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Red-Green—Blue Light Emission from Composition Tunable

Semiconductor Micro-Tripods

Xiaohang Song, Zitong Xu, Bo Gao, Xuyang Li, Qihang Lv, Rui Zhang,* Bingjie Wang,

Hulin Zhang, Pengfei Guo,* and Johnny C. Ho

Micro/nanoscale lasers that span the entire visible spectrum, especially those
in red, green, and blue colors, are not only essential for a variety of optical
devices but also have important applications in visible color communication,
multi-color fluorescence sensing, and wavelength division multiplexing.
Despite the great efforts made to achieve multi-color lasing using

a variety of approaches, on-chip white light emission and even red, green, and
blue multi-color lasers still suffer from considerable challenges in micro-nano
structures. Here, CdS, Se,_,, CdS, and ZnS micro-tripod structures

are successfully prepared using chemical vapor deposition approaches.

The micro-photoluminescence (p-PL) spectra and PL-mapping of these
micro-tripods reveal various emissions at 630, 508, and 460 nm, respectively.
Additionally, white-light emissions based on these composition-tunable
tripods are realized through an end-coupling structure system. Moreover,
room-temperature modes tunable lasers are observed clearly from three legs of
these micro-tripods, with a low threshold of ~48.39 p) cm=2 and a high quality
factor of 1227.3. The realization of micro-tripods-based lasers may provide an
innovative way for highly integrated photonic circuits and communications.

unique properties, rendering them promis-
ing candidates for various applications.[']
Especially, semiconductor-based  solid-
state white-light emitters have attracted
tremendous attention for their higher
conversion efficiency than conventional
incandescent lamps.1% Generally, two
effective approaches exist for the real-
ization of white-light sources based on
the semiconductor materials. The first
one is synthesizing semiconductor alloys
with controllable bandgaps,'"!* and the
second one is the artificially constructed
white-light emitters by various semiconduc-
tors with high-efficiency monochromatic
emissions.[®1+ 161 However, solid-state
white-lighting devices generated from red—
green-blue emitters based on semiconduc-
tor structures or photonic systems are still
challenging in the photonic research.[**17]
For instance, a suitable mix for white-light

1. Introduction

In recent years, semiconductor materials with controllable
bandgaps have become a flourishing research field due to their
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radiation with favorable wavelengths and

intensity ratios, proper color rendering

index, and high stability is still lacking.1'8'%]
In particular, a white laser, with high Q factor and low thresh-
old simultaneously is quite challenging and is an urgent issue to
be solved, owing to the energy loss from the light transmission
process, reflection energy loss from the cavities, and energy loss
from the cavities coupling of the gain materials.!'7:2"]

The emerging nanoscience and technology have brought
inspiration and provided a variety of opportunities for col-
orful light emitters with tunable ability and high quantum
efficiency.[*2-?’] Particularly, low-dimensional semiconductor
nanostructures, such as nanowires, nanoplates, and nanorib-
bons, can be synthesized by applying an in situ concentration
changing system of the source materials during the growth
process.[2?29] For example, all-inorganic CsPbX; (X = Cl, Br, )
perovskites nanocrystals or wires have been reported to realize
the wavelength tunable lasers ranging from 412 to 700 nm, which
almost covers the entire visible region.?2303l] The composi-
tions of CdS, Se,_, nanowires or nanoribbons have been reported
to be fabricated along a single substrate or single nanostruc-
tures through a source moving chemical-vapor-deposition (CVD)
method, which is used to construct the broad wavelength tunable
lasers(33233] or multi-wavelength lasers.['*1734] The composition
gradient In_Ga, N nanowires have been reported to grow via a
CVD method on a single substrate, which exhibits a continuous
PL emission ranging from 325 to 850 nm with increasing indium
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concentration x.*®! The Cd,Pb, ,S alloy nanowires and het-
erostructures were conveniently created through a single-step
CVD growth process, which shows simultaneous emission in
mid-infrared and visible wavelengths.3¢! Besides these exam-
ples of wavelength-tunable emitters and lasers based on the
composition-graded structures, modes tunable oscillations based
on the absorption-emission-absorption process were also re-
ported based on the group I1-VI semiconductor wires.[?”:38! De-
spite all this extraordinary progress, the generation of room-
temperature multi-color semiconductor light emitters and artifi-
cial multifunctional resonators, which cover the full visible spec-
trum with low energy loss, are urgently needed for digital com-
munications and full-color displays.[>>3]

