Downloaded viaCITY UNIV OF HONG KONG on August 25, 2022 at 04:17:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Room-Temperature Broad-Wavelength-
Tunable Single-Mode Lasing from Alloyed

CdS,_,Se, Nanotripods

Pengfei Guo,*" Qian Yang,# Xia Shen,” Qihang Lv, Yuying Hao, Liantuan Xiao,* Johnny C. Ho,*

and Kin Man Yu*

Cite This: ACS Nano 2022, 16, 1276712776

I: I Read Online

ACCESS |

[l Metrics & More ‘

Article Recommendations |

@ Supporting Information

Wavelength-tunable semiconductor nanolasers have attracted tremendous attention for their tunable
emissions and robust stability, bringing possibilities for various applications, including nanophotonic circuits, solid-
state white-light sources, wavelength-converted devices, and on-chip optical communications. Here, we report on
the demonstration of broadband-tunable, single-mode nanolasers based on high-quality alloyed single crystalline
CdS,_,Se, (x = 0—1) nanotripods with well-formed facets fabricated using a conventional CVD approach.
Microstructural characterization and optical investigations reveal that these structures are crystalline with
composition-tunable CdS,_,Se, alloys. Microphotoluminescence spectra and mapping of these nanotripods exhibit
emissions with continuous wavelengths from 509 to 712 nm, further demonstrating that the CdS,_,Se, alloys have
tunable bandgaps due to the composition gradient. Additionally, under a pulse laser illumination, room-temperature
single-mode lasing is clearly observed from these nanotripods cavities, which shows almost identical emission lines
with a high-quality factor of ~1231. More importantly, wavelength continuously tunable nanolasers from 520 to 738
nm are successfully constructed using these bandgap gradient nanotripods. The capability to fabricate high-quality
tunable nanolasers represents a significant step toward high-integration optical circuits and photonics

communications.

semiconductor, nanotripods, bandgap modulation, wavelength-tunable nanolasers, nanophotonics

The ability to engineer and control bandgaps of semiconductors
through alloying is one of the essential attributes that makes
semiconductors useful for many optoelectronic applications.' ™
Semiconductor nanostructures offer an opportunity in tunable
optoelectronic devices for their greater flexibility in composition
control and bandgap modulation.”” Recently, wavelength-
tunable lasers of bandgap modulated semiconductor nanostruc-
tures have attracted considerable interest because of their
potential e}gpplications in future photonic and optoelectronic
devices,"*7'° for instance, solid-state lighting, lasers, optical
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data storage and optical communication.’ However, it is still

challenging for nanoscale lasers to achieve room-temperature
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Figure 1. Structural characterization of Sn-doped CdS nanotripods. (a and b) Low-resolution top-view SEM images of CdS nanotripods grown
on the silicon substrate. (c and d) Close-up SEM images of two typical CdS nanotripods with three legs at projection angles of about 120°. (e) A
dark-field real-color photograph of some selected nanotripods and (f) a typical single structure under an unfocused 355 nm pulsed laser
illumination. (g-j) SEM images and EDS maps for Cd, S, and Sn elements of a typical nanotripod. (k) A low-resolution TEM image of a CdS
nanotripod. (1) HRTEM image focused on the interface of two branches. (m) A low-resolution TEM image of the right branch from the CdS
nanotripod. (n) A HRTEM image from one branch of the nanotripod. Inset: the corresponding SAED pattern from the nanotripod.

lasing emission with an extremely broad wavelength
range #1214

Additionally, semiconductor nanostructures offer superior
end face'” and stronger optical confinement compared to results
for components constructed by the top-down method.'® They
are therefore ideal candidates for optical gain materials and
nanoscale optical cavities for understanding nanoscale
lasers."”~*° To date, various nanolasers have been demonstrated
on the basis of many self-assembled single-crystalline semi-
conductor nanostructures, including nanocrystals,ZI_B nano-
wires,””***% nanoribbons,”**” heterostructures,”**’ nanoplate-
lets,”"™** and nanobeam.” Especially, most tunable nanoscale
lasers are constructed and realized on the basis of the
conventional Fabry—Pérot (F—P) cavities or whispering-
gallery-mode (WGM) cavities by changing the composition of
the semiconductor structures.”**~* Tunable lasers can fulfill a
number of roles relevant to nanophotonic applications.**™*® For
example, bandgap-tunable CdS,_,Se, nanobelts with their band

