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As an ideal miniaturized light source, wave-

length-tunable nanolasers capable of emitting a wide
spectrum stimulate intense interests for on-chip optoelec-

. . . L. Y Nw. i
tronics, optical communications, and spectroscopy. How- Ure cyg N g
ever, realization of such devices remains a major challenge
because of extreme difficulties in achieving continuousl W
ibl bl . di d high gl f. Y cdiﬁ' - l\ 4 Si/icaﬁb
reversibly tunable gain media and high quality (Q)-factor » 4% /PZ 3 er
resonators on the nanoscale simultaneously. Here, exploit- M_Banf”’
¥

ing single bandgap-graded CdSSe NWs and a Fabry—
Pérot/whispering gallery mode (FP/WGM) coupling kx

cavity, a free-standing fiber-integrated reversibly wave- - y g
length-tunable nanolaser covering a 42 nm wide spectrum EssvasisesiG)
at room temperature with high stability and reproducibility

is demonstrated. In addition, a 1.13 nm tuning spectral resolution is realized. The substrate-free device design enables
integration in optical fiber communications and information. With reversible and wide, continuous tunability of emission
color and precise control per step, our work demonstrates a general approach to nanocavity coupling affording high Q-
factors, enabling an ideal miniaturized module for a broad range of applications in optics and optoelectronics, with optical
fiber integration.

nanolaser, wavelength reversibly tuning, nanocavity coupling, individual nanostructure, fiber-integrated

icro-/nanoscale lasers have great potential applica- biomedical sensing,”*** and spectroscopy.”® Numerous efforts
tions and are highly desired in on-chip optical have been made to achieve wavelength-variable nanolasers
communications and data processing.'~* Continu-

ous and reversible wavelength tuning of nanolasers is July 4, 2019

indispensable for their practical applications in various August 9, 2019
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fields,” ™ such as wavelength-division multiplexing, August 9, 2019
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Figure 1. Schematic diagram of the fiber-integrated device and pump-collection process. Inset: SEM characterization of bandgap-graded
CdSSe NW adhered to the U-fiber twist section. The diameters of the bandgap-graded CdSSe NW and U-fiber twist section are 313 nm and
1.33 pm, respectively.
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Figure 2. (a) Schematic diagram of FP cavity on a pure CdS NW based on end-facet reflection. The Q-factor is low due to the strong
diffraction effect on the nanoscale. (b) Schematic diagram of FP cavity on a single bandgap-graded NW. In this case of being pumped at this
particular position, no lasing occurs due to strong absorption. (c) Schematic diagram of an FP-WGM coupling cavity. One pure CdS NW is
vertically placed on the bandgap-graded NW shown in (b). The newly formed resonator of length L., has combined FP and WGM cavities
and the coupling point serves as a resonator facet with high reflectivity (R,,). In both (b) and (c), the lengths of NW and pumped area are L
and L, respectively, and R, , are the reflectivities of the wide-bandgap and narrow-bandgap end-facets, respectively. (d—f), Transient light
transmission process of a 3.3 fs duration pulse propagating and coupling in the FP-WGM hybrid structure, short-time snapshots at 42, 52,
and 62 fs, respectively. (d) Short pulse propagates from the x-NW top surface and arrives at the coupling point; coupling begins here. (e)
Most of the energy is coupled into y-NW, while a small portion of the light continues along the original path. (f) Photons stored in the WGM
have a longer lifetime because of the high Q-factor of the WGM cavity served by the radial wall of y-NW. (g) The simulated result for steady-
state solution of pulse transmission.

utilizing different methods, e.g,, absorption—emission—absorp- The main challenge is how to exploit wide-spectra gain

tion effect by precisely cutting NWs Step_by-step,lé’ZG plasmon media and achieve a reVerSibly tuning hlgh Q—factor resonator

polariton-enhanced Burstein—Moss effect’” by changing the simultaneously. Almost all wide-spectra-tuning nanolasers on

dielectric layer thickness, varying the temperature 2829 4 individual nanostructures are based on one-dimensional (1D)
ontolled mthess of ;multiquantum—weu core/s,hell nanostructures, owing to their multifunctional use as gain

media, resonance cavity, and waveguide and tuning abil-

30 . .
heterostructures.” However, continuously and reversibly ity.31_37 Nanotechnology developments over the last two

wavelength-tunable, wide-spectra nanolasers on single nano- decades have afforded two routes for designing the resonator
structures at room temperature are yet to be realized. cavity geometry and utilizing spectral profile of gain media on
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1D nanostructures. However, serious issues remain in both
approaches. The most common uses of cavities on 1D
nanostructures are based on end-facet reflection (see Figure
2a)."'%* The Q-factor of this kind of cavity—one of the key
factors of lasers—is low due to the strong diffraction effect of
the end facets on the nanoscale. The Q-factor of a 120 nm
diameter 1D nanostructure is calculated as ~200.*” Another
cavity design utilizes the Sagnac effect and ring coupling.**~*
Although this improves the cavity Q-factor, only <10 nm-
tuning range or several discrete-wavelength lasers can be
obtained due to lack of utilization wide spectra gain media.

