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Organic—inorganic halide perovskites have achieved remarkable success in various optoelectronic devices.
A high-quality CHzNHzPbBrsz single-crystalline thin film has been directly grown in a micrometer gap
between a pair of distributed reflectors with over 99.9% reflectivity, which naturally form a vertical cavity
surface-emitting laser device with a single mode or several modes. The single-crystalline perovskite has
an exciton lifetime of 426 ns and evidence of the exciton—photon coupling is observed. At room
temperature and under continuous-wave optical pumping conditions, this device lases at a threshold of
34 mW cm™2 in the green gap. The extremely low lasing threshold suggests that polariton lasing may
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1. Introduction

Low-cost solution-synthesized organic-inorganic halide perov-
skites have increasingly become ideal materials for solar cells,
light-emitting diodes, lasers, etc. in the past few decades.
Recently, perovskite solar cells have achieved a certified effi-
ciency approaching that of the single-crystalline silicon cells.*
Numerous optically pumped perovskite lasers have been re-
ported based on the as-grown micro/nano-structures®*® and
polycrystalline films in vertical microcavities.”"® Single-
crystalline materials generally possess better optoelectronic
properties compared to polycrystalline and amorphous ones.
Perovskite single-crystalline bulks can be grown in inch size but
they are difficult to directly use in laser fabrication until sliced
into thin wafers. To date, spin-coated perovskite polycrystalline
films are mostly applied in conventional optoelectronic devices,
including vertical cavity surface-emitting lasers (VCSEL).”*'* A
perovskite film which is around one micrometer thick is needed
in a VCSEL according to the resonance conditions.

Acquiring a single crystal with high quality and appropriate
thickness simultaneously is vital for a high performance of
perovskite optoelectronic devices. The space-confined method
for fabricating single-crystalline perovskite thin films™ can
satisfy the above requirements and maintain some excellent
properties of single-crystalline bulks as well, such as high
mobility, low trap density, long carrier lifetime and diffusion
length. Based on this method, the perovskite solar cells have
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occur in the strongly confined optical cavity comprising the high-quality single-crystalline perovskite.

exceeded 21% in power conversion efficiency,"”” perovskite
photodetectors have achieved a 100-photon level detection
limit*® and perovskite field-effect mobility has reached 4.7 cm?
(v~ s7") at room temperature.'* However, well performing laser
devices of perovskite single-crystalline thin films have been re-
ported rarely® and so have the continuous-wave (CW) ones.

In this work, we have in situ grown single-crystalline CHj;-
NH;PbBr; (MAPbBTr3) thin films between a pair of distributed
reflectors (DBR) cavity to construct a VCSEL. The conventional
method for a DBR VCSEL with single-crystalline perovskite
usually involves transferring the single-crystalline perovskite
thin film on a DBR substrate and then covering or depositing
the top DBR. Whereas transferring the perovskite film or
covering the top DBR possibly leaves an air gap with an
uncontrollable thickness, causing an uncontrollable cavity
length and optical loss. Additionally, depositing top DBR
requires the time-consuming ultrahigh vacuum technology and
may damage the underlying perovskite active layer, lowering
photoluminescence (PL) quantum yield. On the other hand,
with reduced dimensionality, exciton-photon interaction can
occur in perovskites, giving the pathway to obtain highly effi-
cient optical devices. In situ grown microcavity device lases at
room temperature and under continuous-wave condition with
an extremely lasing threshold.

2. Experiment

MAPDbBEr; single-crystalline thin films were grown by using the
space-confinement method between quartz and DBR substrates.
The precursor solution was prepared by dissolving CH;NH;Br
and PbBr, with 1:1 molar ratio into anhydrous dime-
thylformamide (DMF) for a molar concentration of 1 mol L™ " at
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first. The solution was then stirred with a magnetic rotor over-
night until it became clear and transparent. The solution was
filtered by polytetra-fluoroethylene filter membrane with 0.22 um
apertures to remove the residue. Then several microliters of
perovskite precursor solution were dropped onto the surface of
a clean substrate (typically 12 x 12 mm?) and another piece of
substrate was put on the top to form a thin gap. The samples were
left to grow at constant 25 °C for over 24 hours and then trans-
ferred to a vacuum desiccator to remove the residual solvent for
a week. As the solvent evaporated, the crystals grew along the
parallel direction of the substrate and in the confined gap.
Finally, MAPDbBr; single-crystalline thin films have been directly
grown in the gaps between the paired substrates.