Although wavelength-tunable emitters with gradient gain ma-
terials and resonant cavities have been realized using different
semiconductor micro/nanostructures, red-green-blue emitters
based on the composition graded micro-tripods, to the best of
our knowledge, have never been reported. In this work, we re-
port a sample CVD approach to achieve room-temperature red—
green-blue emitters and microscale mode-tunable lasers based
on various components of micro-tripods. The scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX),
and transmission electron microscopy (TEM) characterizations
results prove that these tripods have high crystalline with three
legs angle to each other about 120°. The PL emissions and 2D
PL mapping investigations indicate that these tripod structures
have uniform light emissions with wavelength peaks at 460 nm,
508 nm, and 630 nm, respectively. Additionally, artificially cou-
pled white-light emitters with broad PL emissions using the ZnS,
CdS, and CdSSe micro-tripods are successfully realized. More-
over, high-quality mode-tunable lasers have been achieved based
on these micro-tripods under pulsed laser excitation at room tem-
perature. These novel micro-scale lasers with tripod cavities not
only provided a mode-tunable lasing, but also gave a potential ma-
terials platform for wavelength continuous tunable lasers based
on the bandgap gradient CdS,Se,_, tripod structures. A flexible
artificial manipulation method is used to fabricate the white-
light emitters based on these bandgap tunable tripods, provid-
ing an excellent platform for the fabrication of on-chip solid-light
sources and full-color displays. All these results represent a sig-
nificant step toward high-integration optical circuits and photon-
ics communications in the future.

2. Results and Discussion

These ZnS nanostructures are synthesized via a CVD method,
as shown in Figure S1 (Supporting Information) and Ex-
periment Sections. These micro-tripods structures are grown
through a self-assembled mechanism. As an example, a pro-
posed schematic growth process of a typical micro-tripod is
shown in Figure S2 (Supporting Information). Top-view low-
and high-resolution scanning electron microscopy (SEM) im-
ages (Figure 1a—d) reveal that the as-grown structures are micro-
tripods, which have three legs of 1-2 um in length and 80—
100 nm in diameter. The angles between each branch (leg) are
117°, 123°, and 120°, respectively, as shown in Figure 1d. Side-
view SEM images (Figure le; Figure S3, Supporting Information)
of a typical micro-tripod show that the tripod’s three legs grow
diagonally upward on the silicon substrate without any interme-
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diate structures and buffer layers. Figure S4 (Supporting Infor-
mation) shows the SEM image of the initial growth stage of the
micro-tripods. As we can see, the seed structures of the micro-
tripods grow directly on the substrate, where the branches be-
gin to appear. Figure 1f and Figure S5 (Supporting Information)
show the EDX spectra of the ZnS micro-tripods, which show the
atomic ratio of Zn and S is close to 1:1 with negligible Sn. In
order to clearly show the element distribution of the Sn-doped
ZnS tripods, a selected typical ZnS tripod (Figure 1g) and 2D el-
ement mapping (Figure 1h-j) of the tripod are investigated. It
can be observed that the two detected elements, Zn and S, are
evenly distributed along the entire tripod structure, while the
Sn element is not obviously observed due to its lower content.
Figure 1k shows these tripods’ X-ray diffraction (XRD) patterns
ranging from 20° to 55°. The sharp diffraction peaks confirm that
these ZnS tripods have excellent crystalline indexed to the cubic
structures and show good agreement with the XRD Card (JCPDS:
05-0566) for powder ZnS. The standard card information of the
XRD profiles is shown in Figure S6 (See Supporting Information)