Combining spatial composition-graded gain media with
cavity design is an emerging concept. Beyond the facile
bandgap-graded nanomaterial growth, it is critically essential to
explore a cavity structure in which the lasing of all emission
colors can be allowed to emit with minimal material absorption
while overcoming strong diffraction effect. Here, we propose a
nanocavity coupling method to achieve wide-wavelength
reversibly tunable nanolasers utilizing individual bandgap-
graded CdSSe NWs. By establishing a vertical contact between
a bandgap-graded CdSSe NW and a pure CdS NW (CdSSe-
CdS-NWs), an FP-WGM coupling cavity is formed, with
CdSSe as the gain medium. Our scheme yields a fiber-
integrated wavelength-tunable lasing source with a 42 nm
reversible spectral range, high stability and reproducibility. Our
proposed method has the potential to support an extension of
the spectral range beyond 100 nm with further material
synthesis optimization.

RESULTS AND DISCUSSION

In our design shown in Figure 1, bandgap-graded CdSSe NWs
were synthesized via a source-moving chemical vapor
deposition (CVD) method.”> The NW composition was
changed evenly and gradually from the CdS bandgap to
CdSe bandgap. To fully utilize the emission colors, a new
cavity was formed by creating movable resonator facets at the
vertical contact point of the CdSSe-CdS-NWs. In this
configuration, the bandgap-graded CdSSe NW (x-NW) was
adhered to a U-shaped microfiber (U-fiber), while the pure
CdS NW (y-NW) (see Figure S3 of the Supporting
Information) was adhered to a tapered silica fiber for ease of
manipulation. A 3-dimentional PZT stage was utilized to finely
control the positions of U-fiber and tapered fiber (see the
Methods). In this fiber-integrated system, spectra collected by
the U-fiber were sent to the optical spectrometer directly to
confirm the stability of device. Compared with a structure over
a planar substrate usually accompanied by strong van der
Waals force, the fiber-integrated design yielded a substrate-free
and suspended structure, which enabled device miniaturization
along with smooth operation and convenient spectral measure-
ment (see Figures S1 and S2 of the Supporting Information).

Unlike pure semiconductor NWs such as CdS NWs™> in
Figure 2a, the lasing wavelength of a bandgap-graded NW is
strictly defined by the photoluminescence (PL) center
wavelength of the narrow-bandgap end due to the asymmetric
bandgap absorption of the bandgap-graded NWs.'>** As
shown in Figure 2b, assuming that the length of NW is L while
L, is where the gain occurs, for the case without coupling, the
following threshold condition is obtained (see Figure S4 of the
Supporting Information)**

1

1
I'e L, = 4+ —1In
8L = L RR,

(1)
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where I' represents the confinement factor, gy denotes the
threshold of the material gain coefficient, a,;, represents the
material absorption coeflicient, and the R, , terms represent the
reflectivities of the wide-bandgap and narrow-bandgap end-
facets, respectively. The bandgap-graded NW’s PL changes
gradually with varying pump section. When a particular
position on the bandgap-graded NW (excluding the narrow-
bandgap end) is pumped, the threshold condition cannot be
satisfled because of the strong asymmetrical material
absorption in the narrow-bandgap section'”** (ie, a,L >
thth). Therefore, a wavelength-tunable NW laser cannot be
achieved by simply changing the pump section or increasing
the pump density.'>*°

In previous reports, defects were introduced to enable light
scattering to form new cavities on single bandgap-graded
CdSSe nanoribbons (see Figure S4d of the Supporting
Information).”” However, since the cavities were fixed by the
defect positions, continuous tuning was impossible. In
addition, due to the low scattering efliciency and strong
diffraction effect of the scattering point, the Q-factors were
very low, yielding high thresholds.

