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Enhanced Excitonic Nature of MAPbBr; Nanocrystals in

Nanoporous GaN

Xinyu Bai, Simon M. Fairclough, Linjie Dai, Maruf Sarkar, Peter H. Griffin,
Abhiram Gundimeda, Yuqi Sun, Neil C. Greenham, M. Ibrahim Dar,* Rachel A. Oliver,*

and Richard H. Friend*

Blue gallium nitride (GaN) light-emitting diodes (LEDs), combined with
red/green fluorescent converters, have broad potential for display
applications. Metal halide perovskites now show excellent luminescence
properties and may be suitable as light converters. Here a simple
solution-processed method is reported to prepare a methylammonium lead
bromide (MAPbBr;) nanoporous GaN composite. Fast (within 2 ps) energy
transfer is demonstrated from photoexcited nanoporous GaN to encapsulate
MAPbBYr; nanocrystals, as observed by transient absorption spectroscopy. The
spatial confinement of the perovskite within the nanoporous GaN is shown to
increase the perovskite radiative recombination rate. These results offer
guidelines for developing high-performance perovskite/nanoporous GaN

optoelectronics.

1. Introduction

Gallium nitride (GaN) possesses exceptional optical and elec-
trical properties, including good electrical and thermal conduc-
tivity, chemical stability, and high decomposition temperature.
It has enabled light-emitting diodes (LEDs) with high emis-
sion efficiency and long operational lifetime.'*) With the de-
velopment in the porosification of epitaxial GaN via doping-
selective electrochemical etching,>®! porous GaN offers an op-
portunity to produce composite materials through the infil-
tration of pores and thus broaden its application in numer-
ous electronic and optoelectronic devices,”!?! including color-

X. Bai, L. Dai, Y. Sun, N. C. Greenham, M. |. Dar, R. H. Friend
Cavendish Laboratory

University of Cambridge

Cambridge CB3 OHE, UK

E-mail: id338@cam.ac.uk; rhfl0@cam.ac.uk

S. M. Fairclough, M. Sarkar, P. H. Griffin, A. Gundimeda, R. A. Oliver
Department of Materials Science & Metallurgy
University of Cambridge

Cambridge CB3 OFS, UK

E-mail: rao28 @cam.ac.uk

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202400221

© 2024 The Author(s). Advanced Optical Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adom.202400221

Adv. Optical Mater. 2024, 2400221 2400221 (1 of 8)

converting micro-light emitting diodes
(Micro-LEDs).[1>18]  GaN-based  blue
micro-LEDs combined with red and
green light converters, such as organic
semiconductors!*°! and inorganic quan-
tum dots,[''8 have been fabricated and
show promise for full-color displays.
However, the mconjugated organic light
converters often suffer from broad emis-
sion spectra.l'31%] Therefore, they cannot
satisfy demands for spectrally purest color
conversion required to get the purest color
gamut. Meanwhile, the preparation process
of inorganic quantum dot light converters
is complex and expensive.l'*18] On the
other hand, in recent years, lead halide
perovskites have become an attractive
class of light conversion materials since they show high absorp-
tion in the UV/Blue region,'?! high defect tolerance, 22! color
tunability,?*l narrow-band emission,!?**! low-temperature
synthesis process,?®! and affordability. However, for 3D per-
ovskite thin films, such as methylammonium lead bromide per-
ovskite (MAPbBr;), the dominant charge carriers are free elec-
trons and holes at room temperature due to low exciton binding
energy.[?’] As a result, the achievable photoluminescence quan-
tum efficiency (PLQE) of pristine MAPbBr, thin film is relatively
low (<1%~10%).12427-3% T overcome this limitation, nanoporous
matrices, such as silica,®!! alumina,?2*] and titanial®*l, were
used to confine perovskite growth into nanocrystals. This con-
finement can enhance the radiative recombination and boost
the PLQE of perovskite. There are reports of infiltration of per-
ovskite material into nanoporous GaN.[”*! It has been demon-
strated that the nanoporous GaN structure could preserve in-
filtrated perovskite photoluminescence for up to one year and
enhance the photoluminescence of perovskite in nanopores.*]
However, the mechanisms behind the optimization of photolu-
minescence have yet to be studied. Here, we investigate the com-
posite’s morphology and the charge carrier dynamics in the het-
erostructure to offer guidelines for developing high-performance
perovskite/nanoporous GaN optoelectronics in the future.

