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Self-Structural Healing of Encapsulated Perovskite
Microcrystals for Improved Optical and Thermal Stability

Ruxue Li, Bobo Li, Xuan Fang, Dengkui Wang, Yueqging Shi, Xiu Liu, Rui Chen,*

and Zhipeng Wei*

Perovskite materials and their optoelectronic devices have attracted inten-
sive attentions in recent years. However, it is difficult to further improve the
performance of perovskite devices due to the poor stability and the intrinsic
deep level trap states (DLTS), which are caused by surface dangling bonds
and grain boundaries. Herein, the CH;NH;PbBr; perovskite microcrystal is
encapsulated by a dense Al,O; layer to form a microenvironment. Through
optical measurement, it is found that the structure of perovskite can be
healed by itself even under high temperature and long-time laser illumi-
nation. The DLTS density decreases neatrly an order of magnitude, which
results in 4-14 times enhancement of light emission. The observation is
ascribed to the micron-level environment, which serves as a self-sufficient
high-vacuum growth chamber, where the components of the perovskite

are completely retained when sublimated and the decomposed atoms can
re-arrange after thermal treatment. The modified structure showing high

1. Introduction

Due to the long charge diffusion
length (175 um),l! high carrier mobility
(164 cm? V! 57,0 high optical absorption
coefficient (10*-10° cm?),? high gain coef-
ficient (1000 cm™),4 and tunable direct
band gaps,>® perovskite materials have
been recognized as one of the most promi-
sing semiconductors for optoelectronics.
Within a very short period of time, the
power conversion efficiency of perovskite
solar cells have already exceeded 25%.78
In addition, multicolor light-emitting
diodes (LEDs) and low threshold lasers
have also been realized.3*%1 Although
excellent perovskite optoelectronic devices

thermal stability is able to maintain excellent optical and lasing stability
up to 2 years. This discovery provides a new idea and perspective for
improving the stability of perovskite and can be of practical interest for

perovskite device application.
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can be achieved by further optimizing the
material and device architectures,2 the
poor stability of the materials has seri-
ously affected their commercial applica-
tions. For example, the lasing threshold
of a perovskite laser can be as low as
10 uJ cm™2, but the service life is only tens
of minutes. For perovskite LEDs, external
quantum efficiency higher than 20% has
been achieved. However, the operating temperature is between
60 and 100 °C, which is extremely unfavorable for perovskite
materials due to the existence of phase transition and the low
decomposition temperature (around 85 °C).'>-?0) Moreover, it
is well-accepted that the stability of perovskites will be affected
by light irradiation, humidity (aqueous vapor), and atmosphere
(oxygen).?23! In order to obtain a stable device with high effi-
ciency, significant research efforts have been devoted to opti-
mize the property of perovskite materials, such as deposition
techniques, composition regulating, as well as surface modi-
fication. For instance, using vapor-phase conversion growth
method for improved crystal quality of the material; or doping
different ions into A, B, and X sites?*l for relieved crystal stress
or increased chemical bonds strength.?>) Nevertheless, these
methods require atomic-level adjustment which is hard to con-
trol and will increase the cost of device production. Currently,
most surface modification strategies for improving the stability
of perovskite are simple external coating for isolation.!*7181%
The surface passivation, such as molecular ligand passivation,
requires great attention to the ratio of passivator and perovskite,
and the type of passivator needs to be obtained through large
numbers of experiments. These methods do have improved the
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stability of perovskite materials to a certain extent, but they are
expensive and consumable. In addition, researchers gradually
found that it is difficult to further improve the performance
of perovskite devices, because of a large number of intrinsic
defects created during growth. Based on various investigations
more recently, since 2016, it is realized that defects have played
a very important role in the stability of perovskite materials,
and therefore, more attentions have been paid toward trap
managements.(26-28]

The defects of perovskite materials discussed herein include
shallow and deep level traps. It is needed to mention that most
of the shallow level traps states (SLTS) come from point defects
that do not affect the performance of material, according to the,
namely, high defect tolerance property. The deep level traps
states (DLTS) are often referred as “defects”, and they are rarely
studied. It is well-known that a series of defects have been cre-
ated during the fabrication process of perovskite, and the defect
density will gradually increase under environment of air, mois-
ture, high temperature, and long-time light irradiation.202% Tt
will lead to nonradiative recombination and reduce the carrier
migration rate, which affect the performance of the devices and
even result in structural decomposition. Recent report by Stranks
et al. has found that the DITS are located at the grain bounda-
ries, which shows the characteristics of hole trapping.*”) While
Huang et al. have found that the DLTS are located at the sur-
face dangling bonds, with density as large as 107-10'® cm™. In
principle, the power conversion efficiency of perovskites solar
cells can exceed 28.4% if reducing the density of DLTS.?® There-
fore, it is necessary to decrease the density of DLTS for improved
material/device performance.