3. Results and discussion

Fig. 1(a) shows the scanning electron microscope (SEM) image
of the grown perovskite single-crystalline thin film, which
exhibits a smooth surface and distinct edges and corners. PL
lifetime measurement is performed and depicted in Fig. 1(b)
in order to study the carrier kinetics. The PL decay curve can be
fitted perfectly by a double exponential function. The fast
component (7; = 11 ns) is believed to originate from recom-
bination in the crystal surface with high trap density, while the
slow one (426 ns) is related to the bulk recombination. The
long PL lifetime, which is comparable to the best reported
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value of single-crystalline bulks,'® indicates grown high-
quality single crystal thin films. The X-ray diffraction
patterns in Fig. 1(c) indicate that the film has a single-
crystalline structure and the crystal orientation in the direc-
tion perpendicular to the substrate is (001). The full width at
half maximum (FWHM) of the (001) peak is only 0.06°, close to
that reported previously.*®

The PL spectrum of the single-crystalline MAPbBr; thin film
grown in-between two slices of quartz was measured. Although
the interfaces between quartz slices and the MAPbBr; film have
very weak reflection, the PL spectrum exhibits some interfer-
ence patterns. To our surprise, when the quartz superstrate was
removed, sharp peaks appear in the spectrum of the MAPbBr;
film in free space, as shown in the top curve of Fig. 2(a). The
optical longitudinal modes of the active cavity consisted of the
MAPbBTr; film have a relationship mApeax = 27e¢h, Wwhere h = 2.2
um stands for the thickness of the film, measured by cross-
section SEM. The spectrum presents six pattern peaks, but the
energy intervals of these peaks are not uniform and neither the
wavelengths of them are consistent with this relationship. So,
energy-wavevector (E-k) dispersion was fitted with a two-
coupled oscillator (exciton versus photon) model."*® Fig. 2(c)
shows the data of peak positions and the dispersion curve from
the model, which will be discussed in depth in the following
sections. The detailed numerical calculations are supplied in
ESL
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(a) The SEM image of the micron-thickness MAPbBr3 single-crystalline thin film with the scale bar of 100 um. (b) PL lifetime curve of the

MAPbBr3 thin film (black dotted line) and a double exponential function fitting curve of the data (red solid line). (c) The X-ray diffraction patterns of

the MAPbBrs3 film.
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Fig. 2 (a) The bottom curve stands for the PL spectrum of a centimeter-sized bulk of MAPbBrs;. The middle curve stands for a film in-between
quartz substrates with weak patterns pointed by the arrows due to interference effect. And the top curve stands for a film only on a quartz
substrate with obvious modes because of the higher difference of the refractive index between the film and air. (b) The PL spectra and the fitted
curve of the MAPDbBr3 single-crystalline film on a quartz substrate without a superstrate from 500 nm to 600 nm. The black dots stand for
experimental data, the gray dashed curve stands for the spontaneous emission background spectrum, the blue curves stand for peaks of the
strong patterns and the red curve stands for the fitted curve of the dots, summing up from the data of gray and blue curves. (c) The dispersion
curve of the MAPDBrs film. The black data dots indicate peaks which have been placed in wave vector space at integer values of t/h with h =2.2
pum for the film thickness. The red solid line shows the results of numerical calculations of a two-coupled oscillator model for the fundamental

mode.

The optical confinement was enhanced by replacing quartz
with a pair of DBR mirrors as shown in Fig. 3(a), which form the
structure of a perovskite VCSEL. The commercially available
DBR substrates, consisted of 13.5 pairs of alternating TiO,/SiO,,
have over 99.9% reflectivity near the emitting peak wavelength

(a)

W
W

(b)

of MAPDBTr; in free space. Fig. 3(b) is the optical image in the
dark field mode, as the visible light hardly passes through the
DBR substrates. The distinct edges and corners can also be
observed from the image. The thickness of thin films can be
controlled by simply applying pressure on the superstrates.

Fig.3 (a) The schematic diagram of the structure of perovskite VCSEL. The yellow wafers stand for single-crystalline perovskite thin films. (b) The
dark field optical image of the MAPbBrs film between two DBR substrates with the scale bar of 200 pm.
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Considering the fact that films thinner than 100 nm cannot
support any cavity mode and that the thick films absorb over
99% incident light in a 400 nm distance, a film with the
thickness around 1 pum that can support several modes was
chosen to grow between DBR substrates.