2. Results and Discussion

2.1. Preparation and Structural Characterizations of
MAPbBYr, /Nanoporous GaN Composite

Nanoporous GaN pseudo-substrates (Figure S1, Supporting In-
formation) were prepared via electrochemical etching of Si-doped
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Figure 1. MAPbBr;/nanoporous GaN preparation and characterization. a) Schematic diagram of MAPbBr; /nanoporous GaN composite preparation
process. Pristine nanoporous GaN (white circles represent pores) is soaked in 70 °C precursor solution on the hot plate for 30 min, followed by spinning
at 5000 rpm (yellow circles represent precursor solution in pores) and annealing at 100 °C (Orange circles represent perovskite nanocrystals in pores);
b) schematic diagram of MAPbBr;/nanoporous GaN sample’s cross-section; c) cross-sectional bright field-STEM of the MAPbBr;/nanoporous GaN
sample, scale bar: 200 nm; d) X-ray diffraction (XRD) pattern of MAPbBr; /nanoporous GaN, red labeled peaks are (100), (110), and (200) planes of
MAPbBr3; €) zoomed-in cross-sectional bright fieldSTEM in the blue square in (c), scale bar: 50 nm; EDX elemental maps of the yellow square area
(125 nm x 75 nm) in (e); f) gallium (Ga-K,), g) lead (PbL,), and h) bromine (BrK,), show the intensity for the elements, scale bar: 10 nm, color bar:
atomic percentage (%). The thickness of the STEM sample is less than 100 nm.

GaN epitaxial layers on sapphire substrates with 0.25 M aqueous
oxalic acid as the electrolyte at 8 V.I%3°] The as-etched nanoporous
GaN wafers were ultrasonically cleaned in acetone and then iso-
propanol for 15 min, respectively. The cleaned substrates were
baked in an oven at 500 °C for three hours to evaporate moisture
inside the nanopores. After cooling to room temperature, these
dry GaN substrates were given an oxygen plasma treatment at
a power of 50 W for 15 min, which decorates the surface with
hydrophilic groups to assist wetting. The nanoporous GaN sub-
strates were then transferred into a nitrogen-filled glovebox. A
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1.0 M MAPDBr; precursor solution was prepared by dissolving
1 mmol PbBr, and 1 mmol MABr in 1 mL dimethylformamide
(DMF): Dimethyl sulfoxide (DMSO) = 9:1 solvent. A 1 cm? GaN
substrate was soaked in 1 mL 1.0 M MAPbBr, precursor solu-
tion for 30 min at 70 °C. Subsequently, the perovskite precur-
sor infiltrated nanoporous GaN substrate was spun at 5000 rpm
to remove the excess solution at the surface. The sample was
annealed at 100 °C for 30 min to crystallize the MAPDbBr; in-
side the nanopores (Figure 1a). The sample surface was further
cleaned with isopropanol-soaked clean room tissue to remove ex-

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

cess perovskite. Samples for transient characterization were en-
capsulated in the nitrogen-filled glovebox to reduce perovskite
degradation when exposed to air and moisture.

We examine the MAPbBr; /nanoporous GaN composite with
X-ray diffraction (XRD). Figure 1d shows the XRD pattern of
the MAPDbBr; /nanoporous GaN composite. The XRD peaks at
14.88° and 30.07° are the (100) and (200) planes of the Pm3m
cubic phase MAPbBr, perovskite.?”] Other XRD peaks are as-
signed to the pristine nanoporous GaN on the sapphire sub-
strate (Figure S2, Supporting Information). The XRD measure-
ment suggests the successful synthesis of phase pure MAPbBr,
with the one-step deposition method. To establish the struc-
ture of the infiltrated MAPDBr,;, we have carried out cross-
sectional scanning transmission electron microscopy (STEM) of
the MAPDBr, /nanoporous GaN composite. The cross-sectional
bright-field (BF) STEM in Figure 1c clearly reveals the non-
porous GaN layer, the nanoporous GaN layer above (~500 nm),
and a ~20 nm thick capping gold layer-required for the focused
ion beam (FIB) sample preparation process. The electrochemi-
cal etching of the Si-doped GaN creates an open and connected
pore morphology (lateral pore sizes ranging from 15 to 50 nm).
The porous network has irregular morphology with various lon-
gitudinal length scales (20 to 200 nm). Nanoparticles with diam-
eters ranging from 7 to 15 nm are resolved inside the nanopores
(Figure 1e). The nanoparticles were seen over almost 500 nm
within the porous GaN. Energy-dispersive X-ray spectroscopy
(EDX) elemental maps from the top region (~50 nm to the sur-
face) marked by a yellow box in Figure le (which itself relates
to the blue box in Figure 1c) are displayed in Figure 1f~h. The
lead (PD) (Figure 1g) and bromine (Br) (Figure 1h) signals are ob-
served in regions where a weak Ga signal is seen (Figure 1f), i.e.,
the position of nanopores. Additionally, strong Pb and Br signal
regions match the nanoparticles’ positions in Figure le (Figure
S3, Supporting Information).

