nm (1.44 eV) and high absorption coefficients
approaching 1 X 10° cm™ at shorter wavelengths (see Figure
S1B of the SI). We determine a charge-carrier mobility of 22
cm® V™' 57! for the FASnI, thin films using contact-free optical
pump—THz probe (OPTP) spectroscopy (see the SI for details
on the charge-carrier mobility calculation).”” This value is an
order of ma%nitude higher than initial reports for tin perovskite
thin films***> and more comparable to the best performing
lead-based films,” suggesting that lasing in these FASnI; thin
films should not be limited by low charge-carrier mobility as it
has been in organic semiconductors.” Furthermore, high
charge-carrier mobility is essential for electrically pumped
lasing, which eliminates the need for optical pum?ing and thus
facilitates miniaturization and chip integration.”*"

We demonstrate ASE in FASnl; thin films by evaluating the
changes in the photoluminescence (PL) spectrum following
photoexcitation at 800 nm with increasing excitation fluence
and corresponding photogenerated charge-carrier densities
(Figure 1A,B). In the low-density regime (<6 X 10'7 cm™)
the PL peak is centered at 896 nm (1.38 eV), which
corresponds to a Stokes shift from the absorption spectrum
of 60 meV. This value is low compared to MASnl; (200
meV)”® and nearer that for MAPbI, (10 meV),** suggesting
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Figure 1. (A) PL spectra obtained following photoexcitation at 800
nm. Spectra were acquired while increasing the fluence such that the
carrier densities ranged from 5.5 X 10" em™ to 9.4 X 10"7 cm™. Laser
excitation fluences were converted to charge-carrier density, taking
into account the nonlinear relationship at high fluence between the
incident fluence and the resulting charge-carrier density in the film
(Figure S2). Additionally, reported charge-carrier densities have been
averaged to account for the finite charge-carrier lifetime and sample
thickness (see SI for further details). Spectra obtained while decreasing
the carrier density are included in Figure S3. (B) Integrated PL
intensity as a function of average charge-carrier density. Values were
obtained as the excitation intensity was first increased (red dots) and
then decreased (blue dots). The solid gray lines indicate an ASE
threshold at an average charge-carrier density of approximately 8 X
10" cm™. (C) Changes in FWHM of the PL peak with increasing
(red dots) and decreasing (blue dots) carrier density.

that the substitution of FA for MA and the improved
processing techniques used here significantly lower energetic
disorder. This observation is consistent with the improved
charge-carrier mobility we find for FASnl;, which is more than
an order of magnitude higher than values reported for MASnI;
thin films.”****>* A low Stokes shift is important for lasing
applications because it prevents additional energy losses that
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are dissipated as heat.” In addition to the decreased Stokes shift,
the full-width-at-half-maximum (FWHM) of 110 meV (Figure
1C) is lower than previously reported for MASnL,.*° This
decrease is most likely also the result of improved materials
properties of these FASnI; films, although changes in electron—
phonon coupling may also play a role.’® As the excitation
fluence is increased, the FWHM begins to decrease until
reaching 35 meV at 8 X 10" em™3, indicating that ASE is
occurring. At carrier densities above 8 X 107 cm™3, the
intensity begins to deviate from its linear trend, which is an
additional marker for ASE. Taken together, the two intensity
trends mark an ASE threshold of approximately 8 X 10'7 cm™,
which is within the range of values reported for other
perovskite materials and comparable to other thin film
technologies.”*”'® At high carrier densities, the PL peak
maximum gradually blue shifts until reaching 889 nm (1.4 eV)
at a carrier density of 9.4 X 10" cm™. This shift is most likely
the result of lattice heating because the band gaps of both tin
and lead perovskites are known to blue shift with increasing
temperature.””** Nearly identical results were obtained with
first increasing and then decreasing excitation fluence,
indicating that none of the observed changes were a result of
damaging the sample.

We proceed by analyzing the charge-carrier dynamics in
FASnI; both below and at the ASE threshold using OPTP
spectroscopy (Figure 2). In OPTP spectroscopy, the change in
the broadband THz absorption is monitored as a function of
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Figure 2. (A) Charge-carrier dynamics in FASnl; below the ASE
threshold. The film was photoexcited at 800 nm with fluences ranging
from 9—88 yJ/ cm?. The dots indicate experimental data, and the solid
lines are fits to eq 1. (B) Charge-carrier dynamics at the ASE
threshold. The film was photoexcited at 800 nm with a fluence of 350
uJ/cm?. The red dots represent experimental data, and the dashed red
line is calculated from the fitting parameters obtained in part A and
represents the predicted carrier dynamics at this fluence assuming an
absence of ASE.
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the time delay between an optical pump pulse and THz probe
pulse. Because mobile electrons decrease the transmission at
THz frequencies, changes in the THz intensity (AT/T) can be
attributed to changes in conductivity. As a result, AT/T is
proportional to the photoconductivity and thus to the charge-
carrier mobility multiplied with the charge-carrier density.**~>*
Therefore, the decay in signal toward positive time delay can be
attributed to charge-carrier recombination assuming that the
charge-carrier mobility is constant.