A CW semiconductor laser (405 nm) was adopted to pump
the perovskite laser devices at room temperature in ambient air
and the results and analysis are shown in Fig. 4. Fig. 4(a) shows
the excitation-fluence dependent PL spectra collected from the
surface of the DBR/perovskite/DBR samples. As the fluence
power increases, a sharp peak at nearly 565 nm appears with
two side peaks. This peak increases nonlinearly accompanied
with linewidth narrowing, and the final FWHM reaches 0.8 nm.
Fig. 4(b) compares the lasing spectrum under the highest pump
fluence and the reflection spectrum of the designed DBR, wit-
nessing that the peak sits near the center of the high reflection
zone. Fig. 4(c) shows two linear regions and a turn at around 34
mW cm™>. To obtain a clearer illustration, Fig. 4(d) replots the
output intensity versus input pump fluence (L-L curve) data in
a logarithmic coordinate system, which is characterized by
a visible S-shaped kink between the two parallel linear regions.
The data were fitted with a classical rate equation analysis” and
obtained the spontaneous emission factor 8 ~ 0.08, ie., the
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fraction of spontaneous emission coupled into the lasing mode.
The fitting curves with 8 ~ 0.5, 1 and the same other parameters
are also plotted in the black solid line for comparison. Detailed
fitting process and parameter selection are provided in ESIL.}
Two other much weaker side peaks are at 547 and 591 nm, the
analysis of which are provided in ESI.T According to the inter-
vals of these three modes, the thickness of the perovskite film is
estimated to be 1.36 pm, close to the result measured by SEM
and consistent to the growth condition.

To examine the operation performance under the pulsed
pumping condition, the pump source was changed to a nano-
second pulsed laser (355 nm, 8.0 ns pulse width, 1.0 kHz). As
shown in Fig. 5(a), a single mode at 567 nm is obtained at room
temperature in ambient air as well. The FWHM is 0.7 nm at the
highest pump fluence. Fig. 5(b) plots the L-L data in a natural
coordinate system. Two linear regimes can be distinguished.
There is a turn between the two linear regimes of spontaneous
emission which gives the threshold energy density of about 4 pJ
cm™>,

Table 1 lists the laser thresholds for the external DBR reso-
nant cavity lasers and all kinds of CW perovskite lasers reported
in the references and this work. The threshold pumped by
a nanosecond pulsed laser of this work is much smaller than

12000 - 565nm 110
g
10000 |
Q 108
S~ 4
> 8000 . =
‘@ °0
c 6000} Q
2 04 8
C A .
g 4000 591nm e
2000 - 547nm L\L =
0 : i 0.0
500 600

Wavelength / nm

10000 1.0

1000 ¢ =1

iy
T
=
n
L
o
o

100

X
FWHM / nm

L; a
—a—

——

—
——

——
i~

—m—

—E—

e

o

[o4]

PL integral intensity / count

100 1000

Pump power / mW/cm?2

(a) PL spectra evolution under different pump fluences. (b) The spectrum under the highest pump fluence compared to the reflection

spectrum of DBR. Spectral coherent lasing peak at 565 hm with an FWHM of 0.8 nm is observed. (c) The L-L curve of 565 nm peak in a natural
coordinate system. The red solid lines are the fitting curve from a rate equation model. Two linear regimes can be distinguished, crossed from
where the arrow points. (d) The intensity and FWHM of 565 nm peak change along with increasing pump fluences in a logarithmic coordinate
system. The red lines are the fitting curve with 8 ~ 0.08, 0.5, 1. There is a kink between the two linear regimes of spontaneous emission which
gives the threshold energy density of about 34 mW cm™2.
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Fig. 5 (a) PL spectra (550-585 nm) evolution under different pump fluences. Spectral coherent single-mode lasing peak at 567 nm with an

FWHM of 0.7 nm is observed. (b) The L-L curve of the peak in a natural coordinate system. Two linear regimes can be distinguished. There is

a turn between the two linear regimes of spontaneous emission which gives the threshold energy density of about 4 pJ cm™<.

those listed in Table 1 and comparable to those pumped by
femtosecond pulsed lasers. Moreover, the CW lasing threshold
of this work is three orders of magnitude smaller than those
listed in Table 1.