gap ranging from 2.42 to 1.74 eV were realized, which shows a
tunable F—P lasing emission from 710 to 510 nm under a pulsed
laser excitation.'””” Similarly, Zn,Cd,_,S alloy nanoribbons
exhibit F—P lasing emission from 510 to 340 nm under optical
pumping,***” All-inorganic cesium lead halide CsPbX; (X = Cl,
Br, I) crystalline microcavities were reported for tunable WGM
lasing over the entire visible region (410—700 nm).**
Composition-tunable single-mode plasmonic lasing from 474
to 627 nm were realized by In,Ga,_ N@GaN core—shell
nanorods supported on an Al O;-capped epitaxial Ag film."”
Yang et al. used single on-wire bandgap-graded CdS,_,Se,
nanowires and realized broadly tunable F—P nanolasers over a
wide visible range up to 119 nm by forward cutting the alloy
nanowire from the CdSe to the CdS end.® Besides these
examples of tunable lasers based on structures with gradient
compositions, waveguide embedded plasmon lasers multiplexed
onto a single CdS nanobelt with 490—502 nm, allowing efficient
electrical modulation, were also reported. These findings further
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Figure 2. Optical characterization of CdS,_,Se, nanotripods. (a) An optical photograph of a typical Sn-doped CdS nanotripod. (b-d) Dark-field
emission images excited by a focused 488 nm laser at three typical positions (P,—P;), respectively. (e) 2D emission mapping of this Sn-doped
CdS nanotripod. (f-h) Corresponding PL spectra from three positions P,—P5, indicated in (b-d). (i) Real-color images of CdS,_,Se, alloy
nanotripods with various compositions and (j) corresponding PL spectra of CdS,_,Se, alloy nanotripods showing the continuous variation of
the emission peak because of different compositions. (k) Plots correlating the emission wavelengths and bandgaps of CdS,_,Se, nanotripods as
a function of alloy composition. The solid line shows the best fit of composition-dependent bandgaps using the virtual crystal approximation

with a bowing parameter b = 0.23 eV.

demonstrated the potential of multicolor plasmon lasers for
photonic integration.*” Wavelength-tunable F—P nanolasers of
CdSe and CdS nanowires with the emitted wavelengths ranging
from 706 to 746 nm and 489 to 520 nm, respectively, were
reported on the basis of the absorption—emission—absorption
process.*""** Despite all this extraordinary progress, tunable
nanoscale lasers and multicolor emissions of artificial multi-
functional resonators are urgently needed for further applica-
tions in ultrafast information processing.

Although wide-wavelength-tunable lasers have been realized
by F—P cavities or WGM cavities using different semiconductor
nanowires/ribbons or nanoplatelets as gain media,m’zs’%%45
such laser structures based on single-nanotripod cavities, to the
best of our knowledge, never have been reported. In this paper,
we demonstrate an efficient way to achieve wide-wavelength-
tunable lasers on single-composition-tunable CdS,_,Se, (x = 0—
1) nanotripods, which were synthesized by a bottom-up self-
assembly CVD approach. Structural characterization reveals that
these nanotripods have high crystalline quality with a wurtzite
structure and exhibit a fine tridimensional nanotripod structure
with the vertical projection angle of the three arms about 120°.
Spatially resolved microphotoluminescence (u-PL) spectra and
optical scanning PL mapping images indicate a series of narrow
emission bands from 509 to 712 nm, changing by the bandgap
modulation. Optically pumped lasing with a single mode is
observed using a nanotripod F—P cavity, and the lasing modes
show a red shift depending on the increasing size of the tripod
resonant cavity. Moreover, wavelength-tunable nanolasers can
be achieved continuously from 520 to 738 nm by varying the
composition of the CdS;_,Se, nanotripods. These nanotripod-
based tunable lasers have potential applications in constructing
compact nanophotonic components.