We calculated the effective thickness of perovskite from the
steady-state absorption spectrum (Figure 2a). The absorption co-
efficient of MAPbBr; is a = 4.1 x 10* cm™! at 500 nm (2.48 eV)
(Figure 2b) (Figure S4, Supporting Information). The absorbance
of MAPDBr, /nanoporous GaN at 500 nm is A = 0.184 (Figure 2a).
According to the Beer—Lambert Law.®! (I = 2.303"A/a, I is the
sample thickness, A is the absorbance, and a is the absorp-
tion coefficient), the effective thickness of the perovskite layer
is #100 nm. Cross-sectional SEM measurement on a similar
nanoporous GaN sample suggests a porosity of ~30%-40%."]
According to this observation, more than 50% of the pores have
been filled with perovskite nanocrystals.

2.2. Energy Transfer Between GaN and Perovskite

We have tracked the photogenerated carrier dynamics in these
MAPDBr;/Nanoporous GaN composite with time-resolved pho-
toluminescence (TRPL) spectroscopy and transient absorption
(TA) spectroscopy. When the composite is excited above the GaN
absorption edge at 350 nm, photoluminescence (PL) peaks of
both a broad yellow band (centered at 569 nm) due to emission
from the GaN (its origin is discussed later) (Figure S5, Support-
ing Information) and MAPbBr; (centered at 530 nm) are ob-
served (Figure 2c), green line). With photoexcitation at 400 nm, at
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which only MAPbBr; is excited, the yellow band emission from
GaN disappears, and only the perovskite PL peak at 530 nm is
detected (Figure 2c¢), blue line). As reported in the literature,*"!
GaN and MAPbBr, form a Type I heterojunction, and energy
transfer from GaN to the perovskite is expected. We have used
TA to investigate the charge carrier kinetics in the composite. We
excite the MAPDBr, /nanoporous GaN at either 340 or 400 nm
from the nanoporous GaN side. Both pump intensities are kept
low (11 wJ cm™2 per pulse at 340 nm and 14 uJ cm~2 per pulse
at 400 nm) to avoid Auger recombination. Figure 2d shows a
TA pseudocolor map of MAPbBr;/nanoporous GaN excited at
340 nm, and both GaN and MAPbBr; are excited. Two posi-
tive signals, due to ground state bleach (GSB), are observed at
~375 nm (GaN) and 525 nm (perovskite). The nanoporous GaN
does not absorb the 400 nm laser. (Figure S6, Supporting Infor-
mation) When the composite is excited at 400 nm, only the GSB
of MAPbBr, is probed, as seen in Figure 2e. Time traces at the
GSB of MAPDBr,; under 340 and 400 nm pumps are shown in
Figure 2g. When the sample is excited at 400 nm (blue line), the
perovskite GSB builds up instantly. In contrast, when both GaN
and MAPDBTr; are excited at 340 nm, the perovskite GSB kinetic
rises more slowly and reaches its maximum at 1.5 ps after excita-
tion (green line). We attribute this slower rise to energy transfer
from the nanoporous GaN.