An understanding of the overall charge-carrier recombination
dynamics is important because efficient lasing requires the
preference of radiative recombination over the various
nonradiative processes that can occur. Though OPTP measure-
ments by themselves will not reveal which of these mechanisms
are radiative, further examination of the underlying processes
may help. For example, because these lead and tin-based
perovskites are predominantly direct band gap semiconductors,
the bimolecular band-to-band recombination between electrons
and holes should be radiative.* Auger recombination on the
other hand, which involves electron—hole recombination
through energy transfer to a third charge-carrier, is nonradiative
and is a significant concern for lasing because it directly
competes with bimolecular recombination at the high charge-
carrier densities required for lasing.”* High Auger rates are one
of the major limits to quantum dots and many other thin film
technologies,'**” and significant synthetic effort has been
dedicated to decreasing these values. Finally, monomolecular
recombination can be either radiative or nonradiative depend-
ing on the mechanism involved.”’ Hence following photo-
excitation, the dynamic charge-carrier recombination processes
in a p-doped material can be described by the following rate
equation:

dn 3 nr
& = —ky” — kyn(p + PO) —ki'n
= —kgp® — kyn® — k%
= —Rn 6))

where k, is the bimolecular recombination rate constant, k; is
the third-order or Auger recombination rate constant, and Ry =
kyn? + kyn + ki is the effective total recombination rate. Here,
we reasonably assume that the density of photogenerated
electrons equals the density of photogenerated holes (n = p).
The monomolecular recombination rate kK = kypo + ki thus
comprises two contributions: the first term (k] = kyp,) is
mediated by the recombination of photogenerated electrons
(n) with a constant dopant hole density (p,) which should be
radiative as it is fundamentally the same mechanism as the
bimolecular recombination of photogenerated electrons (n)
with photogenerated holes (p = n). The presence of doping
hence introduces a radiative “pseudo-monomolecular” decay
component at low charge-carrier densities. The second term
(ki") is caused by Shockley—Read—Hall (SRH) recombina-
tion,*” which is mediated by traps that may act as
recombination centers if both types of carriers are caught. In
this case, charge-recombination tends to be nonradiative. Such
Shockley—Read—Hall recombination appears to be the
dominant process at low charge density for lead-based halide
perovskites that exhibit nonradiative monomolecular rates
attributed to charge-carrier capture into traps.”*"** In contrast,
tin-based perovskites may potentially exhibit radiative mono-
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molecular decay channels because of their unintentionally high
levels of p-doping as discussed above.

To analyze the recombination parameters for these
processes, the recombination dynamics in FASnl; were fitted
to eq 1 for excitation fluences below the ASE threshold (Figure
2A). A global fit across all of the fluences yields k; = 1.2 X 10°
sk, =23 %1070 em® 57} and k3 = 9.3 X 107 cm® 57", The
first notable observation is that the Auger recombination rate
constant (k;) is over an order of magnitude lower than that
typically found for lead-based hybrid perovskites® and is similar
to that for GaAs.* Such low Auger rates suggest that tin-based
perovskites can exhibit much higher radiative efficiencies at
high charge-carrier densities than colloidal quantum dots and
lead-based perovskites.”” We propose that the lower Auger
rates for tin compared with lead iodide perovskites may be the
direct result of the lower spin—orbit coupling (SOC) in the
perovskites incorporating the lighter tin atoms.*** Such
changes in SOC can profoundly affect the energy levels of
spin-split-off states in the conduction band, which may be
involved in the Auger recombination process. In particular,
DFT calculations including SOC show that the splitting
between the lowest conduction bands in lead perovskites
such as CsPbl, is similar to its band gap energy.*® This scenario
may allow eflicient near-vertical Auger transitions that satisfy
the need for energy and momentum conservation, as is the case
in GaSb."” For tin perovskites such as CsSnl;, on the other
hand, the conduction band splitting is much smaller than the
band gap energy,* which may reduce such Auger mechanisms
substantially. Our observations suggest that tin halide perov-
skites therefore are intrinsically much more suitable than lead
halide perovskites for applications requiring high charge carrier
densities. Examining the value of the bimolecular charge
recombination constant (k,) extracted for FASnl;, we find this
to be comparable to that of GaAs and the best lead-based
perovskites measured, suggesting strong radiative band-to-band
recombination. The monomolecular recombination rate we
observe for FASnl; is significantly lower than previously
reported for MASnI,,** consistent with the improvement of
film quality as discussed previously. However, through the more
subtle analysis presented below, we will demonstrate that
monomolecular recombination is partially radiative and that a
high k, value is not necessarily detrimental to lasing for FASnI;.

