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Hybrid Laser Cavity Design for Improved Photon
Lifetime and Performance

Yash Mehta™, Kun-Chieh Chien, Lei Lei, Kenan Gundogdu, Chih-Hao Chang, and Franky So™, Fellow, IEEE

Abstract— We report an optical cavity design that combines
a distributed feedback (DFB) cavity as the primary feedback
element for lasing with a silver mirror acting as a Fabry-Pérot
cavity for broadband reflection and mode confinement. To eval-
uate the design, we studied the effects of the silver mirror by
excluding the DFB cavity and compared its amplified spontaneous
emission (ASE) properties with the sample without the mirror.
In the structure with the mirror, the gain medium undergoes ASE
at an excitation fluence of 17.5 uJ em™2 compared to 37 nJ em™2
for the sample without the mirror. This lower ASE threshold is
attributed to enhanced mode confinement and photon density of
states (PDOS) from the silver mirror increasing the cavity photon
lifetime (z¢). Using this hybrid cavity, a multimode optically
pumped laser with a threshold of 42 uJ em~2 is demonstrated.
This hybrid cavity design offers an effective solution that can be
readily applied to other thin film-based laser devices.

Index Terms— Metal halide perovskites, amplified spontaneous
emission (ASE), cavity photon lifetime.

I. INTRODUCTION

YBRID organic-inorganic halide perovskites have

emerged as a potential candidate for laser applica-
tions due to their facile solution processing, narrow emission
linewidth and tunability spanning the visible spectrum [1].
Specifically, due to their cascading energy bands, quasi-2D
Ruddlesden-Popper perovskites (A/zAn_an X3,41) are a suit-
able class of materials for laser applications. These quantum
wells are defined by the inorganic [PbXs]*~ octahedral cage
surrounded by a dielectric barrier formed by the bulky A’ site
organic cations while the A cations occupy the space between
corner-sharing octahedra. The bandgap is determined by the
number of adjoining octahedral layers n [2]. The appeal of
quasi-2D perovskites is that the exciton generated in the large
bandgap domains can funnel through the energy staircase to
the lower bandgap domain (n ~ co) where they accumulate
with longer excited-state lifetimes, resulting in high radiative
recombination efficiency required for lasing [3].
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In an optical cavity, the Purcell factor (F,) quantifies the
modified decay rate of a dipole placed inside the cavity
through the relation F, o« Q/V, where Q is the quality
factor and V is the mode volume. A high Purcell factor leads
to a faster decay, and consequently to a narrower emission
linewidth [4]. Thus, by adjusting the Purcell factor it is
possible to manipulate the radiation lifetime, which is crucial
for attaining population inversion and lasing. A high Purcell
factor requires a cavity with a large quality factor and a high
mode confinement (small V).One way to increase the mode
confinement is to use metallic mirrors as they offer enhanced
mode confinement (I') by suppressing mode penetration in
comparison to dielectric mirrors. This leads to a reduced mode
volume (V) and consequently, a higher Purcell factor [5], [6].
However, using metallic mirrors within a cavity also has some
drawbacks. First, it can result in lossy coupling between the
optical modes and the Surface Plasmon Polariton (SPP) mode
at the metal interface. Second, the presence of a metallic
mirror causes notable Joule loss due to radiation absorption
and consequently gives rise to non-radiative decay [7].

To circumvent these issues, we propose a ‘hybrid’ cavity
design that combines a DFB cavity with a Fabry-Pérot cavity
formed by a planar metallic mirror as pictured in Fig. I(a).
The DFB cavity provides the primary feedback for oscillations
while the vertical Fabry-Pérot cavity confines the optical mode
volume. To suppress emission quenching, the gain media is
separated from the silver mirror with a dielectric interlayer
which also acts as a buffer layer for nanoimprinting the DFB
grating. Subsequently, we show that the ASE threshold is
reduced by a factor of 2 compared to perovskite-on-glass,
indicating a high level of gain efficiency. It should be noted
our hybrid cavity design applies to other gain materials.
Finally, we demonstrate a multi-mode laser based on this
hybrid structure showcasing the characteristics of both DFB
and Fabry-Pérot cavity that exhibit long photon lifetime and
therefore low operational threshold.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Lasing in a gain medium is generally supported by trapped
waveguided modes in the film. For a non-leaky waveguide
mode to be supported, the film must have a minimum thickness
of A/2n.rr, where nesyr is the effective refractive index of a
mode propagating through the material with a wavevector k=
27 /. The presence of these trapped modes facilitates pop-
ulation inversion, a prerequisite for stimulated emission [8].
To understand how the trapped mode affects lasing, we study
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the effect of confinement on the modal gain G,,. Modal gain is
related to the intrinsic material gain G,by the relation G,, =
I'G, where I" is the confinement factor [9]. With an increase
in the mode confinement, the overall modal gain can exceed
the material gain resulting in improved light amplification.
To ensure maximum mode confinement factor for a planar
perovskite film, we optimized the spin-coating process to yield
a smooth 80 £ 10 nm thick film. A film thickness greater than
that results in rough surface morphology [10] and supports
higher-order leaky waveguided modes reducing the mode
utilization efficiency (Fig. SI) [11]. As shown in Figs. I(a-b),
negligible waveguide mode contribution results from weak
confinement and therefore low reflectance at the surrounding
interfaces causing mode leakage.Therefore, to enhance the
mode confinement we introduce a thin silver film between
the glass substrate and the perovskite layer for which the
waveguide mode contribution increases to almost 70% [12].