The low lasing thresholds are first attributed to the high
quality of both perovskite crystal and the microcavity. The
single-crystalline perovskite films have a longer exciton lifetime
(426 ns), therefore resulting a higher PL quantum yield than
other lasers consisted of spin-coated perovskite films in Table 1.
The in situ growth between the substrates guarantees that gain
medium and highly reflective DBR mirrors form close contact,
and the precisely designed DBR mirrors have over 99.9%
reflection. Both of them reduce the loss in the cavity and the
mirrors. Moreover, the space-confined fabrication method of
DBR perovskite lasers guarantees that the grown perovskite
single-crystalline film remains intact and uniform because the
grating reflectors and gain medium are independent from each

Table 1 Lasing threshold comparison for perovskite lasers

2

other. As contrast, CW lasers built in DFB cavities listed in Table
1 require perovskite materials to grow into submicron periodic
shapes, causing larger scattering loss and nonradiative
recombination.

More fundamentally, the extremely low threshold pumped
by CW laser suggests that an exciton-photon polariton lasing
might occur. The high-quality bromide perovskite single crys-
tals are believed to have large exciton binding energy, which
reaches 71 meV theoretically and 40—150 meV measured by
optical absorption or temperature dependent PL,**** compa-
rable to the room temperature thermal energy of kg7 = 26 meV.
When perovskite materials are used as the gain medium,
evident exciton effect can be observed even at room tempera-
ture. Moreover, the cavities at wavelength scale, in the signature
of material dispersion, can have a strong exciton-photon
coupling as a result of strong photon confinement, leading to
the occurrence of polariton lasing. To exhibit the effect of

Material Morphology® Pump source Threshold Cavity T/K Ref.
MAPbDI, Thin film 532 nm/340 fs 7.6 uJ em 2 DBR RT? 7

532 nm/5 ns 114 pj cm ™2
CsPbBr, QD 400 nm/100 fs 11 em 2 DBR RT 9

400 nm/5 ns 900 pJ cm™?
CsPbBr;, QD 400 nm/50 fs 0.39 puJ cm ™2 DBR RT 8

355 nm/5 ns 98 uJ em™?
MAPbBr, SC-TF 397 nm/200 fs 26 pJ em 2 DBR RT 15
FAPDbBr; Thin film 355 nm/340 fs 18.3 uJ cm 2 DBR RT 10
CsPbCl; Nanoplatelet 375 nm/100 fs 12 uJ em™? DBR RT 19
MAPDBTr; SC-TF 355 nm/8 ns 4pjem > DBR RT This work
MAPDI; Thin film 455 nm/CW 17 kW cm ™2 DFB 102 K 20
CsPbBr; NW 450 nm/CW 6 kW cm™> FP 77 K 21
MAPDI; Thin film 355 nm/CW 15 W em ™2 DFB RT 22
MAPDBTr; QD 405 nm/CW 15 W cm ™2 DFB RT 23
MAPbI, 24 Wem ™2
MAPbCI, 58 W cm ™2
MAPDBTr; SC-TF 405 nm/CW 34 mW cm™? DBR RT This work

¢ QD for quantum dots; NW for nanowire; SC-TF for single-crystalline thin film. ® RT for room temperature.
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exciton-photon coupling, the E-k dispersion relation of wave-
guide in MAPDbBr; single-crystalline thin film in free space is
introduced as the coupled oscillator model as shown in Fig. 2(b)
and (c). In wavevector space, the resonant modes can be placed
with integral multiples of 7t/h, where h = 2.2 um is the thickness
of the film, so mode energy versus incremental multiples of /A
can determine the dispersion. The experimental data could be
well fitted by this model. The lower branch of the anticrossing
feature is observed even in MAPDbBr; film in free space, sug-
gesting that the strong exciton-photon coupling occurred. Rabi
splitting represents the coupling strength, which displays the
energy difference of two polariton branches at zero in-plane
momentum.?® From the model and data, the observed vacuum
Rabi splitting energy was obtained to 372 meV at room
temperature. The result is similar to the reported ones in the
perovskite nanowires.'” The detailed numerical calculations are
supplied in ESL7 In this MAPbBr; film VCSEL, the optical
confinement is much stronger than the thin film in free space
and the coupling strength can be much stronger, which also
explained that the wavelength of three peaks of the device was
not equal interval. The extremely low CW lasing threshold
indicates that the laser may be caused from exciton-photon
coupling and the polariton lasing. Further supports for polar-
iton lasing in this work are in investigation.

4. Conclusion

In summary, we have fabricated the perovskite single-crystalline
thin film DBR lasers by space-confined in situ growth and ach-
ieved 34 mW cm ™2 threshold for the CW laser pumping and 4 pJ
ecm ™ for the nanosecond pulsed laser pumping. The low
thresholds benefit from the high-quality single crystal, the close
contract between perovskite material, the highly reflective DBR
mirrors and the strong polariton effects of exciton-photon
coupling.
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