In this work, the organic-inorganic hybrid CH;NH;PbBr;
(MAPDBr;) perovskite microcrystal was encapsulated in a dense
Al,O; layer by atomic layer deposition (ALD) to form a micro-
environment. It is interesting and surprising to find that this
micron-level environment serves as a self-sufficient vacuum
growth chamber, where the components of the perovskite are
completely retained when sublimated, and the atoms will re-
arrange after thermal treatment. The temperature-dependent
X-ray powder diffraction (XRD) results indicated that the
MAPDBr; microcrystals in the microenvironment main-
tain high crystal quality even at 250 °C. Using a home-made
optical measurement system with tunable laser excitation and
emission detection at different temperatures, the optical and
lasing stability of the modified MAPbBr; has been character-
ized. It was found that the self-structural healing phenomenon
takes place after annealing at 150 °C, and it showed 4.5-fold
enhanced emission by reducing the DLTS density of nearly an
order of magnitude. As a consequence, the modified MAPbBr;
has shown stable emission and lasing for about 2 years. These
results exhibited that high stability and high quality of perov-
skites can be achieved by decreasing DLTS, which also provide
an important confidence for practical application of perovskites.

2. Results and Discussion

Typical energy band diagram of perovskite is shown in
Figure 1a,1%l where the valence band maximum (VBM) is iden-
tified as the antibonding hybridization between Pb 6s and Br 4p
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orbitals, and the conduction band minimum (CBM) is governed
by the orbital interactions between Pb 6p and Br 4s orbitals in
PbBr, octahedra.?% The SLTS are close to the VBM and CBM,
while the DLTS are more likely located in the middle between
the two energy bands. As shown in Figure 1b, the SLTS gen-
erally come from point defects (interstitial, vacancy, interstitial
impurity, etc.),?%l and in Figure 1c, the DLTS are always pro-
duced by grain boundaries and dangling bonds.*”?# The size
of MAPDBr; perovskite microcrystal used in this work is about
40 40 10 um.BU Figure 1d,e shows X-ray photoelectron spec-
troscopy (XPS) spectra of the binding energy of Pb 4f, Br 3d,
O 1s, and Al 2p peaks of the as-grown and the encapsulated
MAPDBr; perovskite (EMP), respectively. The Pb 4f spectra
attributed to the PbBry octahedra can be fitted with two pairs
of spin—orbit split components of Pb 4f5;, and 4f;/, at 143 and
138.2 eV, and the Br 3d attributed to the CH;Br can be fitted
with Br 3ds;; and 3ds); at 68.8 and 678 eV, respectively. The O
1s peak in the as-grown sample at 532.4 eV is attributed to the
OH groups, which reduces after trimethylaluminium (TMA)
pulses in the EMP sample. After the deposition of Al,0O5 layer,
the O 1s peak shows a new peak at 531.3 eV, which is attributed
to Al—O. Besides, the Al 2p peak can be observed in the EMP
sample that implying the Al,O; has been successfully coated on
the surface of perovskite.?? Figure Th-m shows the scanning
electron microscopy (SEM) images and energy dispersive spec-
trometer (EDS) mapping of the EMP sample. Compared with
the as-grown sample (shown in Figure S1, Supporting Infor-
mation), the shape of the EMP sample is basically the same,
indicating that this film has sufficient compactness and shape
retention. Besides, it can be clearly seen that the EMP sample
has relatively sharp edges, indicating that it is less affected by
the surrounding environment. The EDS linear scanning of dif-
ferent thicknesses of the EMP samples also indicates that the
Al,O; has been successfully coated on the surface of perovskite,
as shown in Figure S1in the Supporting Information.