However, the inclusion of the silver reflector directly below
the perovskite layer introduces losses due to the presence
of the surface plasmons [13]. As the SPP mode propagates
along the metal-dielectric interface it either gets scattered or
is absorbed by the metal and dissipated as heat. These losses
are determined by the distance separating the emitter and the
silver film. SPP mode is dominant for an 80 £ 10 nm thick
perovskite film in direct contact with the silver. To mitigate this
loss channel, a dielectric interlayer is introduced between the
perovskite and the silver reflector to physically separate them
thereby reducing the coupling to the metal’s surface plasmon.
For an interlayer thickness greater than 20 nm, the SPP mode
contribution drops rapidly, meanwhile the waveguide mode
increases and remains almost constant irrespective of interlayer
thickness (Fig. I(a)) [14]. Additionally, the interlayer serves
as a buffer layer onto which a one-dimensional DFB grating
is nanoimprinted (SI).

Apart from the film thickness, the index contrast must
be high at the interfaces surrounding the gain medium to
suppress mode leakage and subsequently increase the mode
contribution. From Fig. 1(b), the perovskite-air interface has
a reflectance value of 0.37 at 530 nm and is unmodified
to facilitate a pathway for optical excitation of the gain
medium. For the perovskite-glass interface, the reflectance is
only about 0.27 which causes severe mode leakage, but with
the introduction of a silver layer the reflectance is significantly
improved. The oscillations in the reflectance spectrum is due
to the cavity effect resulting from different phase conditions.
However, the strength of the cavity effect diminishes as the
silver film thickness is increased.

Unlike nanostructured patterns, planar metallic mirror does
not modify the magnitude of the wavevector, however, it also
does not distinguish between the wavevectors of the modes
that provide constructive feedback and the ones that do not.
This is undesirable because a frequency-selective cavity can
effectively filter out unwanted regions of the emission spec-
trum that do not contribute to light amplification and can be
detrimental to the spatial coherence of the resulting laser emis-
sion [15]. Hence, to achieve an optimal balance between high
reflectance and a strong cavity effect a 30 nm thick silver film
is used. For this thickness, the interface reflectance increases to
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Fig. 1. (a) Hybrid device structure with DFB and Fabry-Pérot elements;

SPP and waveguide mode as a function of the interlayer thickness. (b) top
panel-reflectance at the perovskite-air interface, bottom panel-reflectance at
the interlayer-Ag interface for different thicknesses. (c) TEO field distribu-
tion in the presence of the Ag layer causes improved mode confinement.
(d) Comparing the transmittance function for the case of with and without Ag.

0.84 leading to strong mode confinement (Fig./(c)) and hence
a larger PDOS which eventually enhances the Purcell factor
[16].

Stimulated emission is dependent on PDOS [17], and hence
an augmented PDOS facilitates population inversion. There-
fore, to indirectly probe this effect we analyzed the modified
local photon density of states (LPDOS) due to the silver
reflector with respect to the free space PDOS according to
the expression,

Peav (Wi, k) = pfreec (wx) (1
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Fig. 2. Intensity vs fluence curve highlighting the ASE regime (shaded) for

(a) without Ag: threshold fluence of 36.9uJ /cm2 and (b) with Ag: threshold
of 17.5uJ /cmz. Inset: FDTD simulation results for t. [18].

where £ (wy) is the cavity transmission, and is given by [9],

1

L (wr) =
1+ 471_};2 sin’ (“”‘L—"L)

2

where L is the cavity length, 7 = 7 (R; R2)*? /(1—+/R\R2)
is the cavity finesse, R; and R, are the reflectance at the
perovskite-air and the interlayer-metal interface respectively.
A plot of the normalized transmission peak for the device
with silver mirror is compared to the conventional case in
Fig. 1(d), taking into consideration the numeric values of the
film thickness and reflectance as defined above. By incorpo-
rating a silver mirror, the interference pattern is pronounced
while maintaining the spectral characteristics which indicates
an enhanced optical filtering capability. Because of increased
cavity transmission, the LPDOS is enhanced, which can
be experimentally verified from the photoluminescence (PL)
emission as a function of the silver layer thickness in Fig. S2
along with the superimposed Fabry-Pérot oscillation.