Figure 2f shows the TA pseudocolor map of the nanoporous
GaN excited at 340 nm at 11 uJ cm=2 per pulse. We extracted
the time traces at the GSB of GaN under 340 nm pump in
the presence and absence of perovskite from Figure 2d-f and
shown in Figure 2h. GaN’s GSB of MAPbBr;/nanoporous GaN
decays faster than when the perovskite is absent. It suggests that
MAPbDBr; nanocrystals are able to quench the excitation states of
GaN in the first 1 ns after excitation. In order to see how long
this transfer process lasts, we took the TRPL at 360 nm of the
pristine nanoporous GaN and MAPbBr, /Nanoporous GaN when
photoexcited at 255 nm (Figure S7, Supporting Information).
With the presence of MAPDBr;, GaN’s emission decays faster
in the first 10 ns after photoexcitation than when the perovskite
is absent. Beyond 10 ns, the PL decay of GaN’s PL shows the
same trend with and without perovskite. These phenomena sug-
gest that the energy transfer from nanoporous GaN terminates
by 10 ns after excitation. We note that the cross-section STEM
(Figure 1le) shows some perovskite nanocrystals sitting in the
middle of the nanopores. Such nanocrystals may not be within
the energy transfer distance. Therefore, limited by the energy
transfer distance, not all perovskite nanocrystals are able to har-
vest the energy from GaN. As a consequence, the energy trans-
fer process will end when the perovskite nanocrystals within the
transfer distance are all excited, shown as this short-term energy
transfer process.

We estimated the proportion of energy that can transfer from
the nanoporous GaN to MAPbBr;. The absorbance of the per-
ovskite at 340 nm is 0.59, see Figure 2a. Since the total ab-
sorbance at 340 nm for MAPbBr; and nanoporous GaN is 2.6,
~77% of photons are absorbed by GaN, and MAPbBr; absorbs
23%. Therefore, if no energy transfer happened, the GSB inten-
sity should be 25% of the GSB when excited at 400 nm (Figure 2f),
black dashed line) at the same excitation fluence. Based on the ab-
sorbance percentage at 340 nm for MAPbBr, /nanoporous GaN,
we estimated the GSB intensity if all the energy harvested by the
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Figure 2. Energy transfer between MAPbBr; and GaN. a) Steady-state absorption spectrum of MAPbBr; /nanoporous GaN. b) The absorption coefficient
of MAPbBY; thin film. c) Normalized steady-state photoluminescence spectra of MAPbBr; /nanoporous GaN, excited at 350 nm (Green line) and 400 nm
(Blue line). d) Transient absorption pseudocolor map of MAPbBr; /nanoporous GaN excited at 340 nm. The y-axis is linear up to 1 ps and logarithmic
thereafter. e) Transient absorption pseudocolor map of MAPbBr; /nanoporous GaN excited at 400 nm (exciting MAPbBr; only). The y-axis is linear up
to 1 ps and logarithmic thereafter. f) Transient absorption pseudocolor map of nanoporous GaN excited at 340 nm. The y-axis is linear up to 1 ps and
logarithmic thereafter. g) The normalized kinetics for the ground state bleach of MAPbBr; when MAPbBr; /nanoporous GaN was under a 340 nm pump
(Green line) and a 400 nm pump (Blue line). Kinetics are normalized to the maximum AT/T. Kinetics are extracted from (d) and (e) respectively. h) The
normalized kinetics for the ground state bleach of GaN when the pristine nanoporous GaN (Green line) and MAPbBr;/nanoporous GaN (Blue line)
were under a 340 nm pump. Kinetics are extracted from (d) and (f), respectively. The y-axis is logarithmic. i) The transient absorption spectra when
the GSB reaches its maximum under the photoexcitation at 340 nm (Green line) and 400 nm (Blue line). The spectra are extracted from (d) and (e),
respectively. The black dashed line is the calculated spectra if no energy transfer occurs at 340 nm excitation. The yellow dot line is the calculated spectra
if all energy harvested by GaN would transfer to perovskite at 340 nm excitation. The initial (t = 0) average fluence of the 340 nm pump is 11 p) cm=2
per pulse over the illuminated area. The initial (¢ = 0) average fluence of the 400 nm pump is 14 u) cm~2 per pulse over the illuminated area.

from GaN is absent (Figure 2d). The origin of the yellow band
emission is under debate in the nitride community. Most inves-

GaN were transferred to MAPDbBr;, which is 1.1 times the per-
ovskite’s GSB when excited at 400 nm, shown as the yellow dot

line in Figure 2i. We observe a MAPDbBr; GSB signal for pumping
at 340 nm (Figure 2i), green line), whose area is 1.8 times the cal-
culated GSB area when no transfer happens. Putting these obser-
vations together, we estimated that ~#25% of the energy harvested
by GaN will transfer to MAPbBr; nanocrystals.