In order to realize the red-green-blue tri-color emissions,
CdS and CdS, Se, _, tripods are also investigated besides the ZnS
tripods, as shown in Figure 2. The high-resolution top-view SEM
image and 2D element mapping of Sn-doped CdS micro-tripod
are shown in Figure 2a-d, respectively, which shows that Cd,
S, and Sn are uniformly distributed along the three branches.
Figure S7 (Supporting Information) shows the EDX spectrum
of a typical CdS tripod; the atomic ratio of Cd and S is close to
1:1, with negligible Sn (2.31%) in the tripod structure. The XRD
pattern of these CdS tripods is shown in Figure 2e, which is in-
dexed to the hexagonal wurtzite phase and matched with the PDF
card (No: 41-1049). Figure 2f—j shows the top-view SEM image
and 2D element mapping of a typical Sn-doped CdS,Se,_, micro-
tripod on the Si substrate. It can be seen that Cd, S, Se, and Sn
are uniformly distributed along the three branches of the tripod,
and the atomic ratio is about 47.42:24.54:26.53:1.51 according to
the EDX spectra in Figure S8 (Supporting Information). In gen-
eral, it is known that the bandgap of a ternary alloy is determined
by an interpolation between those of the two binaries with addi-
tional nonlinear bending for CdS,Se,_, and the bandgap bowing
coefficient (b = 0.54). Using the alloy composition determined
by EDX as shown in Figure S8 (Supporting Information), we can
obtain the bandgap of the mole fraction of this CdS,Se,_, tripod
by using the following equation!*0#1]:

E, (CdSXSel_x) = xE, (CdS) + (1 -x) E, (CdSe) —x(1—-x)b (1)

The wavelength is calculated as follows!*2!:

E, = hc/a 2)

By calculation, there is a good agreement between the PL emis-
sion and the bandgap of the alloy CdS, Se,_, (x = 0.48).

Figure 2k shows the XRD pattern of the CdS,,;Se,s, alloy
micro-tripods, which is indexed to the hexagonal wurtzite struc-
ture and offers a reasonable consistency with pure CdSe (JCPDS:
08-0459) and CdS (JCPDS: 41-1049) in Figure 2k, respectively.
For example, a typical CdS, ,4Se, s, alloy micro-tripod is selected
and placed on a microgrid for structural characterization by trans-
mission electron microscopy (TEM) (see Figure S9, Supporting
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Figure 1. Structural characterization of ZnS micro-tripods. a,b) Top-view (shooting angle is 90°) low-resolution SEM images of ZnS micro-tripods. c,d)
Top-view high-resolution SEM images of the ZnS micro-tripods. The angles between the three branches are about 120°. ) Side-view (shooting angle is
45°) SEM image of a typical ZnS tripod on the Si substrate. f) EDX spectra of typical ZnS micro-tripods. g—j) SEM image and 2D element map of a ZnS
tripod, respectively. k) The XRD pattern of the typical ZnS micro-tripod structures.

Information). Figure 21 shows a low-resolution TEM image of
a CdS, 44 Se,s, tripod, indicating that three legs have a smooth
surface with two branches of about 120° each. High-resolution
TEM (HR-TEM) images at two typical positions from the tri-
pod (blue and red squares as indicated in Figure 2l) are shown
in Figure 2m,n, respectively. The lattice spacing of the alloy tri-
pod can be calculated by the interplanar spacing formula for
the hexagonal crystal system based on the HR-TEM image of
Cd) 455€q52:

1/ &y = 4 (W +hk+ k%) /30 + 1P/ 3)
where d is the interplanar spacing and a and c are the correspond-
ing lattice constants. The lattice constant of the CdS, ,4Se, s, tri-
pod can be approximated by Vegard’s law and EDX values:
Clads,se,) = X(CdS) + (1 —x) (CdSe) 4
It can be seen from the above formula that dy, =

0.343 nm, which shows good agreement with the exper-
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imental results in Figure 2m,n. The corresponding se-
lected area electron diffraction (SAED) pattern (inset in
Figure 2n) indicates that the tripod is a high-quality single-
crystal wurtzite structure, and the three branches grow
along the [001] direction without obvious defects and phase
segregation.

The optical properties of the composition tunable micro-
tripods are shown in Figure 3. Top-view optical photograph and
dark-field real-color images of a typical ZnS tripod are shown in
Figure 3a-d, respectively, excited by a 375 nm continuous wave-
length (CW) laser using a self-made confocal optical microscope
system (see Figure S10, Supporting Information). 2D PL emis-
sion mapping (Figure 3e) of the ZnS micro-tripod shows a uni-
form emission image at 460 nm. Figure 3f~h shows the corre-
sponding PL emission spectra of three typical positions (P,—P;)
from the ZnS tripod, which have emission peaks centered at
460 nm.