RESULTS AND DISCUSSION

Low- and high-resolution scanning electron microscopy (SEM)
images (Figure la—d) show that the as-grown structures are
nanotripods with three crystal legs of 2—18 um in length and
100—500 nm in diameter. As can be seen from Figure 1c,d, the
nanotripod structures grow directly on a silicon substrate, and
the part near the center of the tripod is directly connected with
the substrate without any intermediate structure or buffer layer,
while the three legs grow obliquely upward from the center
(Figure S1, Supporting Information). A dark-field real-color
image of the nanotripod structures and a typical real-color
emission image of a single nanotripod under a 355 nm laser
illumination shown in Figure le,f, respectively, suggest that the
nanotripods have uniform emissions with the green light from
three legs. The clearly observed bright spots at the tip of
nanotripods indicate good waveguide effects of the light in these
tripods structures (Figure 1f).

Figure 1 panels g—j show the SEM images and 2D elemental
mapping of a typical nanotripod. The EDS spectrum shows that
Cd, S, and Sn are present in the nanotripod (Figure S2,
Supporting Information), and the atomic ratio of S and Cd is
close to 1:1 with ~1.92% Sn. Two-dimensional (2D) elemental
mappings for the three detected elements (Cd, S, and Sn) are
shown in Figure 1h—j, suggesting a uniform distribution of the
three elements along the nanotripods. One representative
nanotripod was picked up and placed on a microgrid by a
homemade fiber taper under an optical microscope for structural
characterization, as shown in Figure S3 (Supporting Informa-
tion). The microstructure of this nanotripod was investigated by
transmission electron microscopy (TEM). Figure 1k is a typical
low-resolution TEM image of the selected nanotripod showing
three legs with straight and smooth edges connecting with each
other at projection angles of 120°, 116°, and 124°, respectively.
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Figure 3. Room-temperature lasing emissions of Sn-doped CdS nanotripods. (a) A schematic diagram of the experimental setup for the lasing
measurements on an Sn-doped CdS nanotripod. The structure is under the illumination of an unfocused 355 nm pulse laser beam. (b) A top-
view optical photograph of the CdS nanotripod showing the lengths of the three legs. (c-e) Pumping power-dependent room-temperature PL
spectra from three legs (P,—P;) of a CdS nanotripod as indicated in (b), respectively. Insets show the corresponding dark-field real-color
images. The scale bars in the insets are 3 gm. (f) Pumping power-dependent emission intensity from the three spots (P,—P;) at ~520 nm. (g) PL
emission and lasing wavelengths from the three spots of the nanotripod. (h) Size-dependent lasing emission wavelength of some nanotripods
from 6.0 to 18.0 um. (i) The mode spacing, A4 plotted as a function of 1/L (L is the equivalent cavity length) for the corresponding cavities in
(h). Red star symbols are the experiment data, and blue sphere symbols are the calculated data according to eq 2.

The corresponding high-resolution TEM (HRTEM) image at
the junction (red square in Figure 1k) is exhibited in Figure 1],
which shows a high-quality single-crystalline microstructure
with the lattice spacing of ~0.351 nm, corresponding to the
(002) lattice spacing of wurtzite CdS. Figure 1 panels m and n
show the low- and high-resolution TEM images at the tip of the
nanotripod, respectively. Similar to Figure 11, the (002) lattice
spacing of wurtzite CdS of ~0.351 nm is also measured. The
corresponding selected area electron diffraction (SAED) pattern
(inset in Figure 1n) shows well-arrayed diffraction spots,
indicating a high-quality single-crystalline wurtzite structure.
The SAED results show that three legs of these nanotripods
grow along the [001] direction without apparent defects or
phase segregation. Figure S4 (Supporting Information) shows a
typical SEM image of these nanotripods at the initial growth
stage. As can be seen, the nanotripods start to nucleate, and the
branches start to sprout from the nucleus at this initial moment.
All these results clearly demonstrate that the achieved Sn-doped
CdS nanotripods are high-quality wurtzite structures, with the
three legs epitaxially grown on the (001) surfaces of the
pregrown nucleus. Moreover, some typical CdS,_,Se, alloy

nanotripods with different compositions have also been realized
by the same method shown in Figure SS (Supporting
Information), which exhibit nearly the same morphology as
the Sn-doped CdS nanotripods shown in Figure 1. The growth
details can be found in the Experimental Section.

