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In this paper, the physical mechanisms responsible for optical gain in CH;NH;Pbl; (MAPI) polycrys-
talline thin films are investigated experimentally and theoretically. Waveguide structures composed by
a MAPI film embedded in between PMMA and silica layers are used as an efficient geometry to confine
emitted light in MAPI films and minimize the energy threshold for amplified spontaneous emission (ASE).
We show that photogenerated exciton density at the ASE threshold is as low as (2.4 — 12) x 10 cm ™3,
which is below the Mott transition density reported for this material and the threshold transparency con-
dition deduced with the free-carrier model. Such a low threshold indicates that the formation of excitons
plays an important role in the generation of optical gain in MAPI films. The rate-equation model includ-
ing gain is incorporated into a beam-propagation algorithm to describe waveguided spontaneous emission
and ASE in MAPI films, while using the optical parameters experimentally determined in this work.
This model is a useful tool to design active photonic devices based on MAPI and other metal-halide

semiconductors.

DOI: 10.1103/PhysRevApplied.13.064071

I. INTRODUCTION

Metal-halide perovskites (MHP) have arisen as excep-
tional semiconductors for new generation optoelectron-
ics. Although initially the interest in these materials was
focused on photovoltaics [1-4], they have also demon-
strated outstanding capabilities for integration of multi-
ple functionalities in photonic devices [5,6]. In particu-
lar, with a high efficiency of absorption and emission,
bandgap tunability, and a possibility to eliminate defects
by passivation [7], MHPs have become a very promising
optical-gain media [8]. Indeed, from the earliest publi-
cations with CH3;NH;3Pbl; (MAPI) polycrystalline thin
films [9] MHPs have exhibited exceptional optical-gain
performances in the visible and near-infrared wavelength
range [10]. Low thresholds (1-10 nJ/cm?) of stimulated
emission under pulsed excitation were demonstrated in
several publications by incorporating perovskite layers
into waveguides [11,12], optical resonators [13—15], or
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by synthetizing this material as microdisks [16—18] and
nanowires [19,20]. More recently, lasing operation in
MAPI films under continuous-wave operation was demon-
strated [21-23].

However, despite the high interest in the topic with
a significant amount of works published in recent years,
the underlying mechanisms of the amplified spontaneous-
emission (ASE) process in MHP materials are not com-
pletely understood as compared to the case of other
semiconductors, which is one of the main goals of this
paper. There are several works devoted to the photophysics
responsible for PL [24-26], the nonradiative losses in traps
limiting the optical gain [9,27], or the role of excitons in PL
generation [28]. However, it is still an open question about
the physical mechanism of optical gain, a prerequisite for
lasing. According to the semiconductor’s theory [29], what
species are dominant, free electrons and holes or exci-
tons, would be determined by the exciton binding energy
at a given temperature through Saha’s equation, whereas
the Mott density would represent the transition between
the insulating exciton gas and the metallic electron-hole
plasma [30]. Some publications argue that free carriers
are responsible for ASE in MAPI because its threshold
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takes place at very high excitation densities where the pho-
togenerated carrier density is N ~ 10 cm™3, one order
of magnitude higher than the Mott transition carrier
density, N ~10'7 cm™ [15,31-34]. On the other hand,
reported values of the exciton binding energy of MAPI are
particularly high at low temperatures (orthorhombic phase)
[15]. Although they are reduced to 6—12 meV at room
temperature [26,32,33], exciton recombination is usually
considered dominating given their finite density of states,
as compared to the case of free carriers where the density
of states goes to zero at the bandgap energy. In addition, the
ASE peak in MAPI is usually redshifted from the PL band
and presents a superlinear dependence with the excita-
tion fluence, which are characteristic of exciton-exciton or
exciton-phonon scattering mechanisms [34], proposed to
explain the optical gain in ZnO [35] or GaN [36] semicon-
ductors. Indeed, different exciton scattering mechanisms
have already been proposed to explain the lasing action
in CsPbBrj; perovskite microcavities [9,18] and nanowires
[33]. Furthermore, it is possible to get ASE and lasing con-
ditions below the Mott density, which opens new routes for
photonics [35].

Taking into account these considerations, in the present
work we focus on the interpretation of the PL spectra
of polycrystalline MAPI layers at room 7 in terms of
exciton and band-to-band emission [29-31], as the basis
to understand the origin of ASE. For this purpose, we
investigate the evolution of the PL spectra with the extica-
tion fluence of polycrystalline layers of MAPI integrated
in polymer planar waveguides. We have already demon-
strated that this configuration is an optimal one for ASE,
because it provides a long path for the emitted photons
and highly confines the optical modes of the photonic
structure [11,12]. Here, we establish how the geometri-
cal parameters influence the behavior of the waveguide
to minimize the ASE threshold. We demonstrate that the
ASE threshold (20-100 W/cm? in our system) is achieved
for excitation densities below the Mott density, hence the
population of excitons would play a major role in the gen-
eration of optical gain. These experimental considerations
are used as input parameters of a set of rate equations
that result in a model able to reproduce the generation
of optical gain in MHP films. Furthermore, we describe
mathematically the light-emission signal and the excita-
tion beam propagating along the planar optical waveg-
uide, both incorporated into a beam-propagation method
(BPM). Our simulations seem reasonably realistic, because
they nicely reproduce the experimental results obtained
in MAPI waveguides by fitting optical-gain parameters
(threshold, gain coefficient, gain saturation,...), indicat-
ing the validity of the proposed model. Finally, this work
provides an understanding of the physical mechanisms
underlying the ASE process in MAPI films, other than a
useful tool to design active photonic devices with different
architectures.