Our proposed hybrid structure design featuring the FP-
WGM coupling cavity facilitates a higher Q-factor wavelength-
tunable NW laser, where FP and WGM cavities coupling was
designed to introduce a movable and tunable higher-Q-factor
resonator. In the new resonator with a length L, shown in
Figure 2c¢, the emitting light propagates between the wide-
bandgap end and coupling point. In this section, the emitting
light energy is lower than the corresponding bandgap energy of
the materials. Hence, the absorption for this case, ay, is much
smaller than a,;. As shown in Figure 2d—f, the field intensities
at different moments (42, 52, and 62 fs, respectively) indicate
the light transmission process in such a hybrid structure. Some
light transmitted from the top surface of x-NW couples into y-
NW, traveling around the radial wall of the y-NW to form the
WGM. FP mode in x-NW is mostly stored between the pulse
source and coupling point, causing the latter to serve as a
resonator facet with high reflectivity (R,,) (see Figure 2g). The
WGM cavity has far superior photon storage than the FP
cavity, which appears as owning higher Q-factors as we discuss
later (see Figures SS and S6 of the Supporting Information).
According to experimental results (see Figures S7 of the
Supporting Information), the threshold in our designed
coupling condition is 50% reduced compared with the initial
NW lasers, which indicates R, > R,. For an FP-WGM coupling
cavity, a higher Q-factor is obtained than that for an FP cavity
based on the end-facet reflection or contact point scattering.
Therefore, eq 1 can be rewritten as

1 1

—In
2 RR,

Lg thh = aabL +

new (2)

As a;y < ay, Loy < L and R, > Ry, all of which profit from
the FP-WGM coupling cavity, the threshold reduces
considerably and the lasing threshold can be reached more
easily. A reversibly wavelength-tunable NW laser may thus be
realized based on the FP-WGM coupling-cavity hybrid
structure. Note that three different materials were considered
as resonator facets in this study; however, CdS NWs exhibited
the best performance in lowering the threshold (see Table S1
of the Supporting Information).

To confirm the laser oscillation in the FP-WGM nanocavity,
the lasing spectra of another bandgap-graded CdSSe NW and
two different coupling cavities based on the NW are presented
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Figure 3. (a) Lasing spectra and real-color microscope images of the narrow-bandgap end and different coupling points in a same bandgap-
graded CdSSe NW. The local images of colorful spots attached on the below bandgap-graded NW model were cut off from the coresponding
CCD images. (b) PL spectra of position I and position II without coupling. The pump density was above 10 kW/cm?. (c—e) The
corresponding threshold curves (upper) and fwhm of the spectra (below) for the same full CdSSe NW, CdSSe NW with coupling cavity at
position I, and CdSSe NW with coupling cavity at position II, respectively.

in Figure 3a. The corresponding threshold curves and fwhm
are recorded in Figure 3c—e. The threshold of full NW laser
with the center lasing wavelength of 636 nm was ~4.8 kW/
cm® Without coupling, the PL spectra failed to convert to
lasing in positions I and II owing to the ultrahigh thresholds
(see Figure 3b). After introducing effective coupling points, the
corresponding thresholds decreased dramatically, contributing
to lasing at 631 and 618 nm, respectively. Above the threshold
power density, the sharp peaks with <0.50 nm fwhm were
developed.

We note that for an FP-WGM coupling cavity, when the
pump section was fixed, the localized PL was converted to
lasing at the wavelength defined by the coupling point, which
was introduced in the narrower-bandgap side of the pump
section (see Figure S8 of the Supporting Information). In
addition, when the coupling point was fixed, the lasing
wavelength depended on the pump sections: when the narrow-
bandgap section was pumped, the lasing wavelength was
defined by the narrow-bandgap end; when the wide-bandgap
section was pumped, the lasing wavelength was defined by the
bandgap of the coupling position (see Figure S9 of the
Supporting Information). It is concluded that an effective
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coupling point and correct selection of the pump section are
necessary for reversible lasing wavelength tuning. Here, WGM
acting as a reflective facet has small volume in nanoscale, so
that the FSR is also given by an approximate expression:** FSR
= 12/ 2L, where L is the length of resonator and n, is the
effective gourp index of refraction at wavelength A. Before
coupling, the initial FSR is 0.76 nm (see Figure S9b of the
Supporting Information), while it becomes 1.77 nm after
coupling (see Figure S9a of the Supporting Information). The
ng is calculated to be 4.98 and 5.38, respectively, which are
consistent with the reported values."”** Transverse modes are
observed both in FP and FP-WGM cavities (as shown in
Figure S10 in the Supporting Information), which indicates
that the polarization of propagating lasing emission along the
x-NW under FP-WGM coupling keeps the same as that in the
initial FP cavity.