To shed light on their optical properties, Figure 2 panels a—d
show the top-view optical photographs and dark-field real-color
images of a CdS nanotripod grown on the silicon substrate under
a confocal optical system (Figure S6, Supporting Information)
with a continuous wavelength (CW) 375 nm laser excitation.
The studied nanotripod has three legs with a length of ~2.5 ym
and a diameter of 800 nm. Figure 2e shows a 2D emission
mapping of the CdS nanotripod under a 375 nm CW laser
scanning, illustrating a uniform emission image at 509 nm.
Positions P;—P; in Figure 2 panels b—d indicate this structure’s
three typical excitation positions. The PL spectra from the three
different positions (Figure 2f—h) exhibit a band-edge emission
peak at 509 nm and a broad emission band, which can be
attributed to oxygen vacancy induced defect-state emissions.*®
In addition, the good waveguide effect of the nanotripod can be
observed in the dark-field images (Figure 2b—d), which
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indicates that these structures may have a delicate optical
confinement cavity. Figure 2i exhibits six real-color images of
typical CdS,_,Se, alloy nanotripods with different compositions
(x = 0—1) under laser illumination. Spatially resolved u-PL
spectra shown in Figure 2j suggest that these CdSSe alloy
nanotripods exhibit continuously tunable spontaneous emis-
sions from 509 nm (CdS) to 712 nm (CdSe) with a full width at
half-maximum (fwhm) of around ~25 nm. The EDS spectra
show that the CdS,_,Se, nanotripods (Figure S7, Supporting
Information) contain Cd, Se, and S as their major constituents
with varying S and Se ratios and extremely dilute amounts of Sn.
From the band-to-band emission peaks in PL spectra and the
EDS measured composition, a correlation between the bandgap
and composition of CdS;_,Se, nanotripods can be established
and shown in Figure 2k. The solid line in Figure 2k shows the
best fit of composition-dependent bandgaps of the alloy
nanotripods using the virtual crystal approximation with a
bowing parameter b = 0.23 eV. The composition uniformity was
studied by SEM and EDS mapping on two selected CdS,_,Se,
alloy nanotripods (x = 0.17 and 0.48), and the results are shown
in Figures S8 and S9 (Supporting Information), respectively.
The EDS elemental maps suggest uniform distributions of the
Cd, S, Se, and Sn in these nanotripods. In addition, PL spectra
and emission mapping images of these two CdS,_,Se, alloy
nanotripods are shown in Figures S10 and S11 (Supporting
Information), which indicate the alloy tripods have uniform
emissions at 548 and 601 nm with negligible defect-state
emissions, respectively.

Results of the structural and optical characterization suggest
that these nanotripod structures may simultaneously act as good
optical gain and optical confinement cavities for the fabrication
of nanoscale lasers.””** To validate this concept, a 355 nm
pulsed laser beam is focused to ~100 gm by a microscope to
provide optical pumping on these CdS,_,Se, nanotripods. As
schematically shown in Figure 3a, the local signal is detected by a
spectrometer, and the images are recorded by a CCD camera.
Figure 3b shows an optical image of a representative nanotripod,
which has three legs with projection lengths of 5.6, 5.6, and 5.7
um, respectively. Because the angle between the horizontal
substrate plane and the legs of the tripod is about 19° (Figure S1,
Supporting Information), the projected length is approximately
equal to the actual length in this work. Figure 3 panels c—e show
a series of PL spectra and corresponding dark-field emission
images (inset images) from the three legs of the nanotripod
under a 355 nm pulse laser excitation with different pumping
powers. It can be seen that the output emission spots (P;—P;)
from the three legs gradually changed from dark to bright with
the increasing power density, which is in agreement with PL
spectra in Figure 3c—e, respectively. The PL spectra at spots P, —
P, (Figure 3c—e) exhibit a broad and weak spontaneous
emission band at ~509 nm at a low pumping power density
(18.68 pJ/cm?). Sharp emission lines center at 519.23, 520.76,
and 518.89 nm start to emerge when the pump power increases
beyond the threshold (41.70, 46.56, and 43.89 uJ/cm?),
respectively, suggesting that stimulated emission occurs in this
nanotripod cavity and guides to the tip of the three legs (P,—P;).
From the experiment results, the threshold of the nanotripod
laser is 2 times lower than the thresholds of the conventional
CdSSe nanowire lasers (79.4 uJ/cm?®)*" and much lower than
the thresholds of the CdSSe nanoribbon lasers (68 MW/cm?).*
Figure 3f shows the intensities of the sharp emission lines as a
function of the pumping power density according to the PL
spectra of the three spots, which exhibit a superlinear increase