II. EXPERIMENTAL DETAILS AND
WAVEGUIDE DESIGN

A. Experimental methods

CH;NH;PbI; layers are deposited on SiO,/Si (2 um
of Si0,) by using an intermediate 40-nm TiO, layer to
improve the adhesion (details of the method are explained
elsewhere [11]). Once the MAPI is properly grown on the
substrate, a PMMA film is spin coated on top of the sam-
ple and post heated at 80 and 150°C for 2 min. Here,
the thicknesses of MAPI (d;) and PMMA (d;) films are
ranged between d; =0.1, 0.27 and 0.5 um, and d, =0, 0.5
and 2.5 um, respectively. For this purpose, the thickness is
controlled by the spin-coating velocity and/or the concen-
tration of the species in the solvent. Finally, edges of the
samples are cleaved for end fire-coupling purposes.

Waveguides are characterized by end fire coupling a
Nd:YAG laser (1-ns pulse, 20-kHz repetition rate, doubled
to 532 nm) at the input edge of the sample with the aid
of a 40 x microscope objective mounted on an XYZ stage.
Intensity of the excitation beam is controlled by neutral
density filters. Thus, the excitation fluence absorbed by the
MAPI is ranged between 0 and 15 nJ per pulse within the
waveguide geometry. Waveguided PL is collected at the
output edge of the sample with a 20 x microscope objec-
tive, also mounted on an XYZ stage. This PL signal, after
traversing a 550-nm long-pass filter, is focused into an
optical fiber (200-um core) by using a cylindrical lens and
connecting the fiber to a HR4000 Ocean Optics spectro-
graph (estimated overall resolution better than 0.7 nm).
Time-resolved PL (TRPL) is carried out by focusing the
PL from an optical fiber into a Hamamatsu C5658-3769
avalanche photodetector connected to a BOXCAR DPCS-
150 electronics from Becker & Hickl GmbH. Figure 1
shows the main components of the experimental setup and
the illustration of the waveguide structure.

A multilayer algorithm [36] is used to calculate the prop-
agating modes confined in both the transverse electric (TE)
and transverse magnetic (TM) polarizations at 532 nm
(excitation wavelength) and 785 nm (PL wavelength). For
these calculations, the refractive indices for Si, SiO,, and
PMMA are directly obtained from Palik [37], whereas
the refractive index of TiO, is multiplied by 0.8 to take
into account its porosity (see annex 1). Finally, the refrac-
tive index and absorption coefficient of the MHP layer is
obtained from the results published elsewhere [9,38].

B. Design of optical waveguides

The waveguide configuration used in this work con-
sists of a PMMA-MAPI bilayer deposited on a SiO,/Si
substrate (2 um of SiO,), as illustrated in Fig. 1. This
design was proposed earlier and demonstrated an efficient
optical amplification with better performances than other
geometries (i.e., back scattering or excitation by variable
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FIG. 1.

stripe-length method) [11,12]. In particular, this structure
is based on the refractive-index contrast between the MAPI
core (n~2.3) and the SiO, (n~1.45) bottom and the
PMMA (n = 1.49) top claddings (see annex 1) to copropa-
gate the PL and the pump beams along the entire length of
the device (1-3 mm). Firstly, the PL at 785 nm is strongly
confined in the MAPI film (red line in Fig. 1), which guar-
antees that emitted photons have a preferred directionality
overlapping the active material. Secondly, the pump beam
at 532 nm, which is end fire coupled at the input edge of the
waveguide, propagates with low losses through cladding
modes confined in the PMMA (green line in Fig. 1). The
variation of the geometrical parameters [see Fig. 2(a)], i.e.,
thickness of the MAPI (d;) and the PMMA (d,), allows
us to engineer the number of modes and their propaga-
tion constants at a specific wavelength. In particular, the
pump beam at 532 nm mainly populates the TE; (TMy)
mode centered in the PMMA, while the PL goes through
the TEy (TMy) mode [red line in Fig. 2(a)] confined in the
MAPI film. In fact, the MAPI can support from 1 to 4 prop-
agating modes in both TE and TM polarizations for d; of
100 to 500 nm, respectively. On the one hand, high absorp-
tion losses at wavelengths shorter than the MAPI bandgap
which is approximately equal to 1.63 eV (760 nm) inhibit
the propagation of the excitation beam at 532 nm through
these modes [a > 10 um~! for TE¢_3 (TMy_3) at 532 nm,
as observed in Fig. 2(b)]. On the other hand, the PMMA
capping layer (with d, > 0.75 um) also allows the propa-
gation of cladding modes (TE4 and TMy4 and higher orders
at 532 nm) with an effective refractive index of 1.47—1.49
and losses smaller than o = 0.1 um™~"' that decrease with d,
[green lines in Fig. 2(b)].

Consequently, the semiconductor film can be pumped
along the whole length of the waveguide (1-3 mm) by the
tail of this mode overlapping the MAPI film. Here, it is
important to calculate the overlap of the modes (I") within

Active PMMA - MAPI planar waveguide
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Scheme of the sample structure and the experimental setup.

the MAPI film by the following expression:

Uwsmw

IS ds M
where §;(x) is the pointing vector of the mode j. In the
case of the TE4 mode at > =532 nm Eq. (1) indicates the
fraction of the evanescent tail over the total mode distri-
bution and ranges ['tp4 between 0.02% and 0.15% [see
black line in Fig. 2(b)]. At the same time, PL at 785 nm
is efficiently coupled to the TEy_, (TMy_,) mode sup-
ported by the MAPI core, where the reabsorption losses
will not be a problem above the ASE threshold. These
modes present a real part of N g (N 1S the effective refrac-
tive index of the mode) ranged between 1.5 and 2.25 [see
Fig. 2(c)], a reduced attenuation at 785 nm in the order
of @ =0.1-0.8 um~!, and are highly confined within the
semiconductor film (["tgy_; at 785 nm is higher than 90%).