We also notice that when only MAPDbBr, is photoexcited, only
PL of perovskite can be observed while the yellow band emission

Adv. Optical Mater. 2024, 2400221 2400221 (4 of 8)

tigations suggest that the emission is related to point defects and
involves deep states in the bandgap. For example, one potential
origin of the yellow band is emission from gallium vacancy-
related defects,[*!! leading to a transition between the conduction
band/shallow donor and a deep acceptor state.[*?] The absence
of yellow band emission when the composite is excited below
the GaN bandgap suggests that the yellow band defect levels
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Figure 3. Charge carrier dynamics of MAPbBr;/GaN composites a) Normalized steady-state absorption spectra of MAPbBr;/nanoporous GaN
(Green line) and MAPbBr; /non-porous GaN (Blue line). b) Normalized photoluminescence spectra of MAPbBr; /nanoporous GaN (Green line) and
MAPbBr; /non-porous GaN (Blue line). Samples were excited at 400 nm. c) Transient PL of MAPbBr; /nanoporous GaN under 407 nm laser excitation

at 0.07 u) cm~2 per pulse. The kinetic was taken at the PL peak of MAPbBr;

. The y-axis is logarithmic. d) Fluence-dependent integral PL of MAPbBr; for

MAPbBr; /nanoporous GaN when the sample was excited at 400 nm from 1to 1000 pj cm~2 over the illuminated area.

in GaN cannot harvest the radiative energy from perovskite,
and no energy transfer from perovskite to GaN’s defect levels is
observed.

The nanoporous structure of GaN is critical in achieving en-
ergy transfer from GaN to perovskite. We notice that the GSB
rising kinetics are the same for the 340 nm pump and 400 nm
pump conditions for MAPbBr, /non-porous GaN heterojunction,
with the absence of a slow GSB build-up process. No energy
transfer in a MAPDbBr,;/non-porous GaN heterojunction is ob-
served (Figure S8, Supporting Information). We suppose that the
nanoporous structure results in a much larger interfacial area
between GaN and perovskite than at the perovskite/non-porous
GaN heterojunction, which benefits the energy transfer process
shown in Figure 2g. According to the cross-section STEM in
Figure 1le, the lateral pore length of the nanoporous GaN can be
as short as 15 nm. Therefore, the majority of MAPbBr, nanocrys-
tals in pores sit adjacent to the GaN surface, while the thick-
ness of MAPbBr, thin film means that a much smaller propor-
tion of the perovskite experiences any energy transfer when it
is present at the non-porous GaN surface. As a consequence,
more perovskite in the porous GaN could harvest the energy from
the photoexcited GaN due to the much shorter energy transfer
distance.

Adv. Optical Mater. 2024, 2400221 2400221 (5 of 8)

2.3. Confinement Effect of Nanoporous GaN on Perovskite
Nanocrystals

We have studied the influence of the nanoporous structure
of GaN on the charge carrier recombination behavior in
MAPDBr;. Figure 3a presents the MAPDbBr; absorption onset
of MAPDbBr; /nanoporous GaN (Green line) and MAPbBr; /non-
porous GaN (Blue line). The direct bandgap of perovskite derived
from the Tauc plot (Figure S9, Supporting Information) is 2.31 eV
for the MAPDbBr, /non-porous GaN sample and 2.33 eV for the
MAPDBr,; /nanoporous GaN sample, so only a 0.2 meV blueshift
in band edge appears when perovskite is in the nanoporous
GaN matrix. Consistent with the steady-state UV-vis absorp-
tion result, the perovskite PL peak of the MAPbBr, /non-porous
GaN sample is 540 nm, and that of the MAPbBr, /nanoporous
GaN sample is 535 nm (Figure 3b). No significant blueshift
in perovskite PL spectra is observed. The cross-section STEM
shows that some perovskite nanocrystal sizes could reach 30 nm
(Figure le), while the Bohr radius of MAPDbBr; is 4.7 nm.[*!
Therefore, the crystal size of the MAPDBr, inside nanopores is
too large to achieve significant quantum confinement. Conse-
quently, no broadening in bandgap is observed in both steady-
state absorption and PL measurement.

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Table 1. Calculated recombination constants from the recombination rates
measured with TCSPC in Figure 3c and Figure S10 (Supporting Informa-
tion). The calculation method is demonstrated in Note ST (Supporting In-
formation). 7p| is the average PL lifetime extracted from the TCSPC, 7,4
is the radiative recombination lifetime, and 7 ,4,,..24 is the non-radiative re-
combination lifetime kp_is the average recombination rate, k;o,,.1a4 is the
non-radiative recombination rate and k.4 is the radiative recombination
rate.