Temperature-dependent XRD measurements are performed
and shown in Figure 2a. It can be seen that there are four dis-
tinct sharp peaks located at 14.7°, 29.9°, 45.7°, and 62.4°, which
are assigned to the diffraction of (100), (200), (300), and (400)
planes of MAPDBr; cubic crystal, respectively.33l Note that the
EMP sample has the same crystal orientation, implying the
structure of the MAPbBr3; microcrystal did not change during
the growth of Al,O;. The related intensity ratio of the four main
peaks of each sample (the as-grown sample and the ones coated
by Al,O; with different thickness of 100/300/500 nm, namely,
EMP100, EMP300, EMP500, respectively) as a function of tem-
perature is shown in Figure 2b. It can be seen that the inten-
sity of four main diffraction peaks from all of the samples still
maintain when the temperature increases to 180 °C. However,
when the temperature is higher than 210 °C, the XRD diffrac-
tion peak of the as-grown and the EMP100 samples gradually
disappears, while the other samples still exist even at 250 °C.
This implies that encapsulation is beneficial for the improve-
ment of perovskite structural and thermal stability. The ther-
mogravimetric (TG) measurement also supports this claim
which implies that the thicker the encapsulation, the slower the
loss of the perovskite component (as shown in Figure S2, Sup-
porting Information). Therefore, the EMP sample used below
is the 500 nm thick encapsulated sample.

© 2021 Wiley-VCH GmbH
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Figure 1. The schematic diagram of two types of traps and structural properties measurements. a) Typical energy band diagram of perovskite, and
schematic diagram of the positions of the SLTS and the DLTS in the energy band. b,c) The types of the shallow and deep states trap in perov-
skite, and the schematic diagram of the as-grown sample and the EMP sample. The encapsulated sample can isolate water, oxygen, and impurities.
d-g) XPS spectra of Pb 4f, Br 3d, O 1s, and Al 2p in the as-grown sample and the EMP sample. h,i) SEM image of the EMP sample and its enlarged

picture. j-m) The corresponding EDS mapping images.

In order to analyze the optical properties of the as-grown and
the EMP sample under different temperatures, temperature-
dependent photoluminescence (PL) from room temperature
(RT) to 100 °C was demonstrated. The schematic diagram of
the optical measurement system is shown in Figure 3a, which
is equipped with tunable laser excitation (325 and 442 nm) and
emission detection at different temperatures. Figure 3b,c shows
the PL spectra of the as-grown sample at 80 and 100 °C, respec-
tively. It can be seen that the PL intensity recovers when the
temperature of the sample cools down to RT from 80 °C, while
it shows 40% decrease after annealing at 100 °C. Figure 3d,e
shows the PL spectra of the EMP sample after annealing at
100 °C and the change of PL intensity over ten cycles. It can
be seen that the PL intensity remains identical which implies
that the thermal stability of the EMP sample is improved, and
its structure is self-healed when returns to RT. It is because
MAPDBr; material can easily release volatile gases CH3;NH,
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and HBr due to weak hydrogen bonding between MA and octa-
hedral structure, which gives rise to the decreased PL intensity.
However, when it is encapsulated, the gas cannot be released
and the CH3;NH, and HBr will form MAPDbBr; again when the
sample is cooled down,?% as shown in Figure 3f.

To further study the in-depth mechanism, a higher heat treat-
ment of 150 °C (higher than its sublimation temperature) was
used. This temperature was chosen because it is found that
150 °C is the optimal one for perovskite crystallization,!! and
the following discussions will mainly focus on this temperature.
Figure 4a,b shows the corresponding temperature-dependent PL
emission of the as-grown and the EMP sample, respectively. The
left of the figures is the case from RT to 150 °C, and the right is
from 150 °C to RT. In Figure 4a, it can be seen that the PL inten-
sity decreases quickly with increased temperatures, and there is
only 0.5% intensity left at 150 °C for the as-grown sample. More-
over, when the temperature cools down to RT, the PL intensity is

© 2021 Wiley-VCH GmbH
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Figure 2. Thermal stability measurements. a) Variable temperature XRD dilraction patterns at RT to 250 °C. b) The intensity ratio of the four main

patterns of each sample as a function of temperature.