II1I. OBSERVATION OF ASE IN PMMA-MAPI
OPTICAL WAVEGUIDES

A. Influence of geometrical parameters on ASE

Figures 3(a)-3(c) show waveguided PL spectra at dif-
ferent excitation energies (0.15—15 nJ per pulse inside
the waveguide considering 10% coupling efficiency) for
three planar waveguides with d,/d,=0.1/0.5, 0.27/0.5,
and 0.5/2.5 (all in um). All figures present the same Y
scale in order to compare their PL intensities. Clearly,
geometrical parameters of the structure critically influ-
ence the generation and propagation of emitted light. For
the thinnest MAPI and PMMA layers, d,/d,=0.1/0.5,
PL collected at the output of the waveguide grows lin-
early with the excitation energy without any signature of
optical amplification [Fig. 3(a)]. For MAPI layers with
d1=0.27 and d,=0.5 PL collapses into a narrow peak
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(a) Structure of the waveguide and mode distribution for the TEy and TE; modes (TM modes demonstrate similar dis-

tribution) at 785 nm (PL) and 532 nm (excitation), respectively. The modes are calculated for a waveguide with d; =0.5 gm and
d,=2.5 um. (b) Analysis of the losses (left axis) and the confinement factor (right) along the structure as a function of the MAPI (d;)
and cladding (d>) thicknesses at the pump wavelength (532 nm). Modes TE_3 (TMy_3) are weakly dependent on d, (because they
are highly confined in the MAPI) and therefore only their dependence on d; is shown in the left part of the Fig. (bottom X axis); and
modes TE4_¢ (TM4_¢) are calculated for d; = 0.5 pm. The green lines refer to the absorption coefficient and the black line corresponds
to the overlap of the mode within a MAPI film of d; = 0.5 um. (c) Analysis of the propagating modes as a function of the MAPI film

thickness (d;) at PL wavelength (785 nm).

above a certain excitation fluence, which is a clear sig-
nature of ASE [Figs. 3(b)-3(c)]. Indeed, the geometrical
parameters di/d, =0.5/2.5 are optimum for ASE genera-
tion [Fig. 3(c)] from the point of view of the ASE threshold
(Ew) and linewidth (AA), as shown in Fig. 3(d) and Table 1.
In this way, our results demonstrate that both AXA and
Ey parameters decrease by increasing d; (>0.1 um) in
order to generate the required optical gain to overcome
the parasitic losses of the waveguide and propagate the
TEy (TMp) mode at 785 nm confined in the MAPI film.
At the same time, the optimum value of d, =2.5 um is a
good compromise between the overlap of the evanescent
tail of the TE; mode at 532 nm with the active mate-
rial and its propagation losses [see Fig. 2(b)]. For the
optimum geometrical parameters of the waveguide with
dy/dy=0.5/2.5 we obtain Ey, ~ 2 nJ and the ASE linewidth
AX~3 nm. Finally, such a specific method of optical
pumping, based on the tail of the TE; mode traveling
along the PMMA cladding layer, provides a quasiuniform
excitation of the MAPI layer over the whole length of
the waveguide (mm scale). Moreover, since the whole
MAPI film is excited, the PL reabsorption effect, which is

a well-known issue in MHP layers [39,40], is minimized
with this scheme, even below the ASE threshold. Indeed,
a study of ASE in waveguides of different lengths reveals
that the reabsorption-induced redshift of the PL line is only
10 meV (5 nm) for the longest (3 mm) waveguides, as
observed in Fig. 3(e), while for the case of PL measured
in backscattering geometry the redshift can be as high as
25 nm for only 50-um-thick MAPI film [39].

B. Analysis of spontaneous emission and ASE spectra

In agreement with the results reported in the literature
[9,38,41], the absorption spectrum of MAPI film exhibits
a sharp edge in the range of 1.60—1.65 eV [Fig. 4(a)],
which is a characteristic of a direct bandgap semiconduc-
tor [42]. The experimental absorption spectrum [symbols
in Fig. 4(a)] can be accounted by the Elliot theory, mainly
taking into account the ls exciton resonance [brown line
in Fig. 4(a)] and the enhanced absorption at the exciton
continuum [dark yellow line in Fig. 4(a)], in this case
using the formula given elsewhere [43]. Indeed, accord-
ing to previous publications [41,44] the exciton binding
energy (R}) in MAPI was found to be in the range of
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FIG. 3. PL spectra collected at the output edge of the waveguide for different excitation fluencies and geometrical parameters:

(a) di/d, =0.1 um/0.5 um; (b) d/d,=0.27 um/0.5 um; (c) di/d, =0.5 um/2.5 um. Note that vertical axis presents the same scale
to compare PL intensities. (d) PL linewidth, AX, as a function of MAPI thickness, d;, using the PMMA thickness, d,, as a param-
eter (the ASE threshold value is indicated for each case). (d) ASE spectra measured well above threshold in the waveguide with

di/d,=0.5 ym/2.5 um for different waveguide lengths.

6-37 meV, depending on temperature. In the case of our
own experimental data in Fig. 4(a), the best fitting param-
eters are £, =1.643 eV, (R;‘) ~12.5 meV (with an exci-
tonic linewidth of around 30 meV), which is consistent
with a similar fitting procedure to experimental results in
the temperature range of 150300 K (tetragonal phase of
MAPI) [45].