The modified gain properties of the film can be obtained
from the amplified spontaneous emission (ASE) measure-
ments as it propagates through an inverted medium without
any feedback. In Figs. 2(a-b), the output light intensity vs.
excitation fluence curve for a perovskite film on a glass
substrate (conventional structure) is compared to the one
with a silver reflector. In both configurations at low external
pumping power, the integrated intensity of the spontaneous
emission peak at 525 nm exhibits a linear progression until it
reaches a certain threshold fluence beyond which, the curve
demonstrates a noticeably steeper slope due to the ASE peak
at 533 nm. The slope of this region, called slope efficiency,
is used to assess the photon lifetimes and the effectiveness
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of the amplification process [19]. The slope efficiency of the
device with a silver layer is 3.6 times higher with a lower
threshold fluence of 17.5 wJem™2 than that of the device
without a silver reflector having a threshold of 36.9 pJem™2.
This suggests an enhanced photon lifetime and is consistent
with the enhanced LPDOS [20]. A high slope efficiency with a
low operational threshold implies that an overall higher laser
throughput can be achieved for the same gain medium and
external pumping scheme.

To confirm the enhancement in the cavity photon lifetime,
a Finite Difference Time Domain (FDTD) simulation was
performed where a time monitor records the photon wave
packet’s intensity as a function of time while undergoing back-
and-forth reflections at the interfaces surrounding the gain
medium. From the inset in Figs. 2(a-b), the light intensity
takes 27 fs and 62 fs to decay in the structure without and
with the silver layer respectively. The observed 2.3-times
enhancement in photon lifetime provides further evidence that
photons have a prolonged existence within the structure with
the silver mirror compared to the conventional structure which
subsequently assists with light amplification.

Finally, we fabricated a hybrid lasing structure incorporating
DFB cavity, serving as the primary feedback element with
the silver reflector. To determine the optimum grating pitch
for the 2" order DFB cavity we performed angle-resolved
photoluminescence (ARPL) measurements to ensure resonance
along the normal direction [21]. According to the Bragg’s law
k' = k &+ mkg, where kg = 27/ A is the grating wavevector
implying that the cavity resonance can be tuned through A.
From the ARPL results in Fig. 3(a), we found that a grating
pitch of A = 29545nm results in a strong intensity modulation
in the normal direction.

Equally spaced oscillatory modes superimposed on the PL
spectra were observed (Fig. 3(b)) for a fluence of 21.6 uJem ™2
which is characteristic of the Fabry-Pérot etalon [22]. From
the Free Spectral Range (FSR) given by AA = )\2/2neffl,
effective mode index (n.rr) can be evaluated for a cavity
length [. For [ ~ 21 pum consisting of perovskite and the
interlayer combined, A =533 nm, AA = 3.6 nm, we get
nerr = 1.87 which agrees well with the TEO mode index
from FDTD simulation (ngc?TD =1.88). This implies that
the mode is predominantly trapped inside the perovskite and
the additional modes due to the interlayer have negligible
contributions to lasing. It is worth mentioning that the silver
mirror interacts strongly only with the 2" order wavevector
from the DFB grating due to its transverse nature leaving the
oscillating 1%* order mode unperturbed.

As seen from the lasing spectrum in Fig. 3(b), the transverse
dimensions of the cavity result in closely spaced Fabry-Pérot
modes with a separation of only 5 nm. Due to this close
spacing, several cavity modes coexist within the gain band-
width of perovskite causing multi-mode lasing at a threshold
of 42 uJem™2. The stimulated emission peak comprises of
3 modes (inset of Fig. 3(b)) which exhibits linear increase
while the other modes remain pinned. From Fig. 3(a)the
integrated intensity shows a characteristic lasing curve with
a sudden increase in the output light intensity at the threshold
fluence supplemented by a decrease in the linewidth followed
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Fig. 3. (a) ARPL for A = 295nm grating. The input-output laser light curve;

along with the FWHM as a function of the excitation fluence. (b) Multimode
lasing behavior with the inset showing the composite linewidth, and a
photograph of a central bright fringe typical of lasing behavior.

by a regime of gain saturation at higher excitation. The FWHM
of the composite curve is 4.8 nm with individual modes having
a width of 2.4 nm. As added proof for lasing, a central bright
fringe is observed in the far-field emission (Fig. 3(b) inset),
however, due to the multimode lasing behavior the spatial
coherence is low causing beam divergence [8].

III. CONCLUSION

In this work, we combined a distributed feedback (DFB)
cavity and Fabry-Pérot etalon to create a hybrid optical cavity.
The inclusion of the metal reflector at the bottom interface
reduces the mode volume leading to an improved Purcell
factor. The increased interface reflectance also facilitates an
extended photon interaction time with the perovskite gain
media and augments the local photon density of states. The
photon lifetime is enhanced by a factor of ~2.5 resulting in
an improved slope efficiency and a decreased threshold for the
onset of amplification. Although the lasing linewidth is not as
narrow as single-mode perovskite laser, such multimode lasers
still have a relatively narrowband compared to incoherent light
sources making them useful in applications where intermediate
spatial coherence is required [23].
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