Figure 3i,1 shows the optical and dark-field real-color images
of CdS and CdS,, ,4Se, 5, tripods, respectively, showing green and
red emissions under a 375 nm laser illumination. In addition,
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Figure 2. Structural characterization of CdS and CdS, 45Se 5, micro-tripods. a—d) Low-resolution SEM image and 2D element mapping of CdS micro-
tripods. e) The XRD pattern of CdS micro-tripods. f—j) SEM image and 2D map of CdS 43Se( 5, micro-tripod. k) The XRD pattern of the CdSg 43Seq s,
tripods. ) Low-resolution TEM image and m,n) high-resolution TEM (HR-TEM) images of a typical CdS 45Se( 5, micro-tripod. Inset is the corresponding

SAED pattern of the tripod, as indicated in (I).

the optical waveguiding effect can be observed from the tripods’
three legs, indicating that these tripods can act as good light res-
onators. Figure 3j,k,m,n shows 2D PL mappings and PL spectra
of CdS and CdS, ,Se,s, tripods, which shows that the tripods
have uniform emissions at 508 and 629 nm, respectively, with
negligible defect state emissions. All these results lay a founda-
tion for the realization of integrated white-light emissions.
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White-light sources have been a very attractive topic recently.
A white-light-emitting device is proposed on a Si substrate to
further illustrate the red—green-blue emissions based on these
composition tunable micro-tripods. Figure 4a—i shows the op-
tical photographs and dark-field images of CdS,Se,s,, CdS,
and ZnS tripods, respectively, which show red (Figure 4b), green
(Figure 4e) and blue (Figure 4f) emissions at the wavelength of
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Figure 3. Optical characterization of the composition-tunable micro-tripods. a) Optical photograph of a typical ZnS micro-tripod. b-d) Dark-field real-
color images of the ZnS micro-tripod excited by a 375 nm laser at three typical positions (P;—P3). e) 2D PL-mapping of the selected ZnS micro-tripod.
f-h) Corresponding PL spectra from three positions (P;—P;), as indicated in (b—d), respectively. i,l) Optical photographs and dark-field images (insets) of
CdS and CdS 45 Seg 5, micro-tripods under an unfocused 375 nm laser illumination. j,m) 2D PL-mapping and k,n) PL spectra of the CdS and CdS 45Sey 5,

micro-tripods, respectively.

about 630, 508, and 460 nm at room temperature with full width
at half maximum (FWHM) of about 26.5, 14.1, and 30.4 nm,
respectively. Figure 4j depicts a schematic diagram of the ex-
perimental configuration for the red, green, and blue tripods
coupled with white-light emission. Figure S11 (Supporting In-
formation) depicts the optical transfer process for constructing
coupled composition-graded micro-tripods by a self-made opti-
cal fiber probe. As shown in Figure 4j, the spectrometer detects
the optical signals, and the far-field emission image is recorded
by a color camera of the charge-coupled device (CCD). Figure 4k
shows the PL spectrum (T;-T;) of the various coupled micro-
tripods system and the corresponding CIE image performed ac-
cording to the PL emission spectra. A white-light emission spec-
trum with three typical emission peaks is centered at 630, 508,
and 460 nm at room temperature, recorded at the coupling part of
the micro-tripods system. The chromaticity coordinates of sam-
ples T,-T, are located at the center of the white-area in the CIE
diagram, which confirms that the micro-tripods coupling system
can give pure white-light emission. In addition, as an example,
the photothermal stability and solvent stability of the CdS, ,4Se s,
micro-tripods are investigated and shown in Figures S12 and
S13 (Supporting Information), respectively. These micro-tripods
structures exhibit reasonable photothermal stability and solvent
stability in our work.