unrecoverable, indicating that the as-grown sample is completely
destroyed. The inset of Figure 4a shows the corresponding digital
photos and the schematic diagram of the structure before and
after treatment. It shows that there are many pits on the surface
of the destroyed as-grown sample, especially at its four borders,
which is consistent with the better thermal instability of the sur-
face and borders. While in Figure 4b, it can be seen that the PL
intensity decreases slowly with increased temperatures, and there
is still 50% intensity left at 150 °C for the EMP sample. More-
over, it is interesting and surprising that when the temperature
goes back to RT, the PL intensity shows 4.5 times enhancement
(corresponding emission spectra are shown in Figure S3, Sup-
porting Information). First, it shows that the encapsulated sample

has better thermal stability and optical properties. Second, dif-
ferent physical process should take place which is different
from that for 100 °C. As can be seen in the schematic diagram
shown in Figure 4d, there are many surface dangling bonds and
bulk grain boundaries inside the EMP crystal before annealing.
It can be verified by the corresponding digital photo shown
below that there are many Oaws on the crystal surface. They are
brought about by crystal growth and will result in nonradiative
recombination and DLTS emission (the peak position located at
690 nm, as shown in inset of Figure 4c). Moreover, these DLTS
will cause structural instability, which will be described in detail
below. While after annealing at 150 °C, the dangling bonds and
grain boundaries are eliminated, and both of the crystal quality
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Figure 3. Optical stability measurements. a) Schematic diagram of the testing system, which includes a temperature controller, laser, and spectrometer.
The laser has both 325 and 442[hm wavelengths, which are able to be switched in the same optical path. b,c) The PL spectra of the as-grown sample
before and after annealing at 80 and 100 °C. d,e) The PL spectra of the EMP sample before and after annealing at 100 °C and its ten cycles of recovery
of annealing. f) The schematic diagram of hydrogen bonds broken to generate recoverable gas CH;NH, and HBr within a certain temperature range

of thermal treatment, which cause intensity loss.
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sample and the EMP sample from RT to 150 °C, then back to RT. c) The normalized PL spectra of the EMP sample after annealing at 150 °C. d) Sche-
matic diagram of the self-structural regrowth of MAPbBr; perovskite microenvironment for optical improvement after annealing at 150 °C.

and optical properties are improved, as shown in the right of
Figure 4d. From the corresponding digital image, it can be clearly
seen that the surface of the modified EMP sample is Oattened,
and there are no obvious Oaws on it. Therefore, this micron-
level environment provides a high-vacuum growth like chamber,
where the components of the perovskite (CH;NH, and HBr) are
completely retained when sublimated. The crystal structure will
be re-grown under the action of stress and the gravitational effect

of hydrogen bonds (CH;NH, HBr  MAPbBr;), which results
in the elimination of DLT'S when it cools down to RT. A schematic
diagram of this process is shown in the inset of Figure 4d. There-
fore, the PL intensity increased by 4.5 times, and the DLTS emis-
sion decreased as shown in the inset of Figure 4c and Figure S3
in the Supporting Information.

Figure 5a,b shows the different effects on the optical
properties of the as-grown and the EMP samples under
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Figure 0. The evolution of the DLTS. a,b) Long-time photostability tests up to 10 h illumination by 325 and 442[hm of samples. c) Enhancement factors
after 10 h illumination of (a) and (b). d) The mechanism of attenuation and enhancement caused by laser irradiation. e) The evolution of the DLTS
at the surface and bulk of the material as a function of photogenerated carrier density. f) Corresponding changes in the value of the DLTS density.
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long-time irradiation (10 h) of 325 and 442 nm continuous wave
(CW) laser, respectively. The black and the red dotted lines rep-
resent the PL intensity of the as-grown and the EMP samples,
respectively. It can be seen in Figure 5a that compared with the
completely destroyed as-grown sample, the EMP sample shows
a 4.5-fold enhancement under the 325 nm laser irradiation.
While in Figure 5b, both of the PL intensity of the as-grown
and the EMP sample are enhanced, and have about two times
for the as-grown sample and 14 times for the EMP sample
under the 442 nm laser irradiation (the values are shown in
Figure 5¢). It is demonstrated that compared with 442 nm laser,
325 nm laser is more destructive to perovskite. It is because the
penetration depth of the 325 nm laser is smaller than 442 nm,
and the excited area of the 325 nm laser is near the surface-
dangling-bonds region. In addition, it may be related to the
photon energy. The band gap of MAPbBr; is 2.29 eV, when
the samples are excited at 325 (3.8 eV) and 442 nm (2.8 eV),
it will have 1.51 and 0.51 eV of energy higher than the band
gap, respectively. It is noted that the 1.51 eV is higher than the
thermal energy of breaking N—H bonds (1.4 eV). This implies
that the extra energy can convert into thermal energy through
electron—phonon interaction, which results in a similar effect
with the thermal treatment. Thus, the surface dangling bonds
are easier to be interrupted, and then the structure of perov-
skite will decompose from surface to bulk (the black dotted line
in Figure 5a).”8! However, the EMP sample possesses a self-
sufficient vacuum growth chamber, where a dynamic process of
bonds broken and re-grown takes place for enhanced PL inten-
sity (the red dotted line in Figure 5a). While for the 442 nm
laser, which has a larger penetration depth and the excited area
is closer to the grain boundary in the bulk. The grain boundary
has hole-trapping characteristics that are able to trap migrating
ions to eliminate the DILTS, as shown in Figure 5d.1?®! Thus, it
results in two times enhancement of the as-grown and 14 times
enhancement in the EMP sample. Therefore, the evolution of
the DLTS density at the surface and bulk can be analyzed by
different penetration depths, as shown in Figure 5e,f, which is
a function of photogenerated carrier density.