Similarly to the case of the absorption spectrum, PL
spectra (waveguided) also consist of two components
ascribed to exciton and free-carrier recombination, both
populations being in thermal equilibrium at room temper-
ature according to Saha’s equation [28], as schematically
illustrated in Fig. 4(b). The PL spectrum measured under
very low excitation energies (32 plJ) at the output edge

TABLE I. Summary of results obtained for perovskite waveguides in this work.
d2=0um d2=05 um d2=1,um d2=25 um d2=35 um
d;=0.5 um no ASE Enw=45n] Eqn=34n] Eqa=2 nl —
AL =6 nm AL =3.5nm AL =3.5nm
d;=0.35 um no ASE — — En=4-5n] En=4-5n]
AL ~3.5nm AX~3.5nm
d;=0.27 um no ASE En=4 nl] En=4 nl] En=34n] —
AL =14 nm AL~ 14 nm AL~ 11 nm
d;=0.1 yum no ASE no ASE no ASE no ASE -
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FIG. 4. (a) Absorption of CH3NH;Pbl; perovskite films used in this work. (b) Mechanisms of the absorption and emission spectra

formation. (c), (d) PL spectra measured at the output edge of the waveguide under low (32 pJ) (c) and high (15 nJ) (d) excitation
energies. For low pump energy the spectra can be modeled (red line) by a sum of the spontaneous excitonic (Gaussian profile, brown
line) and band-to-band (dark yellow line) optical transitions. Above a certain threshold the spontaneous PL spectrum collapses to a
narrow peak that can be fitted by a Lorentzian line [brown line in (d)]. Symbols correspond to experimental data and solid lines to
the fitting curves. (e) Integrated PL intensity of the spontaneous emission (Gaussian contour) and ASE band (Lorentzian contour) as a

function of the excitation fluence (pulse energy).

of the waveguide fabricated with d;/d, =0.5 um/2.5 um
[open symbols in Fig. 4(c)] is centered at 775 nm
(1.6 eV) with a FWHM of 47 nm (95 meV). Similar
spectra were measured under backscattering geometry in
other publications [9,12,41] and hence ascribed to the
spontaneous emission spectra in MAPI. The PL spec-
trum demonstrates an asymmetric shape with a less steep
slope on the high-energy side, contrary to what would be
expected from the PL reabsorption effect [46]. As afore-
mentioned, we propose that waveguided PL spectra [data
symbols in Fig. 4(c)] are formed by two contributions
as earlier proposed for GaAs and GaN semiconductors
[46-48]:

(i) the excitonic recombination fy with Gaussian shape
[brown line in Fig. 4(¢)],

fr = _Ax o )

~ o7

and (i) the excitonic continuum or band-to-band optical
transition f gg [dark yellow line in Fig. 4(c)] that contains
the Maxwell-Boltzmann thermal tail:

A 2

X
[ R
14+e m E—EBp

o~ E~Enp)/Ei

/BB

- 1 + e—(E—EBB)/2wBB

€)

where X and BB refer to the excitonic and band-to-band
optical transitions, respectively; E;, w;, and 4; (i =X, BB)
are their corresponding emission energy, linewidth, and
integrated intensity; R is the exciton binding energy and
E, is a fitting parameter standing for the carrier tem-
perature. The experimental PL spectrum can be nicely
fitted [red line in Fig. 4(c)] by the two contours defined
by Egs. (2) and (3) with R fixed to 12.5 meV, as
obtained from the fit of the absorption coefficient spec-
trum in Fig. 4(a), yielding E, =1.593 eV, Egg=F, + R,
E, =50 meV, wy =75 meV, and wgg = 10 meV. Despite
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the relatively low exciton binding energy, as also occurs
in GaAs at room temperature, where R is even smaller
(2.5-4 meV) [43,48], the integrated intensity of the PL
corresponding to the exciton recombination [brown line in
Fig. 4(c)] always dominates over the band-to-band compo-
nent [dark yellow line in Fig. 4(c)] due to the finite density
of states in the first case. Similar analysis carried out on
passivated CH3;NH;PbBr3 perovskite thin films also con-
cluded that excitons play a major role in the PL spectrum,
which is even underestimated by the population predicted
by Saha’s equation [28].

At very high excitation energies (15 nJ at the input edge
of the same waveguide with d,/d, =0.5 um/2.5 ym) we
clearly observe an ASE spectrum at the waveguide output
edge [symbols in Fig. 4(d)], which is mainly characterized
by a Lorentzian contour [49]:

2ALa)L 1
fi = x —
T 4E—-E) +awL

(4)

where £ ;, and A4; are the emission energy, linewidth,
and integrated intensity, respectively. The best fitting of
the ASE spectrum to Eq. (4) [brown line in Fig. 4(d)] is
obtained for £7 = 1.590 eV, which is very close to the peak
of the excitonic emission line deconvoluted in Fig. 4(c). It
is worth noting that a band-to-band contribution [Eq. (3)]
continues to be observed on the high-energy side, without
any background of excitonic spontaneous emission, other
than the ASE Lorentzian line. These findings indicate the
important role of excitons in ASE instead of more dense
phases, as the electron-hole plasma, whose trace is not
observed in the spontaneous emission nor ASE spectra.
The ASE regime is characterized by a superlinear
increase of 4; above the ASE threshold at excitation ener-
gies of 1-2 nJ, as shown in Fig. 4(e) (brown symbols),
other than a narrowing of w; with the excitation fluence,
from 20 meV (1 nJ) down to 67 meV (15 nJ). In con-
trast, below the ASE threshold, both the excitonic [brown
symbols below Ey, in Fig. 4(e)] and band-to-band [dark
yellow symbols in Fig. 4(e)] contributions to the sponta-
neous emission spectrum remain sublinear (and negligible
above 2 nJ). The observed saturation of 4, for high excita-
tion energies (>10 nJ) can be explained by the activation

of the Auger nonradiative losses under such relatively high
laser pump densities [10,50].