Sample TpL kPL Trad krad Thon-rad knon-rad
[units] ns s7! Ns s7! Ns s!
MAPbBr, /Nanoporous 28 3.55x 107 220 4.61x10® 32 3.09 x 10
GaN

MAPbBr; /non-porous 123 8.12x 10° 4100 2.44x10° 127  7.88x 10°
GaN

The PLQE with 405 nm excitation.[*l for MAPDbBTr, thin film
is only 3%, falling within the range reported for MAPbBr,
thin films,[2#¥-3% while the PLQE for perovskite PL of the
MAPbBr; /nanoporous GaN composite reaches 13%. To inves-
tigate the charge carrier recombination dynamics for the in-
filtrated perovskite, we measure the transient PL with time-
correlated single-photon counting (TCSPC) at the perovskite’s
emission peak of MAPbBr;/nanoporous GaN with that of the
MAPDBr, /non-porous GaN in Figure 3c (Figure S10, Support-
ing Information) when excited at 407 nm. The PL decays sig-
nificantly faster for perovskite inside the nanopores. Meanwhile,
the GSB for MAPbBr; in MAPbBr;/nanoporous GaN also de-
cays faster than that of the MAPDbBr;/non-porous GaN under
a 400 nm pump (Figure S11, Supporting Information). As dis-
cussed before, no energy transfer from perovskite to GaN’s defect
level is observed from TA measurement when only MAPbBr; is
excited. Therefore, we rule out the possibility that such an en-
ergy transfer process leads to faster decay in transient PL and TA
measurement.

We extract the average PL lifetime from the transient PL result
in Figure 3c (Figure S10 and Note S2, Supporting Information).
By combining the average PL lifetime and the PLQE, we calcu-
lated the radiative recombination rate and non-radiative recom-
bination rate based on equations:

kPL = knon—md + kmd (1)
k
PLQF= — "™ )
knon—md + kmd
1
k=1 3
: )

where k;,; is the average recombination rate, k, .4 is the non-
radiative recombination rate, and k., is the radiative recom-
bination rate. The recombination rate (k) equals the recipro-
cal of a lifetime (7). The calculated results are listed in Table
1. We know from the calculation that both radiative and non-
radiative recombination rates increase when MAPbBr; is con-
fined in the nanoporous GaN compared to perovskite thin film
at the non-porous GaN surface. The faster non-radiative re-
combination in the MAPDbBr,;/nanoporous GaN than that of
MAPDBr,; /nonporous GaN (x4 times faster) can potentially be
attributed to the increased surface area and hence the density of
trap states due to the smaller crystal size.
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On the other hand, perovskite nanocrystals inside the
nanoporous GaN structure show a much faster radiative recombi-
nation rate compared to the bulk perovskite thin film (%20 times
faster). Therefore, the overall PLQE of the MAPbBr, /nanoporous
GaN sample is still much higher than that of the MAPbBr, /non-
porous GaN sample. We measured the fluence-dependent PL to
test our hypothesis further. When samples are excited at 400 nm,
the integrated PL intensity (I) increases linearly with the pump
fluence (P) below 100 p] cm~2 per pulse (I~P') (Figure 3d).
Schmidt et al. suggested that the integrated PL intensity I is
proportional to PX, where P is the excitation fluence. The ex-
ponent K is related to the dominant radiative recombination
mechanism. When K is close to 1, it suggests a monomolecu-
lar recombination process dominates radiative recombination.
When K is ~2, it suggests a bimolecular recombination pro-
cess dominates.I*’] As shown in Figure 3d, K = 1 suggests the
radiative recombination involves single electron-hole pairs for
MAPbDBr; /nanoporous GaN. In contrast, the integrated PL in-
tensity of perovskite thin film on the non-porous GaN increases
quadratically with the pump fluence (I~P?) (Figure S12, Sup-
porting Information), indicating a dominant bimolecular recom-
bination process. It has also been reported that the dominant
radiative recombination process in MAPbBr; thin film at room
temperature is the free charge carrier recombination due to the
low exciton binding energy of MAPDbBr,.[2’] The different be-
havior of perovskite in nanopores results from the localization
of charge carriers in MAPbBr, nanocrystals inside nanoporous
scaffolds. The size reduction spatially confines charge carriers
in nanocrystals and enhances their localization. Therefore, the
nanoporous GaN matrix enhances electron-hole interaction in
perovskite nanocrystals via spatial confinement and increases ex-
citon binding energy.