when the power density is above a threshold value, indicating a
transition from spontaneous emission to stimulated emission. It
is worth noting that the lasing modes (Figure 3g) from the three
output spots (P1—P3) are slightly different. This is believed to
result from the presence of some weak emission lines
accompanying each lasing line in almost all the obtained lasing
spectra.’”' The narrow line width and the rapid increase of
emission intensity collected from three different legs (spots P,—
P,) demonstrate that stimulated emission can take place in this
nanotripod cavity and output from three legs simultaneously.

The mode selection of lasing action can be realized by the
coupled cavities by means of Vernier Effect.”” Generally, the
lasing action is multimode in a single nanowire with only one F—
P cavity. As seen, a singly separated leg of Sn-doped CdS
nanotripod (11 ym in length) is pumped by a 355 nm pulse laser
in Figure S12 (Supporting Information). When the optical
pump is above the lasing threshold at SO xJ/cm? multimode
lasing is observed with a measured mode spacing of about 2.1
nm (Figure S12¢, Supporting Information). However, the lasing
emissions from nanotripods suggest the attractive oscillation
cavities in these nanostructures may be able to realize single
mode lasing when the cavity size is increased to a certain level.
Figure S13 (Supporting Information) presents a theoretical
oscillation model, which could act as an equivalent F—P
resonator, and the wavelength of stimulated emission can be
calculated by the following equation:

A =2nL/k (1)

where 1 is the refractive index of CdS (n=2.67),L (L=1/2[(L,
+ L) + (Ly + Ly) + (Ly + L;)] = L, + L, + L) is the total
equivalent cavity length of the nanotripod, and k is an integer.
The calculated emission wavelength using eq 1 is in good
agreement with the actual measured value, as shown in Figure
3h,i. The lasing oscillations are investigated and demonstrated
for nanotripods with different dimensions. As shown in Figure
3h, six representative lasing spectra are recorded from tripods
with different equivalent cavity lengths L from 6.0 to 18.0 ym
with narrow lasing modes. It can be seen that the lasing peak
follows eq 1 and exhibits a continuous red shift with increasing
cavity length L. The relationship between laser mode s}s)acing
(A2) and cavity length (L) are explored by the equation’”

AL = A*/{2L[n — A(dn/dA)]} )

where A is the lasing wavelength at ~520 nm, n is the
corresponding refraction index (0.67), L is the equivalent length
of nanotripod cavity, and dn/dA is the chromatic dispersion
(—6.89 um—1).*>> A nearly linear dependence of the mode
spacing (A1) on the reciprocal of the cavity length (1/L) is
observed, as shown in Figure 3i (red pentagram), which is in
agreement with the calculations based on the F—P mode spacing
relationship using eq 2 (blue sphere). These results further
support the high-quality F—P optical cavities formed in
nanotripods.

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

Q=A4/64 (3)

where 4 is the wavelength of stimulated radiation mode and 64 is
the fwhm of the mode peak. After examining a dozen CdS,_,Sex
nanotripods with different compositions, we find that the
minimum peak width (fwhm) of the main mode of stimulated
radiation is 0.54 nm, as shown in Figure S14 (Supporting
Information). Therefore, the Q factor of the nanotripod can be
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Figure 4. Comparative investigation of stimulated emission from two typical CdS nanotripod cavities with uniform and nonuniform branches
(legs). (a and b) A top-view optical photograph and dark-field image, respectively, of a CdS nanotripod with nonuniform legs grown on silicon
substrate. (c-e) Lasing emission spectra from the tip of the nanotripod, as shown in (a), pumped with power above the lasing threshold at 100
pJ/cm? (fand g) A top-view optical photograph and dark-field image, respectively, of a CdS nanotripod with three relatively uniform legs. (h-j)
Three lasing emissions from the tip of the tripod, as shown in (f), pumped with power above the lasing threshold at 100 yJ/cm?. (k) The lasing
emission peak A plotted as a function of 1/1, (x = 1,2,3, the length of each leg), and (1) the quality factors Q from different nanotripods (P,—P;

and Q,-Q; indicated in the diagram (a) and (f)), respectively.

calculated as 1231. Such a high Q factor demonstrates that
nanotripods are high-quality cavities that can be potentially used
to fabricate excellent nanoscale lasers.