The results from TRPL experiments in MAPI-based
waveguides presented in Fig. 5(a) are consistent with the
spectral data discussed above. The TRPL signal at exci-
tation pulse energies below the ASE threshold (0.75 nJ)
exhibits a biexponential decay with time constants of
0.85—1.1 and 810 ns in the 770790 nm spectral region
(maximum of the Lorentzian ASE band). In contrast, as
long as the excitation pulse energy is increased, the PL
kinetics measured in the same spectral region shortens and
decreases down to about 0.13 ns for the highest excita-
tion energy (15 nJ). Indeed, the ASE threshold energy
of 2 nJ [Fig. 4(e)] is undoubtedly corroborated by this
PL transient shortening at the ASE wavelengths. In the
region out of the ASE line, the PL decay is much longer
[see map in Fig. 5(b)], as for example at 750 nm where
the PL transient is described by a biexponential kinet-
ics with decay times of 0.25-0.35 and 8-10 ns. Clearly,
out of the narrow wavelength diapason corresponding to
ASE, emitted light corresponds to spontaneous-emission
traces, as occurs at 750 nm, where band-to-band carrier
recombination dominates.

IV. MODELING OF ASE IN PMMA-MAPI
WAVEGUIDES

In this section we propose a universal rate-equation
model to describe ASE in MAPI films considering the
experimental data presented in the previous sections. Then,
this model is incorporated into a BPM algorithm to simu-
late the propagation of emitted light in the waveguides ana-
lyzed in this work. Appendix A—D details how equations
are deduced in this section of the manuscript.

A. Experimental considerations

The analysis of the experimental PL and TRPL pre-
sented in the previous section reveals that the ASE band
maximum for MAPI films is observed at the center of
the excitonic part of the PL spectrum. We believe there-
fore that, at the threshold conditions, ASE in MAPI is
carried out by the recombination of single excitons. We

(a) (b)
~—
Z ="
=} —_
= 780 nm, 15nJ £
S 750 nm, 15 nJ
= 780 nm, 0.75 nJ 2
S =
z &~
.E a
= iy
Q Qo
= (=]
g s3)
A 0.75
[a® 750 760 770

Time after excitation (ns)

FIG. 5. (a) TRPL signals measured

0.13 under low (red) and high (black and
@ wine) excitation fluencies at 780 nm
g (red and black) and 750 nm (wine).
g Symbols, solid lines, and dashed area
2 refer to experimental data, fitting curves,

| 2 and the instrument response function,
| 3 respectively. (b) PL decay time map of
A the faster decay component measured
045 at the output edge of a MAPI-based

780 790 800 Waveguide_

Wavelength (nm)
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can estimate the concentration of excitons (n,) at the
ASE threshold excitation fluence by considering the rate
equation:

dn, Ny

G-~ (5)

dt 7,

where 7, is the recombination time and G is the carrier
generation rate, which is determined by light absorp-
tion («), photon energy (4v), and excitation peak fluence
(P/A) [42]:

P
G= Tx hva(hv). (6)

Here, a(hv)=13x10* cm™! is obtained from the absorp-
tion spectrum shown in Fig. 4(a) at the excitation wave-
length (532 nm), and P/4=20-100 W/cm? is obtained
from our experimental conditions (see Ref. [11] and
Appendix A). On the basis of our TRPL measure-
ments, we evaluate carrier recombination time at fluencies
below the ASE threshold as t,.~ 3.5 ns. Hence, follow-
ing the formula (5), in the quasistationary regime within
an excitation pulse, n,=G 7,~[2.4-12] x 10'®cm~3,
which is lower than the Mott carrier density reported
for MAPI thin films (1x10'® cm™3) [50], MAPI crystals
(1x10'"® cm™3) [51], CsPbBr3 nanocrystals (7x10'7 cm™3)
[32], or CH3NH;3PbBr; thin films (8x10'7 cm™3) [34]).
This is further evidence, together with the above discussed
waveguided emitted-light spectra, below and above the
ASE threshold, that excitons are playing a major role in
the origin of ASE, at least under excitation conditions not
far from threshold conditions. Of course, if higher excita-
tion fluencies (leading to carrier densities well above the
Mott value) are needed to reach the ASE threshold, the
role of free carriers would be dominant due to the Coulomb
screening effect, which is the origin of the formation of a
dense phase (e.g., the electron-hole plasma) [15].

(b)

B. Rate equations

In a conventional bulk semiconductor, the absorption
of light [green vertical line in Fig. 6(a)] promotes the
formation of a population of n. electrons in the conduc-
tion band (CB) and p, holes in the valence band (VB) with
the corresponding shift of the quasi-Fermi levels Erc and
Erv (see Appendix B) [42]. In these conditions, the most
widely used rate-equation model typically includes carrier
trapping (purple line), bimolecular radiative recombina-
tion (red line), and Auger recombination (dashed purple
line) mechanisms with coefficients 4, B, and C, respec-
tively. This is known as the 4BC model with n =n.=p,,
dn/dt = An — Bn* — Cn?, and it is usually chosen to analyze
the recombination dynamics in MAPI films [50]. More-
over, this rate equation can incorporate the stimulated
emission term g(hv) S(hv)/hv, where S and g are the pho-
ton density and optical gain at a given energy Av. Here, the
photon propagation equation, dS/dz =gS + kn (k is a con-
stant related to the spontaneous emission), can be solved
in parallel to determine S, whereas g(hv) is given by [42]

g(hv) = a(h)(fe — fo), (7

where a(hv) is the absorption coefficient at the same
energy, and (f.—f,) is the difference between the occupa-
tion probabilities in CB (f;) and VB (f,) states differing an
energy hv, and are calculated following to the procedure
described in Appendix B.