3. Conclusion

In conclusion, we demonstrate the energy transfer process from
the nanoporous GaN to infiltrated MAPbBr; in the pores and
the vital role of the porous structure in energy transfer. We note
that the electron-hole interaction in perovskite is enhanced due
to the spatial confinement, leading to a more efficient radiative
recombination process, which is beneficial for achieving efficient
light conversion in micro-LED displays. Our work provides a first
step toward understanding the photophysical properties of the
perovskite/nanoporous GaN heterostructure, and we demon-
strate the potential for future application in color-converting
micro-LEDs.

4. Experimental Section

Materials and Methods: Chemicals: Lead bromide (PbBr,, 99.9999%),
methylammonium bromide (MABr, 98%), acetone (99.9%), isopropyl al-
cohol (IPA, 99.9%), dimethylformamide (DMF, > 99.9%), and Dimethyl
sulfoxide (DMSO, > 99.9%); purchased from the Sigma—Aldrich. These
chemicals were utilized without further purification.

GaN Sample Preparation: The GaN samples were grown on sap-
phire by metal-organic vapor phase epitaxy. Growth commenced with a
4.4 um thick low dislocation density GaN film on sapphire. This material
was not intentionally doped (NID). This NID template was overgrowth
with 500 nm of Si-doped GaN (~10'® cm™3). Nanoporous GaN pseudo-
substrates were prepared via electrochemical etching of Si-doped GaN epi-

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

taxial layers on sapphire substrates with 0.25 m aqueous oxalic acid as the
electrolyte at 8 V.16:33]

MAPbBr3/Non-Porous ~ GaN  Sample  Preparation: A bi-layer
MAPbBr; /non-porous GaN sample was used as a reference in the
subsequent investigation to compare with the MAPbBr;/nanoporous
GaN structure. Non-porous GaN wafers were ultrasonically cleaned in
acetone and isopropanol for 15 min, respectively. Dry GaN substrates were
subjected to oxygen plasma treatment at a power of 50 W for 15 min to
decorate the surface with hydrophilic groups for optimal wetting. A 1.0 m
MAPbBr; precursor solution was prepared by dissolving 1 mmol PbBr,
and 1 mmol MABr in T mL dimethylformamide (DMF): Dimethyl sulfoxide
(DMSO) = 9:1 solvent. MAPbBr; (40 ulL) precursor solution was spun
coated on ~1 cm? non-porous GaN substrate at 5000 rpm for 60 s. Then
the sample was annealed at 100 °C for 10 min to crystallize the MAPbBr;.

Samples for transient characterization were encapsulated in the
nitrogen-filled glovebox to reduce perovskite degradation when exposed
to air and moisture. A thin glass coverslip was placed on top of the sam-
ple, and the sample edges were sealed with epoxy. The sapphire layer was
polished off for transient measurements.

MAPbBr; Thin Film on Quartz Sample Preparation:  MAPbBr; thin film
on quartz was prepared with the same method as the MAPbBr;/non-
porous sample preparation.

X-Ray Diffraction (XRD): X-ray diffraction was measured with a Bruker
X-ray D8 Advanced diffractometer with Cu K, , radiation (4 = 1.541 A).
The incident beam slit width was 0.6 mm. Data was collected in an angular
range 26 of 5°-55° with an angular resolution of 0.02°.

Scanning Electron Microscopy (SEM): Scanning electron microscopy
was conducted on a ZEISS GeminiSEM 300 running at a beam voltage
of 2 kV using a probe current of 180-200 pA. Images were taken using an
in-column secondary electron detector.

Scanning Transmission Electron Microscopy (STEM): STEM samples
were prepared using standard TEM lamella preparation techniques utiliz-
ing an FEI Helios focused ion beam (FIB) microscope employing a 30 kV
Ga ion source. In brief, on an Au-coated perovskite porous GaN sample,
a region of interest was located and Pt-coated to protect the surface from
Ga implantation. Two trenches were milled on either side. The lamella was
then transferred to a three-posted FIB lift-out grid. The lamella was then
thinned to <100 nm using consecutive side milling.

Scanning transmission electron microscopy was conducted in an FEI
Osiris running at 200 kV with a beam current of 150 pA and a convergence
angle of 24 mrad. STEM BF, ADF, and HAADF imagery were taken simulta-
neously, and STEM-EDX data was taken using 4 Super-X solid-state X-ray
detectors.