Moreover, further investigation of the dependence of lasing
emission mode on the uniformity of the nanotripod leg length is
also investigated. The lasing mode of two different nanotripods,
with uniform and nonuniform legs, are studied, and the results
are shown in Figure 4. Figure 4 panels a and b give the optical
photograph and dark-field emission image of a nonuniform
nanotripod with different leg lengths of L; = 15.4 nm, L, = 10.4
nm, L; = 16.6 nm, and an equivalent cavity length L =L, + L, +
L; = 42.4 ym. Under a 355 nm pulse laser pumping, the three
lasing emissions show single modes (Figure 4c—e) at 519.01,
520.58, and 519.23 nm from the three legs of the tripod (P;—P;

as indicated in Figure 4a), respectively. In contrast, Figure 4
panels f and g show the optical photograph and dark-field
emission image of a nanotripod with three nearly uniform legs
(L=1L,+L,+Ly=183 + 17.6 + 18.3 = 542 um). Lasing
emission peaks (Figure 4h—j) with single modes at 521.34,
519.67, and 519.89 nm are also observed from the three legs
(Q,—Qs as indicated in Figure 4f), respectively, from this
nanotripod with uniform leg lengths. As presented in Figure 4k,
the lasing mode wavelengths from the different legs for both
uniform and nonuniform nanotripods are very similar for the
same cavity. This suggests that a single-mode stimulated
emission takes place from a single-nanotripod cavity, showing
almost no correlation with the length of legs. However, each leg’s
lasing emission Q factor (Figure 41) is nearly the same in the
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Figure S. Wavelength-tunable lasing of CdS,_,Se, alloy nanotripods. (a) A schematic diagram of the lasing measurements on CdS,_,Se, alloy
nanotripods with different compositions. (b—f) Optical photographs and dark-field real-color images of some typical CdS,_,Se, alloy
nanotripods under an unfocused 355 nm pulsed laser illumination. All the scale bars are 5 pm. (g) Corresponding PL spectra of these

nanotripods below and above the lasing threshold.

same nanotripod, whereas Q factors for the uniform nanotripod
are >2 times higher than those from the nonuniform one.
Moreover, these nanotripods have the potential to serve in
integrated nanophotonic devices; a single CdSSe nanotripod
and a waveguide (CsPbCl, nanowire) are coupled together on a
chip, as shown in Figures S15 and S16 (Supporting
Information). The micromanipulation is carried out by a
homemade fiber probe mounted on a precisely controlled 3-
dimensional moving stage.

Finally, lasing from nanotripods with wavelength-tunable
emission ranging from 520 to 738 nm is realized by adjusting the
composition of the CdS;_,Se,. A schematic diagram of the CVD
growth of these CdS,_,Se, nanotripods and the corresponding
growth parameters are shown in Figure SS (Supporting
Information). Figure Sa depicts a schematic diagram of the
experimental configuration for the optically pumped PL
measurements. A pulse laser beam (355 nm) was focused
(spot size, ~100 um) by an objective lens and then locally
pumped on these nanotripods. The local optical signals were
then detected by a spectrometer, and the far-field optical images
were recorded by a charge coupled device (CCD) color camera.
Figure 5 panels b—f show five representative optical photo-
graphs and dark-field real-color emission images of CdS,_,Se,
alloy nanotripods with different compositions (x = 0, 0.17, 0.48,
0.67, 1), demonstrating various emission colors from green to
orange to red. Corresponding EDS spectra of these alloy
nanotripods are shown in Figure $17 (Supporting Information).
PL spectra of these nanotripods shown in Figure 5g show that
the lasing emission wavelength can be continuously tuned from
520 to 738 nm, providing an excellent platform for the
fabrication of broad-wavelength-tunable nanotripods lasers.
Notably, all the sharp stimulated emission lines appear at longer
wavelengths (lower energies) compared with results for their
corresponding spontaneous emission peaks. This can be
attributed to the self-absorption process during the light

transmission and oscillation. To the best of our knowledge,
this is a vitally important report of broadly tunable color
nanolasers based on the nanotripods cavities.