Nevertheless, according to the above given reasoning, a
model for gain in MAPI films should also include the gen-
eration of excitons [dark blue solid circles in Fig. 6(a)],
the equilibrium between excitons and free carriers given
by Saha’s equation (see Appendix C) and the emission of
a photon by the exciton radiative recombination [brown
line in Fig. 6(a)]. The system is modeled by the four-level
scheme presented in Fig. 6(b). As the semiconductor is
optically pumped far above the bandgap (hv, > E,), an
infinite reservoir (level R>) of electrons (holes) is consid-
ered to be available at the bottom (top) of the CB (VB).

FIG. 6. (a) Band diagram and gener-
ation of light. Epc, Epy are the quasi-

5 Fermi levels at the conduction and
(o4

valence band, respectively. E., E,, and
E, refer to the energy position of the
bottom of the conduction band, top of
the valence band and 1s excitonic level,
x> respectively. (b) Amplification model

DTSSR P ——

]

o based on the four-level scheme.
Va
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When MAPI is pumped at a rate G, n. electrons populate
the continuum level C>. If the same population is assumed
for holes (n. = p,) and nonradiative channels are neglected
(4 =C=0) or included in an effective recombination time,
the electron-hole pairs can radiatively recombine to the
ground state (0>) with the bimolecular recombination con-
stant B or form excitons at a rate D. The exciton level (X >)
is included with a population density #,, which can radia-
tively recombine at the rate 1/7,;. In addition, excitons and
free carriers are in thermal equilibrium, whose populations
n, and n, are governed by the Saha equation that yields the
coefficient K.

At these conditions, the following rate equations repro-
duce the scheme of Fig. 6(b):

dn, Se

2 = G— Bn® — D2+ DKny — a2 (fo —f),  (8)
dt hv
dn, S

X =Dnl - DKny — " —a—Qf—D. (9
dt T, hv

Equations (8) and (9) contain the stimulated emis-
sion term for free carriers, «.S.(f.—f,)/hv, and excitons,
aS(2f x—1)/hv; where the occupation probability at the
exciton level, fe, is explained in Appendix C, S is the
photon flux and the subindex c refers to carriers. K is eval-
uated to be around 6.7x10'7 cm™3, which is not far from
the Mott density reported for this material, as discussed
above. Taking into account this value for K, the fact that
the formation rate of excitons is much higher than radiative
recombination DK 3> B (see Appendix C for details), and
neglecting the optical gain for free carriers, Egs. (8) and (9)
can be easily solved for the stationary regime, giving

n S
G="+a—Qfex—1), (10)
T, hv
2
K="e, (11)
nx

C. Theoretical and experimental gain in MAPI films

The threshold of optical gain in a semiconductor is
reached when f. =f, = 0.5, and can be calculated with the
transparency condition (gain = losses) in a semiconductor
[42]:

Fip(Z)+ R0 (2) =0 (12)
1,2 N 12 N, ) =%

where n. = p, is usually assumed, Fy /2 is the inverse func-
tion of the Fermi integral of order 2 and N, (V) is
the density of states in the CB (VB). For example, opti-
cal gain in GaAs reaches a value of 300 cm~! at room
temperature above the transparency carrier concentration
No (GaAs)=1.2x10"® ecm™ [52]. For MAPI, No=
(ne=p, =) 2.5x 10" cm™3 after taking into account

me*=0.23mqy and my;,* = 0.29m, [53]. Above this thresh-
old, the material gain exhibits a linear variation with the
carrier density [solid red line of Fig. 7(a)], and Eq. (7) can
be approximated by

go = o (n. — Np). (13)

The extraordinary gain in MAPI is clearly demonstrated
with a large slope close to o =3 x107!° cm?, as estimated
through Eq. (13), and corroborates the potential applica-
tions of MAPI materials for optical amplifiers and lasers
[7—11,13,54-60]. Indeed, although Ny in MAPI is slightly
higher than that obtained for GaAs or InP (solid green and
blue lines in Fig. 7(a), respectively) [42], o is enhanced
by one order of magnitude, indicating the benefits of
MHPs as an alternative to traditional III-V semiconduc-
tors, also because it can be easily integrated in different
passive photonic platforms (Si, SiNx, flexible polymer,
) [1L12].

The value of Ng=2.5x10'" cm™3 deduced in the pre-
vious section is in good agreement with some reported
experimental results [15,31-33] and is very close to the
Mott density reported for this material family (approxi-
mately equal to 10'® cm~3) [32,34,50,51]. However, it is
more than one order of magnitude higher than the exciton
density threshold estimated above through Egs. (5) and (6)
(approximately equal to [2.4—12] x 101 cm~3). Therefore,
it is reasonable to infer that excitons play a major role in
the formation of optical gain, where ASE is obtained from
the condition fex = 0.5.