Based on the structural and optical characterizations of the
micro-tripods, these unique micro-tripod structures may act as
excellent optical confinement cavities and optical gain materials
for microscale lasers.[***#] To prove this point, stimulated emis-
sions experiments were performed using these CdS, ,5Se, 5, alloy
micro-tripods by a 355 nm pulse laser excitation at room tempera-
ture (Figure 5). A schematic diagram of the optical setup is shown
in Figure 5a. A low-resolution dark-field emission image of the
tripod structures under a 355 nm laser illumination is shown
in Figure 5b, in which these alloy tripods have bright red emis-
sions at room temperature. Figure 5c,d shows the optical pho-
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tograph and emission image of a typical alloy tripod, which ex-
hibits three bright emissions guided from the tripod legs (P,—P,
in Figure 5d). The length of three tripod legs is about 2.2, 3.4, and
3.4 um, as indicated in Figure 5c. Because the angle between the
tripod leg and the substrate is ~#20° (Figure S14, Supporting In-
formation), the actual length of the micro-tripod is approximately
equal to the projected length in this work. Figure 5e—g shows the
pumping power-dependent PL spectra and corresponding dark-
field emission images (inset images) from the three legs of the
micro-tripod (P,—P; in Figure 5c) under a 355 nm pulse laser exci-
tation. At the low pumping power density (34.54, 35.32, and 33.67
yJ cm~2), a broad emission peak centered at ~632 nm is recorded
from the end of the tripods (P,-P;), which owing to a sponta-
neous emissions. When the pumping power increased beyond
the threshold (49.77, 56.96, and 48.39 pJ cm~2), sharp emission
lines taking place from the tripods at the wavelengths of 641.70,
641.28, and 641.49 nm, respectively, indicating that the stimu-
lated emissions started to occur at the tripod structures. While the
power density is increased to 120 pJ cm™2, the micro-tripod las-
ing with emission peaks at 643.38, 641.28, and 641.49 nm takes
place at the three legs of tripods, respectively. Figure 5h plots
the relationship between the emission intensity and the pump-
ing power density at the three legs of a tripod. When the power
density exceeds the laser threshold, the intensity of the emission
line increases super-linearly, confirming the transition of the tri-
pod from spontaneous emission to stimulated emission. Here,
we have compared these micro-tripod lasers with some 1D micro-
or nano-cavity lasers, as shown in Table 1, the lasing emissions
from micro-tripods suggest the attractive oscillation cavities with
high Q factors and low threshold relatively.

It is well known that due to the energy loss of photon oscil-
lations in a resonator, the energy attenuation causes the emis-
sion redshift.[®! In addition, due to the choice of oscillation mode
of the resonator, a small redshift (42-51 meV) is observed in
the lasing emission peaks in Figure 5i. Figure S15 (Supporting
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Figure 4. Red—green-blue emissions of the composition tunable micro-tripods. a,d,g) Optical photographs and b,e,h) dark-field real-color images of
the typical CdS0.48Se0.52, CdS, and ZnS micro-tripods, respectively. c,f,i) Corresponding PL spectra of CdS0.48Se0.52, CdS, and ZnS micro-tripods,
respectively. j) Schematic diagram of the coupled micro-tripods for white-light emission. k) PL spectrum (T1-T3) of the various coupled micro-tripods
system and corresponding CIE image performed according to the PL emission spectra.

Information) shows a theoretical oscillation model, which can
be considered to be a Febry—Pérot (F-P) resonator and the stim-
ulated emission wavelength can be calculated by the following
equation:

A = 2nL/k (5)

where n is the refractive index of the alloy tripod, L (L = 1/2[(L,+
L)) + (L, + L;) + (L; + L) =L, + L, + L;) is the total equivalent
cavity length of the tripod, and k is an integer. These results fur-
ther indicate that a high-quality F-P optical cavity is formed in
the tripod structure.

The quality factor (Q) of stimulated emission can be calculated
by the following expression:

Q = /64 (©)

where A is the wavelength of the stimulated emission peak and 64
is the FWHM of the mode. Figure 5j shows the Q factor as a func-
tion of 1/I, (x = 1,2,3, the length of each leg). After examining a
dozen of other tripods, the optimized FWHM of lasing peaks (64)
is about 0.52 nm, as shown in Figure S16 (Supporting Informa-
tion), which shows a calculated Q factor of about 1227.3 for the
tripod laser. Moreover, the lasing oscillations are also investigated
and demonstrated for various micro-tripods with different sizes
with equivalent cavity lengths L from 6.5 to 15.0 um, as shown in
Figure 6a—f. Optical photographs and dark-field emission images
of six representative CdS, ,4Se, s, alloy micro-tripods with differ-

Adv. Funct. Mater. 2024, 34, 2403135

RIGHTS L1 N Hig

2403135 (6 of 11)

ent sizes are shown in Figure 6a—f. To elucidate the influence of
stimulated properties of size-dependent micro-tripods, extensive
measurements of CdS,Se,s, micro-tripods were performed
(Figure 6). The corresponding room-temperature PL emission
spectra are shown in Figure 6g, which shows wavelength contin-
uous tunable lasing from 638.55 to 649.45 nm by the increased
cavity length L ranging from 6.5 to 15.0 um. Figure 6h shows the
functional relationship between these tripods’ equivalent cavity
length and emission wavelength. It can be observed that the las-
ing peaks have a maximum redshift of about 40 meV with in-
creasing the cavity length to 15 pm, which is due to the optical
self-absorption of the Urbach tail states along the light transmis-
sion process.[*1] All these results indicate that these alloy micro-
tripods are excellent candidates for the manufacture of mode tun-
able micro-scale lasers.