In order to obtain the evolution of the DLTS density in this
process, 325 and 442 nm femtosecond laser pulses were used
for measurement due to the negligible trap states depopulation
during the luminescent period.”) Under low Ouence femtosecond
laser excitation, the dynamics of photogenerated charge carrier
density n(t) can be described by the following equations**3°

dny (t)
dat

=—am (B, (t) @

where ny, () is the trap states density and g, is the capture co-
efficient, representing the ability of the trap centers to capture
carriers, and 7, is the lifetime of carriers under low Ouence.
Therefore, the first term in Equation (1) represents trap-medi-
ated nonradiative pathways, and the second term represents
the radiative recombination. From the relationship between the

integrated band edge PL intensity (I, :anc(t) | Todt , where k is
0
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a constant), the initial photogenerated charge carrier density
1n.(0) can be obtained as

ne(0)= 2 nip (0) (1 ")+ Iy [k (3)

Considering the surface region was photoexcited by 325 nm
laser while the bulk region was excited by 442 nm laser, fit-
ting the experimental result with Equation (3) will enable us
to obtain the changes of the DLTS density before and after
annealing at 150 °C. The result is shown in Figure 5e, and
the values are shown in Figure 5f. Therefore, the DLTS den-
sity, namely, the surface dangling bonds and the bulk grain
boundary, is 3.7 107 cm ® and 2.1 107 cm 3 for the EMP
sample before annealing, and they become 1.0 10" and
8.0 10'® cm 3 after annealing, respectively. It shows that both
of the DLTS density from the surface and bulk decreased after
annealing at 150 °C, especially the surface DLTS density, which
decreases nearly an order of magnitude.

To verify this claim, the emission and lasing stability were
performed. Figure S4a,b in the Supporting Information shows
that the lasing threshold of the as-grown and the modified EMP
sample is about 9 uJ cm ? determined from the collected p-PL
spectrum under different excitation densities from a single
microcrystal at RT. Figure 6a,b shows the lasing intensity of
the as-grown and EMP sample as a function of time under an
excitation intensity of 15 uJ cm 2. It can be clearly seen that the
lasing intensity of the as-grown sample rapidly decreases in the
first 60 min, while the modified EMP sample still remains at
95% after 400 min, as shown in Figure 6¢. Moreover, the optical
stability of the as-grown and the EMP sample before and after
annealing at 150 °C has been promoted and shown in Figure 6d.
It can be seen that the as-grown sample only has about 15%
intensity after about 2 years at RT, while the EMP samples before
and after annealing still have good emission characteristics,
especially for the modified one. In addition, after about 2 years,
the lasing stability of the modified EMP sample still remains the
same, as shown in Figure S5 in the Supporting Information.
Therefore, after the reduction of DLTS density, the optical and
lasing stability of the samples have been greatly improved.

3. Conclusion

In summary, a self-sufficient micron-level vacuum growth
chamber was proposed for perovskite material in this work.
The MAPDBr; microcrystals were encapsulated in a very
dense Al,O; layer by ALD. In this micron-level chamber, the
MAPDBr; microcrystals are able to effectively prevent water and
oxygen, and the thermal and optical stability of them has been
greatly improved. It was found that the EMP sample is able to
maintain high crystal quality at 250 °C. Moreover, the crystal
structure will be re-grown rather than “lattice adjustment” under
the action of stress and the gravitational effect of hydrogen
bonds after annealing at 150 °C (higher than its sublima-
tion temperature). It is because the components of the perov-
skite are completely retained when sublimated, and during
the re-growth process, the DLTS decrease nearly an order of
magnitude, which are recognized as the key issue that results

© 2021 Wiley-VCH GmbH
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Figure 6. The optical and lasing stability measurements. a,b) The lasing intensity of the as-grown sample and the modified EMP sample as a function
of time under an excitation intensity of 15 i) cm 2. c) The corresponding intensity trend. d) Optical stability test of the as-grown and the EMP sample

before and after annealing at 150 °C in 2 years.

in the improvement of device performance. Therefore, the PL
intensity enhanced 4-14 times, while the emission and lasing
stability was maintained up to 2 years. This research work has
provided an effective route and experimental references to
achieve perovskites with good stability and high quality, which
would be useful for perovskite materials and devices.