CONCLUSION

In conclusion, high-quality CdS,_,Se, nanotripod structures
with compositions from x = 0 to 1 were synthesized using the
CVD strategy. Microstructure characterization reveals that these
nanotripods have a single-crystalline structure with tunable
compositions. Photoluminescence observations indicate that
these tripods have good waveguide effects through the three
branches (legs). Moreover, under a pulse laser illumination, the
nanotripods exhibit PL emissions from broad spontaneous
emissions to strongly stimulated emissions when the optical
pumping power increases to above a threshold value. Addition-
ally, these CdS,_,Se, nanotripods can be used as high-quality
equivalent F—P cavities for single-mode tunable nanolasers with
emissions from 520 to 738 nm at room temperature. The
development of a nanoscale laser source with tunable wave-
lengths provides an attractive design for realizing single-mode
lasers and exciting opportunities for diverse applications in
integrated photonics.

EXPERIMENTAL SECTION

Material Preparation and Characterizations. CdS,_,Se, nano-
tripods were grown via a conventional CVD strategy, as schematically
shown in Figure SS (Supporting Information). Sources and reagents
were purchased from Alfa Aesar. A horizontal furnace (OTF-1200X)
with a 2 in. quartz tube (inner diameter 45 mm, length 180 cm) was
used. For example, before the growth of tin-doped CdS nanotripods,
two alumina boats (74 mm in length) filled with CdS powder (Alfa
Aesar, 99.999%,0.07g) and Sn powder (Alfa Aesar, 99.999%, 0.035 g)
were placed in the center and upstream of the heating zone,
respectively. Several pieces of Si (4 mm X 10 mm) were placed at the
deposition area. Before heating, N, gas was introduced into the system
at a flow rate of 60 sccm for 30 min to purge the air and moisture from
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the tube. After that, the N, flow was increased to 120 sccm, while the
pressure in the tube was maintained at 220 Torr. Then the furnace was
heated to 780 °C at a rate of 26 °C min~" and the growth time was 90
min. After the growth, the furnace was naturally cooled to room
temperature. Similar growth processes were used to grow alloys with
different compositions with slightly different growth parameters, as
shown in Figure S5 (Supporting Information).

Characterization. The morphology and chemical composition of
these nanostructures were investigated via scanning electron micros-
copy (SEM, Hitachi, S-4800, Japan) with energy dispersive X-ray
spectroscopy (EDS) capability at an accelerating voltage of 5.0 kV. The
microstructures and crystal structures were determined by transmission
electron microscopy (TEM, JEM-F200). The optical images, PL
spectra, and mapping were completed by a home-built confocal optical
system. A laser beam (375 nm) was focused to a spot size of ~0.8 ym by
a microscope lens (Nikon, X100) and locally excited the nanostruc-
tures. The PL spectra were recorded by an Ocean Optics Spectrometer
(Maya Pro2000), and real color images were recorded by a CCD
camera. Stimulated emission properties were studied using a 355 nm
pulse laser illumination, which was focused to 100 gm. A nanotripod
was selected and transferred to an MgF, substrate by a 3D manipulator
with homemade fiber probes for characterization. Because of the
challenges in monolithically integrated on-chip light sources, a
micromanipulation method by a fiber probe is proposed to fabricate
on-chip tunable lasers in this work. The micromanipulation process is
shown in Figure S18 (Supporting Information). Figure S19
(Supporting Information) exhibits the optical photograph and
corresponding real-color image of the constructed on-chip composi-
tion-tunable nanotripods, which could be used to realize on-chip
wavelength continuously tunable lasing. Dark-field PL emission images
and spectra were collected by a CCD camera and optical spectrometer
(Maya Pro2000).
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