Additionally, high-quality lasers with multi-color emissions
at room temperature play an important role in full-color dis-
plays, white-light sources, and optical communications.>*% In
Figure S17 (Supporting Information), lasing emissions at about
517 nm with high Q factors are also performed based on the CdS
tripods in this work. Size-dependent lasing emissions of some
different CdS micro-tripods structures are shown in Figure S18
(Supporting Information), which indicates that the lasing mode
wavelengths of these tripods structures can also be modulated
from 511.7 to 521.4 nm by the variation of structure sizes. How-
ever, because the optical properties of ZnS structures are highly
sensitive to synthesis conditions, crystal size, and shapes, there
are inherent defects such as vacancy and defects, > and the
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Figure 5. Stimulated emissions of Sn-doped CdS,Se;,, micro-tripods at room temperature. a) Schematic illustration of the optical setup for micro-
tripods. A 355 nm pulsed laser is used for the excitation. b) Dark-field real-color image of some micro-tripods under a 355 nm pulsed laser illumination.
c) Optical photograph and d) dark-field image of a typical CdSy 43Seq s, tripod. e—j) Room-temperature pumping power-dependent PL spectra from
three legs (P—P3) of a single CdSg 43Seq 5, micro-tripod as indicated in (c), respectively. Insets: dark-field emission images corresponding to different
pumping intensities. Scale bars are 2 um. (h) Power-dependent emission intensity from three legs (P,—P3) of a micro-tripod. (i) PL emission and (j)
quality factors Q from the three legs (P1—P;) of the micro-tripod. Here I, means the length of different legs.
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Sample Structure Year Resonator Wavelength Q factor Threshold Refs.
Composition [nm]
Y CdSg 4s5€052 Micro-tripods 2024 F-P 641 12273 48.39 y) cm™? This work
semiconductors cds Nanowire 2024 FP-WGM 517 >3000 50 kW cm2 [45]
CdSe/CdSeS Core/alloyed- 2023 DFB 505-535 800-1200 9-90 yj cm™2 [46]
crown
Colloidal 2022 WGM 617, 511441 2413 22,62, 70 [47]
ZnCdSe. ZnSe. ZnS. Zo@dfum dot u cm=2
Cds Nanoribbons 2021 F-P 507.84-515.25 1051-1700 385.42 uJ cm~? [48]
CdSe. Cd,Zn,_S Composition 2018 Random 575,618 - 13.7, 4.4 yf cm™2 [49]
graded QDs
films
CdS-CdSSe-CdS H-nanowires 2017 F-P 516, 598 1500 80 pj cm~2 [39]
CdS,Se;_, Composition 2016 F-P 519, 557, 623 890 3420 yf cm™2 [17]
graded
nanoribbons
ZnCdSSe Nanosheets 2015 F-P 484, 530, 642, 260-340 3.3y ecm™2 Il
675
CdS,Se;_, Composition 2014 F-P 517-636 - 70 ) cm—2 [32]
graded
nanowires
Cds Nanowire 2013 F-P 495-516 - 0.76 u) cm™2 [38]
CdS,Se;_, Composition 2013 F-P 530, 637 585 78 1) cm=2 [50]
graded
nanowires
CdS-CdSSe-CdS H-nanoribbon 2012 F-P 517, 583-646 920 80 kW cm—2 [34]
CdSe/CdS Core/crown 2012 VCSEL 535 - 4.48 m) cm—2 [57]
CdSe. CdS. ZnO  NWs on tapered 2009 F-P 391,519, 743 560-1303 1.3 ) em=2 4]
fiber
CdSSe Nanowire 2009 F-P 503-692 200 2520 pj cm—2 [52]
-v InP Micro-Ring 2021 WGM 891 - 50y cm~2 [53]
semiconductors InAs Nanowire 2019 F-P ~2500 520 50 pj cm~2 [54]
InP/InAs H-nanowires 2019 F-P 1573 - 2.15 mj cm™ [55]
AlGaAs/GaAs H-nanowires 2017 - 781 2000 600 W cm~2 [56]
GaAs/AlGaAs Nanowire 2016 F-P 791, 819 - 110y cm—2 [57]

stimulated emissions with ZnS tripods are not achieved
presently. The successful preparation of red and green lasing
emissions based on these CdS and CdS,Se, , micro-tripods pro-
vides a new idea for realizing ultra-compact photonic devices.