In addition, we analyze the charge-carrier recombination
dynamics occurring at the ASE threshold, where we find
charge-carrier recombination to accelerate. As seen in Figure
2B, the decay is faster in the presence of ASE (red dots) than it
would be assuming that ASE is not occurring (dashed, black
line, based on charge-recombination constants extracted for
data below ASE threshold). We attribute this increased
recombination rate to a relative increase in radiative
recombination, as it concurs with the observed rapid increase
in emission intensity at the threshold. This effect is hence
another indicator of amplified emission in which the presence
of the p};%on density inside the film enhances radiative
emission. ™’

Although an analysis of OPTP data alone may not reveal the
radiative nature of a recombination mechanism, its combination
with radiative efficiency data can provide very conclusive
results.” To further analyze the mechanisms of monomolec-
ular recombination, we carefully determined the relative
radiative efficiency over the low charge-carrier density regime
spanning more than 6 decades of excitation fluences below the
ASE threshold (Figure 3). In general, the radiative efficiency
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Figure 3. Radiative efficiency as a function of average carrier density.
For the experimental data (open, red circles), the FASnl, film was
photoexcited at 790 nm with fluences ranging from 1.1 pJ/cm? to 2.1
#J/cm?® The solid red line is a fit to eq 2, and the solid blue line was
calculated using eq 2 and setting ki = 0. Part A highlights the
experimentally accessible range of carrier densities, and part B includes
a wider range of carrier densities to highlight the monomolecular,
bimolecular, and Auger—dominated regimes.

(the number of photons emitted per photons absorbed) is
given by the ratio of radiative charge-carrier recombination
rates over that of all (radiative and nonradiative) rates.”*
Following our above arguments of purely radiative bimolecular
recombination, and purely nonradiative Auger recombination,
the radiative efficiency ®(n) in the absence of ASE then
depends on the charge-carrier density through

ki + nk,

@)

where kj is the radiative (dopant mediated) component of the
monomolecular recombination, k;™ is the nonradiative (SRH)
component, and kP = K + k}". We note that because the
values of kK, k,, and k; are already determined from OPTP
measurements, fits of eq 2 to the radiative efficiency data
displayed in Figure 3 will allow for a highly accurate separation
of k™! into its radiative and nonradiative parts. However, a
qualitative assessment of whether radiative recombination
contributes to the monomolecular decay in FASnI; can already
be made from the functional form of the data in the low charge-
carrier density regime. For the case of purely nonradiative
monomolecular decay (k] = 0), eq 2 approximates to ®(n) ~
nk, /K™, that is, the function should linearly approach the
origin as shown by the blue line in Figure 3A. However,
comparison with the data shows that this is clearly not the case;
rather, the data approach a constant value toward low charge-
carrier density. This is exactly as would be expected in the
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presence of a radiative contribution to kP®, for which eq 2
approaches ®(n) ~ ki/k* at low charge-carrier densities. The
functional form of the radiative efficiency data therefore clearly
demonstrates that monomolecular recombination in FASnl;
has radiative contributions.

To quantify this contribution, eq 2 was fit to the
experimental data with the values of k!, k,, and k; determined
from OPTP measurements (Figure 3). With the inclusion of a
scaling parameter, the fit yielded a value of k] = 1.1 X 10%s7,
indicating that about one tenth of the monomolecular
recombination in this material is radiative. Because this radiative
contribution most likely originates from unintentional hole
doping, the hole-doping density p, can be calculated using kj =
pok, to be 4.8 X 10'7 cm™, which is similar to doping densities
estimated from Hall measurements on MASnI; single
crystals.”" In general, doping levels will depend on the
exact processing and treatments used for tin perovskites and
will therefore be a tunable parameter.'”>**’ The unintentional
doping level we report for FASnl; here is at least 2 orders of
magnitude above typical estimates for hybrid lead halide
perovskites,”" > which explains why radiative contributions to
the monomolecular decay channels are not typically observed
in past studies of lead-based perovskites."""** However, recent
studies of methylammonium lead iodide perovskite films have
shown that passivation with Lewis bases can lead to PL
lifetimes in the microsecond regime, for which radiative
monomolecular components may then also begin to emerge.>
The relative presence of such radiative contributions in the low
charge-density regime hence is influenced by the relative trade-
off between dopant concentration and trap-mediated (SHR)
recombination.