Steady-State UV—vis Spectroscopy: ~ Steady-state absorbance of samples
was taken with a Shimadzu UV-3600 Plus spectrophotometer, which con-
sists of three detectors: a photomultiplier tube (PMT) for ultraviolet and
visible regions, an InGaAs detector and a cooled PbS detector for the near-
infrared region. The whole wavelength range covers from 185 to 3300 nm
with a maximum resolution of 0.1 nm.

Atomic Force Microscopy Measurements: The thickness of MAPbBr;
thin films on quartz substrates was obtained by atomic force microscopy
using a Digital Instruments Dimension 3100 microscope.

Steady-State Photoluminescence Spectroscopy: The steady-state photo-
luminescence (PL) spectra were measured with the Edinburgh Instru-
ments FLS 980 spectrofluorometer. The spectrometer contains one R928P
PMT detector, measuring wavelengths ranging from 200 to 870 nm with a
dark count rate smaller than 50 cps at —20 °C. Depending on the samples’
emission wavelength, the PL spectra were measured from 450 to 700 nm.
Samples were excited at various wavelengths by a 450 W xenon arc lamp
depending on the absorbance of samples. The xenon arc light was focused
onto a monochromator using an off-axis ellipsoidal mirror.

Photoluminescence Quantum Efficiency (PLQE): Photoluminescence
quantum efficiency (PLQE) measurements were taken with the John de
Mello method.[“4] All samples were excited with a 405 nm continuous-
wave (CW) laser at excitation power ~300 puW, and the emission was col-
lected with an Andoe iDus DU490A Si detector.

Time-Correlated Single-Photon Counting (TCSPC): Samples were ex-
cited with a PicoQuant LDH407 laser diode at 407 nm with a repetition
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rate of 2 MHz at a fluence of 7.37 x 102 ) cm=2 per pulse. The emission
signal was selected with a monochromator to get the desired wavelength
and detected by a Hamamastu R3809U-50 photomultiplier detector. Color
filters were utilized to remove the scattered photons from the excitation
laser. A neutral density filter was used to ensure that no more than one
photon was detected in every photoexcitation cycle.

The TCSPC measurements at 255 nm excitation were performed us-
ing an Edinburgh Instruments Life Spec system, FLS1000. The sample
was excited with a picosecond pulsed light emitting diode (EPLED-255,
Edinburgh Instruments) with a wavelength of 255 nm, 70 n) cm=2 per
pulse over the illuminated area. The output signals were recorded using
a Princeton Instruments monochromator fiber connected to a low-noise
Avalanche Photodiode from Excelitas.

Intensified CCD (ICCD):  Samples were excited by a femtosecond laser
generated from second harmonic generation (SHG) of a fundamental Ti:
sapphire Spectra-Physics Solstice laser source (Wavelength 800 nm, pulse
with 80 fs) with a f—barium borate crystal, at a repetition rate of 1 kHz.
The excitation laser wavelength was 400 nm. The photoluminescence of
samples was detected by an electrically-gated intensified charge-coupled
device (ICCD) camera (Andor iStar DH740 CCI-010) and a calibrated grat-
ing spectrometer (Andor SR303i). A 425 nm long-pass filter was used to
remove the scattered laser signal.

Transient Absorption (TA):  The output of a Ti:sapphire amplifier system
(Spectra Physics Solstice Ace) operating at 1 kHz and generating ~100 fs
pulses was split into the pump and probe beam paths. The 400 nm pump
pulses were created by sending the 800 nm fundamental beam of the Sol-
stice Ace through a second harmonic generating (SHG) beta barium bo-
rate (BBO) crystal of 1 mm thickness (Eksma Optics). The visible pump
pulses (between 520 and 780 nm) were generated in a home-built non-
collinear optical parametric amplifier (NOPA). The 340 nm pump pulses
were created by focusing the 700 nm output from the NOPA through a
BBO crystal (Eksma Optics). The pump was blocked by a chopper wheel
rotating at 500 Hz. The UV-vis broadband beam (330-700 nm) was gen-
erated by focusing the 800-nm fundamental beam onto a CaF, crystal
(Eksma Optics, 5 mm) connected to a digital motion controller (Mer-
cury C-863 DC Motor Controller) after passing through a mechanical delay
stage (Thorlabs DDS300-E/M). The transmitted pulses were collected with
amonochrome line scan camera (JAl SW-4000M-PMCL, spectrograph: An-
dor Shamrock SR-163) with collected data fed straight into the computer.

Supporting Information

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