4. Experimental Section

Materials:  CH3NH3Br, PbBr, (00.00%, Xi'an Polymer Light
Technology), and dimethyl formamide solvent (DMF, J&K Scientific)
were used. All salts and solvents were used as received without any
further purification.

Synthesis of MAPbBr;  Perovskite Microcrystals: The perovskite
microcrystals were synthesized by one-step solution deposition. A more
detailed description of the growth process can be found in ref 8. 0.112%
of CH3;NH;Br and 0.3600g of PbBr, were mixed in dimethyl formamide
solvent to form precursor solution. Then stirred overnight under 60PC.
A pipette was used to measure 50UL perovskite solution to drop onto
20cm  60cm glass substrate and spread out uniformly. Note that all
the substrates were cleaned and treated with oxygen-plasma to improve
the surface hydrophilicity before being used. Finally, the samples were
annealed under DOIPC for about 10 min to generate microcrystals.l

Synthesis of MAPbBrs;-Al,O3 Micro-Matrix Composites: The prepared
microcrystals were placed into the growth chamber of ALD system
(LabNano PE ALD system from Bei Jing Ensure Nanotech). Oxygen
plasma and TMA were selected as raw materials for the synthesis of
Al,O; films, providing pulse precursor of “oxygen” element and “Al”
element, respectively. High purity Ar (00.0%) was used as a purging and
carrier gas, and its Dow was controlled by mass Oow controller (MFC,
15 sccm for purging). The oxygen Oow was 10 sccm, which was also
controlled by MFC. A typical PEALD Al,O; growth cycle was composed
of 250ms of TMA exposure, 5 sccm of Ar purging, 10 sccm of oxygen
plasma exposure with RF power of 200 W for 6 s. The waiting time
was 30 and 15 s, respectively. The deposition temperature was room
temperature. In this deposition process, growth rate was 2.1 A per cycle.
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Thus, the total growth cycles were 480, 1430, and 2381 for A100, A300,
and A500 sample, respectively.

Structure Characterization: The surface chemical property of the
MAPbBr; microcrystals and MAPbBr;-Al,0; micro-matrix composites
samples was analyzed by XPS (Thermo Fisher Scientific, 250Xi) by
using Al Ka radiation source (excitation energy of 1486.60eV). The
crystal structure of the samples under the range of RT to 250(°C was
characterized by XRD on a Rigaku TTR3 X-ray Dilraction System. The
field-emission SEM (ZEISS Gemini SEM 300) equipped with EDS was
used to measure the microstructures and elemental analysis of the
samples. The TG analysis (TA Q500) was carried out under nitrogen Dow
from RT to 800[FC.

Optical Characterizations: Steady-state PL spectra were measured by
a Shamrock spectrometer (model no. SR-050-D1-R) and detected by
a Newton CCD (model no. DUO20P-BU). A He-Cd CW laser with line
of 325 and 4420nm as the excitation source was used to perform PL
and long-time irradiation measurements. The power of the excitation
laser was 10mW, and the spot size was around 0.03 cm?. The 325 and
4420nm femtosecond pulses were selected (Coherent Astrella ultrafast
Ti:sapphire laser with OperA Solo, pulse with of 100 fs and repetition
rate of 10kHz) to perform the power-dependent PL measurement for
the evolution of the DLTS density. The temperature was maintained
at RT-1500°C for in situ steady-state PL. The long-term photostability
tests under 325 and 4420nm excitation were obtained by time-
correlated Hamamatsu H422-02 photomultiplier tube. For the lasing
characterization, the 4500nm femtosecond pulsed laser was used
as the excitation source. The pumping laser was focused via a 40
objective and the laser spot diameter was controlled by manipulating
the collimation of the pumping beam. According to the grating of
6000z mm !, 260um pixel size of the camera, and 1000um of slit width,
the spectral resolution of the optical measurement was determined to
be around 0.24thm.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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