Figure 3B extends the radiative efficiency curves (eq 2) to
higher charge carrier densities. The red curve shows the actual
values in the presence of a radiative monomolecular
component, whereas the blue curve shows the expected
behavior for purely nonradiative (SRH) monomolecular
decay. The peak near n ~ 10" cm™ indicates the range of
charge-carrier densities where bimolecular radiative recombi-
nation dominates. Not surprisingly, the measured threshold for
ASE near 8 X 10" cm™ corresponds to the onset of strong
bimolecular recombination. Hence the radiative efficiency is
still limited at the high end by Auger recombination and on the
low end by monomolecular recombination. However, the
radiative component of the monomolecular recombination
distinctly raises the radiative efficiency at low charge-carrier
densities and also at the peak; hence, it must contribute to
lower the ASE threshold and therefore ultimately yield more
efficient lasing.w’31 In addition, the ASE threshold could be
lowered further through a reduction of the nonradiative
component of the monomolecular decay channels that may
originate from traps caused by a variety of vacancies,
interstitials, or substitutions®® because this would increase the
relative radiative contribution in the low charge-density regime.
Therefore, the unintentional p-doping encountered in tin halide
perovskites can open the door for lasing thresholds that are
substantially reduced'>**~** with respect to the current lead-
based perovskites. We also note that the concept of doping is
already used extensively in the well-established field of
inorganic semiconductor light-emitting diodes, where deliberate
introduction of dopant gradients allows control over light-
emission at p—n junctions”* and enhances radiative recombi-
nation.”’ Attaining better control over p-doping in tin based
perovskites and implementing combinations with suitable n-
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doped materials can therefore open interesting possibilities for
highly efficient hybrid perovskite light-emitting diodes.

In conclusion, we have demonstrated and analyzed ASE in
FASnl; thin films exhibiting a threshold charge-carrier density
of 8 X 10" cm™. We find that FASnl, is highly suited to lasing
applications because it exhibits high charge-carrier mobility in
combination with very low Auger and strong radiative
bimolecular recombination rate constants similar to GaAs.
We further show that, unlike typical lead-based halide
perovskites, FASnl; displays a radiative monomolecular
recombination pathway, which we attribute to its unintentional
p-doping with relatively high doping density near S X 10"
cm™, Such a radiative component will be active even at the
lowest charge-carrier densities, opening a pathway for ultralow
ASE thresholds. All of these properties indicate that FASnl; is a
promising lead-free material for realizing low-cost, on-chip laser
diodes, which are in high demand for many optoelectronic
applications.”

B EXPERIMENTAL METHODS

Synthesis of FASnI; Thin Films. FASnl; thin films were prepared
from a mixture of a 1:1 molar ratio of FAI to Snl, at 1 M in a
mixed solvent of DMF:DMSO 65:35 by volume. Excess 0.2 M
SnF, was added into the precursor solution (i.e., providing a
20% excess of Sn**). The precursor solution was spin-coated
onto oxygen plasma-cleaned z-cut quartz substrates dynamically
at 7000 rpm for 1 s in a nitrogen-filled glovebox and
subsequently immersed into a Petri dish containing an
antisolvent (anisole) for Ss. The film was dried with a nitrogen
gun and annealed at 70 °C for 20 min.

Steady-State PL Spectra. To obtain steady-state PL spectra,
the films were photoexcited at 800 nm using an amplified laser
system (Spectra Physics, Millennia-Tsunami-Empower-Spitfire)
with a 40 fs pulse width and 1.1 kHz repetition rate. PL spectra
were collected at fluences ranging from 159—795 uJ/cm? using
a UV—vis mini spectrometer (Ocean Optics, USB2000+) fitted
with an optical fiber, a collimating lens, and an 850 nm long-
pass filter.

Optical-Pump THz Probe (OPTP) Spectroscopy. The OPTP
setup uses the output of an amplified laser (Millennia-Tsunami-
Empower-Spitfire), which is centered at 800 nm, has a
repetition rate of 1 kHz, and has a pulse duration of 40 fs.
Portions of the laser beam were used to generate THz radiation
via optical rectification in a 450-um thick GaP(110) crystal and
to detect it via free-space electro-optic sampling in a ZnTe
crystal (0.2 mm ZnTe(110) on 3 mm ZnTe(100)). The
remainder of the beam was used to photoexcite the sample.
Charge-carrier recombination dynamics are obtained by
monitoring the change in peak THz amplitude (AT/T) as a
function of the delay between the optical pump pulse and the
THz probe pulse. All of the measurements were performed
with the entire THz beam path and sample in vacuum.

Radiative Efficiency. The thin films were photoexcited with a
Ti:sapphire oscillator (Mai Tai, Spectra Physics), which has a
pulse duration of 80 fs and a repetition rate of 80 MHz. The
center wavelength was tuned to 790 nm. Photoluminescence
from the sample was collected by a pair of off-axis parabolic
mirrors, focused onto a grating monochromator (Triax,
Horiba), and detected using a nitrogen-cooled Si-CCD detector
(Symphony, Horiba).
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