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Section 1: Complex refractive index of MAPDbI3 film at different temperatures
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Fig. 81 | The complex refractive index of perovskite PCM (MAPbI3) at the various temperatures. (a) Real part (neff) and (b) imaginary part (kesf) of
complex refractive index (Neff) of 300 nm thick MAPDbI3 at the various temperatures.

Section 2: Size distribution of crystals in MAPbI3 thin films

We conducted a statistical analysis of the size of crystals in MAPbI; films based on the SEM images. The detailed statis-
tical data are shown in Fig. S2. It can be seen that about 72% of the particle size distribution is between 100 nm and 200 nm.
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Fig. S2 | Size distribution of nanocrystals in MAPblI3 thin films.
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Section 3: The surface roughness and height profile of each part of the VCSEL structure

In Fig. S3, the surface roughness of DBR mirror grown on the quartz substrate was measured by the atomic force micro-
scope (AFM, Park NX10). The scanned area was 30 pmx30 pm, and the root-mean-square (RMS) value of the surface
roughness was about 1.2 nm. Subsequently, the surface roughness of MAPbI; film coated on the DBR mirror was mea-
sured. The scanned area was also 30 umx30 pm, and the RMS value of surface roughness was about 4.1 nm. The surface
roughness of the microcavity was obtained by measuring the gold layer growing on the MAPbI; film. The scanning area
of the microcavity is still 30 pmx30 pm, and the RMS value of the surface roughness is about 11.5 nm.

=] [&]

DBR MAPbDI, Microcavity

RMS=1.232 RMS=4.126 RMS=11.647

Fig. 83 | The experimentally measured surface roughnesses and height profiles of the (a) DBR mirror, (b) MAPbI3 film and (c) microcavity struc-

ture, respectively.
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Section 4: Characterization of MAPDblI3 film

Figure S4(a) presents an optical microscope image of an as-prepared MAPbI; film deposited on a quartz glass substrate.
The MAPDI; film exhibits a smooth surface, which indicates excellent crystallinity of the nanocrystalline layer. Atomic
force microscopy (AFM) and scanning electron microscopy (SEM) images are shown in Fig. S4(b) and S4(c), respective-
ly, with the thickness of the film in the thinner regions measured at approximately 300 nm. The height profile suggests
that the thickness of the MAPDI; film is uniform across the surface. Additionally, higher magnification SEM images
(Fig. S4(c)) reveal that the synthesized MAPbI; perovskite exhibits clear nanocrystal (NC) characteristics, with grain
sizes on the order of hundreds of nanometers. X-ray diffraction (XRD) is employed to characterize the MAPDI; film in
its tetragonal and orthorhombic phases, as shown in Fig. S4(d). Upon heating from 130 K to 160 K, a significant change
is observed, with the appearance of a new peak at 26 = 32.2°. As the temperature increases, the peak positions progres-
sively shift toward lower angles. Simultaneously, the characteristic peaks of the tetragonal phase become more pro-
nounced, while those corresponding to the orthorhombic phase decrease in intensity. The XRD peaks at 20 = 24.5°
(022), 33.6° (310), and 44.2° (116) remain unchanged throughout the phase transition. Between 190 K and 250 K, both
the peak intensities and shapes remain relatively stable, suggesting that the tetragonal MAPDI3 structure is stable within
this temperature range, with no new phase transitions occurring and maintaining a high degree of crystallinity. During
the phase transition, the narrowing of the peak widths indicates that the crystallinity of the tetragonal phase is superior
to that of the orthorhombic phase.
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Fig. S4 | (a) Optical microscope, the inset is photograph of the MAPbI3 film on the quartz glass substrate, Scale bar: 1 cm. (b) Atomic force mi-
croscope (AFM) and (c) SEM pictures of an exfoliated MAPbI3 polycrystalline layer on the quartz glass substrate, respectively. (d) XRD spectra
of the MAPDbI3 film from 250 K to 130 K (tetragonal (160 K) and orthorhombic (130K)).
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Section 5: Measured PL spectra of MAPbI3 layer at different temperatures
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Fig. S5 | Evolution of PL spectra from the MAPbl3 layer (a) from 298 K to 180 K and (b) from 160 K to 130 K.

Section 6: Effect of perovskite film thickness on VCSEL PL spectra and relationship with spin speed

The thickness of the MAPbI; film significantly effects the performance and resonant mode of VCSEL. The sandwich
structure comprising the DBR mirror, MAPbI; film, and Au film forms an F-P cavity. The weakly coupled perovskite F-
P cavity laser operates as a photon laser, with its generation process progressing through spontaneous emission (SE),
amplified spontaneous emission (ASE), and ultimately stimulated emission (STE). Consequently, it is essential to align
the resonance mode of the F-P cavity with the ASE peak position of the MAPbI; film. To achieve this alignment for both
the tetragonal and orthorhombic states of the MAPbI; films, we simulated the optimal thickness of the MAPbI; film to
be approximately 300 nm, as illustrated in Fig. S6(a). To study the relationship between spin coating speed and thick-

ness, we varied the thickness of the MAPbI; layer by the various spin speeds from 3000 rpm to 5500 rpm, as shown in
Fig. S6(b).
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Fig. S6 | (a) The ASE spectra of a 300 nm perovskite layer and The PL spectra of a VESCL structure with a 300 nm perovskite active layer. The
yellow and green shaded areas are the ASE gain areas at the tetragonal and orthorhombic states respectively. (b) Different active perovskite lay-
er thickness with the spin coating speed. Spin speed (x-axis) VS perovskite layer thickness (y-axis).
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Section 7: The VCSEL laser emissions from 130 K to 160 K

The tuning rate was calculated based on the change in wavelength with respect to the change in temperature. For our
VCSEL, when the temperature changes from 130 K to 160 K, the wavelength changes from 790.6 nm to 799.7 nm, as
shown in Fig. S7. Plugging these values into the formula, we get: Tuning rate = (799.7 - 790.6) / (160 - 130) =~ 0.30 nm K-,
which validates the reported tuning rate.
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Fig. 87 | The emission spectrum of VCSEL at the various temperatures of 130 K, 140 K, 150 K and 160 K, respectively.

Section 8: Laser performance of the VCSEL microlaser at 135 K, 140 K and 150 K

The laser characteristics of MAPbI3 VCSEL at 135 K, 140 K and 150 K were also studied by collecting the light emission
in the backscattering configuration. The light emission spectra of the VESCL under different pumping fluences are mea-
sured at 135 K and shown in the upper row of Fig. S8(a). A weak broad radiation spectrum is observed for Fpump < 42 W
cm at a larger fluence of Fpump = 42.8 pJ cm™, a single narrow lasing emission peak appears at ~792 nm. At 140 K and
150 K, the laser exhibits similar properties. The laser emission peak is located at about 793.5 nm, and the threshold is
about 24.9 yuJ cm2 at 140 K. At 150 K, the laser threshold is about 22.2 uJ cm, and the laser emission peak center wave-
length is about 796.5 nm.
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Fig. S8 | Laser performance of the VCSEL microlaser. (a—c) Emission spectra of the VCSEL against pump fluence at 135 K, 140K, 150 K (upper
row); light-light curve of the laser at 135 K, 140 K, 150 K (lower row).
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