D. Propagation equation

Finally, for the purpose of solving Egs. (10) and (11)
we take a(hv) from the experimental absorption coefficient
spectrum shown in Fig. 4(a) as 0.8 um~! at the ASE wave-
length and 7, (the effective exciton recombination time) as
7,=3.5 ns according to our TRPL measurements below
the threshold fluence. Eqgs. (10) and (11) must be solved
together with the Maxwell equations in the photonic con-
figuration under study in order to calculate the photon den-
sity, S. In the waveguide structure proposed in this work,
this rate equation is incorporated into a BPM algorithm
following the approximation developed elsewhere [15,31—
33]. First of all, the algorithm simulates the propagation of
the pump beam at 532 nm in order to evaluate the concen-
tration of carriers photogenerated in the active material (G)
at each propagation step. In particular, the algorithm pre-
dicts that more than 95% of the incoming light at 532 nm
is coupled to the TE4, and that this mode propagates with
an attenuation of 0.003 um~! [green line in Fig. 7(b)]. In
these conditions, the algorithm considers overlap of the tail
of the mode with the active material to estimate G. Then,
exciton (ny) and carrier (n.) concentrations are calculated
at each propagation step by solving numerically Egs. (10)
and (11), and g is evaluated by using by a(2fex—1). For
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range of the Mott density reported for perovskite families.

this purpose, fex is calculated by considering the exciton
binding energy, 12.5 meV, and Ny as the carrier density
at the ASE threshold ([2.4-12]) x 10'¢ cm~). Here, it is
worth mentioning that, although the value of Ny impacts
the simulated power density at the threshold (Py,), it does
not influence the optical gain reached for a pump fluence
larger than Py,. The evolution of g as a function of z for
10x Py, is plotted in Fig. 7(b) (black line). The predicted
peak gain at the beginning of the waveguide is generated
by TE(_3; modes. However, since these modes are strongly
attenuated for z > 20 um, g follows the TE, intensity above
this distance.

At these conditions, the spontaneous emission of MAPI
is included in the BPM algorithm by considering an elec-
trical current J(x,),v) different than zero in the Maxwell
equation for a plane-wave electromagnetic field, which
takes the following form for TE polarization (extension to
TM is straightforward):

V2E(x,y,2) + KE(x,y,2) = iond (x,y,2),  (14)

where E is the electric field, & the wave vector, w the
angular frequency, and u the magnetic permeability. Here

J(x,y,v) is considered to depend on the excitonic generation
[n:(x.y,2)] by

J(xaynz) = vV an(xaynz)ESAVa

where E;=hv is the energy of generated photons, AV
the linewidth of the spontaneous emission (2x10'3 s71)
and o the conductivity of the material in the range
1077-1073 Q' em™! [61]. The square root is included to
preserve the right units in J (in A/cm?). In addition, the
imaginary part of the refractive index is evaluated at each
propagation step in order to consider the optical gain. For
this layer we also include losses of 20 cm™! according to
our previous studies in MAPI waveguides [11] or poly-
mer layers containing colloidal quantum dots [62]. This
attenuation can include the scattering in the polycrystalline
grains or radiation leaving the waveguide from the surface.
In particular, the BPM algorithm predicts the propagation
of PL through the modes TE( and TE;, whose intensity
along the waveguide depends on the carrier generation.
The red line in Fig. 7(b) depicts the PL intensity along
the waveguide excited above threshold (10x Py,). Signal
shows a fast growth at the input edge of the waveguide

(15)
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where the highest optical gain of 8000 cm™! [see black
line and right axis in Fig. 7(b)] is generated. Since the
TE( and TE| modes at 785 nm are highly confined (I' ~ 1)
in the MAPI film, this gain corresponds to both mate-
rial (g,) and modal (g =T xg,,) gains of the waveguide.
Then, the signal level is so high that gain saturation [last
term in Eq. (10)] inhibits the generation of carriers, and
optical gain starts to decrease keeping a constant intensity
of PL between z=200-600 um. For waveguide lengths
z> 600 um the intensity of the pump beam is not high
enough to keep the maximum PL generation, and an inten-
sity of the emitted light monotonically decreases with the
length of the waveguide.

Simulations carried out at different excitation fluencies
indicate an ASE threshold an order of magnitude higher
than that observed experimentally. We believe that pho-
tonic geometry can benefit ASE by an additional reduction
of the threshold. This effect is commonly observed in laser
cavities (let us take into account that a planar waveg-
uide would be a single-pass laser structure [63]), and it is
included in Eq. (10) by a factor (1-8) multiplying the coef-
ficient B, where g indicates the fraction of the spontaneous
emission coupled to a given mode [63]. In particular, our
experimental data on the PL intensity at 785 nm (symbols)
is nicely reproduced with 8 = 0.95. At these conditions, the
model predicts an increase of the optical gain [black line
of Fig. 7(c)] with the excitation fluence (P), which is in
agreement with the experimental data presented elsewhere
[11]. Here, PL intensity and g are plotted at z= 1000 um
as a function of the relative power P/Py, This behavior can
be modeled by considering a gain without saturation (gg)
obtained with Eq. (12) and a saturation intensity Ps [52]:

g= lg_]g. (16)
+7/p,

This approximation can effectively reproduce the gain
curve with gg=250x10""° (n.—N¢) cm™" and Py =1 uJ
per pulse. In addition, it is interesting to say that the
obtained value of 0 =2.5x10~!° cm? approaches that cal-
culated in Fig. 6(a). According to the model, optical gain
occurs when fo is higher than 0.5, or, in other words,
when 7 [black line in Fig. 7(d)] overcomes the trans-
parency carrier density, 7,0 =2.35x10'-1.15x10!" cm~3
[dashed line in Fig. 7(d)]. Following Saha’s equation,
the corresponding population of free carriers (n.) will
be in the range n.o=10""-3x10'7 cm™ [red region in
Fig. 7(d)] at the threshold, which is below the transparency
concentration of free carriers obtained from Eq. (11)
(2.5%x10'"® cm™3). This fact corroborates our assumption
that excitons are needed to be considered for the optical
gain. Finally, it is worth mentioning that the populations
deduced in the modeling are well below the range of values
for the Mott density reported for this MHP semiconductors
[gray area in Fig. 7(d)].