3. Conclusion

In summary, high-quality various components micro-tripods
are synthesized using a sample CVD method. Structural
characterizations indicate that these micro-tripod structures
have single crystalline. Red-green-blue emissions are real-
ized based on these artificially coupled CdS,,Seys,, CdS,
and ZnS micro-tripods systems, laying the foundation for
integrating white-light sources on the chip. Moreover, room-
temperature optically pumped mode-tunable microscale lasers
are achieved based on these unique micro-tripod structures with
a low threshold of ~48.39 pJ cm™2 and a high-quality factor
of 1227.3. These novel micro-scale tripod cavities represent a
significant advantage in the controllable synthesis of bandgap
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tunable micro-tripod structures and microscale lasers, which
may provide new opportunities for multi-color lasers, on-chip
white-light integration, solid-state light sources, and full-color
displays in the future. The theoretical oscillation model of
the micro-tripod F-P cavity may open an door for the design
of high-performance multi-source emitters in nanophotonics
devices.

4. Experimental Section

Materials and Methods: ZnS, CdS, and CdS,Se;_, micro-tripods were
grown via a conventional CVD method, as schematically shown in Figure
S1 (Supporting Information). A tube furnace (OTF-1200X) was used to
fabricate the tripod structures with a 2-inch quartz tube (inner diameter
45 mm, length 180 cm). First, two alumina boats with CdS powder (Alfa
Aesar, 99.999%, 0.1 g) and Sn powder (Alfa Aesar, 99.999%, 0.015 g) were
placed in the center and upstream of the heating zone, respectively. Sev-
eral pieces of Si (4 mm x 10 mm) substrates were placed at the depo-
sition area to collect the structures. Before heating the furnace, N, gas
was introduced into the system at a flow rate of 100 sccm for 20 min to

© 2024 Wiley-VCH GmbH
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Figure 6. Room-temperature size-dependent lasing emissions of CdSg 43Se( 5, micro-tripods. a—f) Optical photographs and corresponding dark-field
real-color images of CdS 45 Seq 5, micro-tripods with various sizes. g) Size-dependent lasing emissions of some typical micro-tripods with various cavities
L = 6.5-15.0 um. h) The lasing mode wavelengths of CdS 43Seq 5, micro-tripods as a function for the corresponding size-dependent cavities in (g).

purge the oxygen from the tube. Second, the N, flow was increased to 115
sccm, while the pressure in the tube was maintained at 225 Torr. Then,
the furnace was heated to 800 °C at a rate of 27 °C min~', and the growth
time was 60 min. Lastly, the furnace was decreased to room temperature
naturally. In addition, ZnS and CdSSe alloy micro-tripods were prepared
through the same method, while the growth pressure of ZnS tripods was
maintained at 50 Torr, and the growth temperature was heated to 1000 °C
ata rate of 17 °C min~". The growth pressure of CdSSe alloy micro-tripods
was 205 Torr, with a growth temperature of ~800 °C.

Characterization: The morphology of these micro-structures was in-
vestigated by SEM (Hitachi, S-4800, Japan) with EDX. The crystal struc-
ture was measured by X-ray diffraction (XRD, Bruker D8). The crystal
structures were determined by transmission electron microscopy (TEM,
JEM-F200). A self-made confocal optical system was used to test the
optical properties of the micro-tripods, PL spectra, and 2D PL map-
ping. A laser beam (375 nm) was focused to a spot size of ~0.5 um
by a microscope lens (Nikon, X100) and locally excited at the struc-
tures. The PL spectra were recorded by an Ocean Optics Spectrometer
(Maya Pro2000), and real color images were recorded by a CCD cam-
era. Stimulated emission properties were studied using a 355 nm pulse
laser focused at 100 pm. The micro-tripods were selected and transferred
to a Si substrate by a 3D manipulator with self-made fiber probes for
characterization.
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