V. CONCLUSIONS

In summary, in this work we have studied the gen-
eration of optical gain of MAPI integrated in polymer
(PMMA) waveguides. Compared with other configura-
tions (backscattering, surface excitation....), our waveg-
uide structure provides necessary degrees of freedom to
enhance the generation of optical gain. In particular, prop-
agation constants of the modes are properly engineered by
the geometrical parameters to minimize the ASE thresh-
old (20-100 nJ/cm? for the best device). For this purpose,
the waveguide allows the propagation of the excitation
beam at 532 nm along the whole length of the waveg-
uide cladding (PMMA) providing at the same time a
high confinement for emitted photons at the waveguide
core (MAPI). According to the results obtained for the
waveguided PL below and above the ASE threshold, the
stimulated emission originates at photogenerated carrier
concentration below the Mott density value, which reveals
the dominant role of excitons in the origin of ASE. On
the basis of these findings, a rate-equation model is prop-
erly developed to calculate the occupancy of electron states
in conduction and valence bands and excitons. Moreover,
when this model is introduced in a BPM algorithm, the
experimental results obtained for the investigated PMMA-
MAPI waveguides are quantitatively reproduced. The
advantages of this model rely not only on the extraction of
the gain parameters (optical gain and ASE threshold), but
also on an easy extension to other photonic structures and
devices containing MHP or other active materials. There-
fore, this work represents a useful tool towards the design
of prospective active MHP devices.
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APPENDIX A: CALCULATION OF EXCITATION
FLUENCE

Excitation fluence in the waveguides is estimated from
the excitation pulse measured after the laser source at
threshold 20 nJ, the overlap of the TE; mode with the
active region (0.2x107%), the size of the mode and cou-
pling efficiency. Since the structure is a planar waveg-
uide, we consider an elliptical mode distribution of
1.25 x 50 um? at the input edge of the waveguide esti-
mated from the thickness of the PMMA and the recorded
scattering from the surface of the sample. Propagation of
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the beam along the planar structure results in the diffrac-
tion of the mode, which reaches about 1.25 x 500 um? for
z =1 mm. Concerning the coupling efficiency, it must con-
sider the Fresnel reflection in the input objective and the
sample (about 40% is reflected), the difference between the
input beam and the propagation mode and the misalign-
ments. In these conditions, we believe that is not possible
to obtain a coupling efficiency higher than 10%, and we
use 1%—5% for our calculations.

APPENDIX B: CALCULATION OF OCCUPATION
PROBABILITIES

The absorption of light in a semiconductor [green verti-
cal line in a sketch in Fig. 6(a)] produces the promotion of
electrons from the VB to the CB.

Erc = E. + kT x FI/Z (%),

c

Epy = E, — kT x Fip (ﬁ) ,
Ny

where E. (E,) is the bottom (top) of the conduction
(valence) band, £ is the Boltzmann constant, 7 is the tem-
perature, F| /2 is the inverse function of the Fermi integral
of order 2 and N, (N,) is the density of states in the CB
(VB), respectively:

| oo 12
F = dx,
1/2(u) F(1/2)/0 g X

1 <2me*ka>3/2
Ne=-—5—) .

4 h?

1 2my* xkT\>/?
No=7(—75—) .

4 h?

where 7 is the reduced Planck constant and m,* (m;*) is
the electron (hole) effective mass. In these conditions, the
probability that the state of energy E.(hv) [E,(hv)] of the
CB (VB) would be occupied obeys the Fermi distribution:

1
14+ exp{[Ec(hV) - EFC]/kT} ’

Je(hv) =

1

fo(hv) = -~ exp{[Ev(hV) — EFV]/](T}.

Accordingly, E.(hv) and E,(hv) are related to the
bandgap energy (E,) and the reduced effective mass (m,)
by the relations:

E.(hv) = Eg + = (hv — Ey),
m,*
E,(hv) = —— (v — E,).
my*

APPENDIX C: OCCUPATION PROBABILITY IN
EXCITONS AND SAHA’S EQUATION

Following the approximation proposed elsewhere [35],
the occupation probability of excitons obeys the equation

1
1 + exp{[E() — M]/kT}’

f(?x(hv) =

where E(hv) is fixed at —12.5 meV (experimental exciton
binding energy) with respect to the bottom of the CB and
w is the chemical potential given by

Ny
pL:kTXln(e /Nx—1>,

where N, is the exciton population at the threshold of
stimulated emission, ranged between 2.4x 1016 cm ™ and
1.2x1017 ecm™3, according to our experimental results
(Sec IV.A).

On the other hand, the equilibrium population K
between free carriers and excitons is given by the Saha
equation:

3/2
Ko (TN
ny h

from which K =6.7x10'7 cm™3. On the other hand,
B=(Noter) ' =5x107" s71 cm?, where 7.4 is the effec-
tive recombination time, set to T.4= 8 ns, as measured in
backscattering geometry under very low excitation condi-
tions [11]. According to data published by other authors
[64], B ranges between 2x 107! and 1.4x10"1%cm’s~!,
so we believe that our assumptions above provides realistic
results. Finally, D can be calculated as 1/Ngty, where 7
is a formation time for excitons (approximately 1 fs), and
hence D=10"*cm™3s~!, in agreement with experimen-
tal data reported by other authors [28]. In these conditions,
DK > B.

APPENDIX D

Given the large number of parameters, magnitudes, and
their corresponding symbols used in this section, we com-
pile all of them in Ref. [65], for a reader to use it for
consultation if necessary.
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