On the other hand, as for the lateral WGM cavity size which
is in nanoscale, the coupling is effective. As shown in Figure
S11 of the Supporting Information, after coupling, the fwhm
has decreased considerably from 0.11 to 0.06 nm while the
FSR has increased from 1.28 to 2.37 nm. Moreover, through
simulation, the effect resulting from the gap distance between
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Figure 4. Reversible wavelength tuning over wide range for the bandgap-graded CdSSe NW identical to that in the inset of Figure 1. (a) Real-
color microscope images of NW laser after introduction of FP-WGM coupling cavities with four forward (f-p 1—4) and backward points (b-p
1—4), where b-p 1 is identical to f-p 4. Inset (upper): Localized PL spectra at different coupling points in the same NW under low pump
density by a 355 nm pulsed laser. Inset (right): Relationship between coupling point positions and lasing wavelengths. (b) Lasing spectra of
the bandgap-graded CdSSe NW under reversible tuning. The colorful spots shown in each spectrum correspond to the real-color image of
the end emission of the bandgap-graded CdSSe NW at pump density above the threshold shown in (a).

the two NWs is shown in Figure S12 of the Supporting
Information. According to the simulation results, as the gap
distance increases, the coupling efliciency is gradually
enhanced up to the optimized (gap = 50 nm), and then goes
down.*”*” Due to strong van der Waals force between the two
NWs, the distance of <100 nm is hard to control. Therefore,
there was no gap between the two NWs in experiments.
Reversible wavelength tuning spanning more than 40 nm
was achieved experimentally on the bandgap-graded CdSSe
NW with 225 pm length and 313 nm diameter. The upper
inset of Figure 4a presents the PL spectra of different positions
on the same bandgap-graded CdSSe NW locally excited under
low pump density by a 355 nm pulsed laser. The measured
center wavelength of PL was from 569 to 610 nm. Four
forward and four backward coupling points were successfully
produced. The average distance between these contiguous
points was ~30 ym. The center wavelengths gradually changed
from 612 to 570 nm and then returned to 612 nm as the
coupling point was moved back and forth. The linear
relationship between the coupling positions and lasing
wavelengths indicates that the wavelength variation was
proportional to the moving distance (see Figure 4a, the right
inset). This demonstrates the good control and reversibility of
our experiment. From these real-color microscope images, the
variable tendency of the coupling point colors could be judged.
During forward movement, the color changed from red to
green but became increasingly red for backward movement.
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The sharp line in the spectra indicates laser emission and
tunability (see Figure 4b).

To further prove the stability and reproducibility of the
wavelength tuning process, tuning of a bandgap-graded CdSSe
NW with 125 pym length and 350 nm diameter for six cycles by
alternating the coupling point between two positions
(positions I and II) was examined (see Figures Sa). In the
experiment, the average spacing between coupling positions I
and II was approximately 40 ym and the coupling point was
repeatedly alternated. In the six-cycle process, the lasing
wavelengths changed between 608 (position I) and 601 nm
(position 1I) with standard deviations of 0.50 and 0.19 nm,
respectively, as shown in Figures Sb,c. For this representative
switching, the average fluctuation was much smaller than the
signal. The outstanding stability and reproducibility demon-
strated by the data conclusively prove that our nanoscale fiber-
integrated system can sufficiently achieve highly accurate
reversible wavelength tuning of nanolaser.

Our method afforded not only wide-spectrum wavelength
tuning, high accuracy, and reproducibility but also precise 1.13
nm resolution tuning (see Figure S13 of the Supporting
Information). The wavelength varied in a 1.08 nm resolution
when the coupling point was moved forward. For the reverse
process in the backward direction, tuning with a 1.18 nm
resolution was achieved, with a return to the same wavelengths
and positions. Comparison of the two data sets confirms the
high resolution and reliability of the wavelength tuning
approach.
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Figure S. Stability and repeatability of reversibly wavelength-tunable NW laser. (a) Real-color microscope images of a bandgap-graded
CdSSe NW with 125 pm length and 350 nm diameter. Six cycles of repeated switching between coupling points (positions I and II) were
considered. (b) Corresponding lasing wavelengths of positions I and II fluctuate slightly with standard deviations of 0.50 and 0.19 nm,
respectively. (c) Output lasing wavelengths with repeated switching of coupling points (positions I and II), showing stability and

reproducibility of the lasing wavelengths.

In summary, utilizing the advantages of an FP-WGM coupling
cavity, a room-temperature fiber-integrated reversibly wave-
length-tunable nanolaser was demonstrated on a single
bandgap-graded CdSSe NW with excellent accuracy, stability,
wavelength-tuning repeatability, and high spectral resolution.
This demonstration has several important implications. First,
this achievement is a critical research step in fiber-integrated
reversibly tunable nanolasing sources, and supports device
miniaturization and integration in optical fiber communica-
tions. Second, as pumping and measurement can be performed
through the fibers and the tuning process can be electrically
modulated by the PZT stage, the fiber-integrated device can be
used as a portable sensor or monitor suitable for operation in
ambient atmosphere and at room temperature, further
promoting semiconductor NW applications. Third, since the
FP-WGM coupling cavity has an obvious advantage over the
FP cavity, addition of multiple NWs onto a bandgap-graded
NW could help realize single-NW-based multilasing wave-
length emission. Our reversibly wavelength-tunable laser is
expected to have wide and significant applications in next-
generation integrated-field optics, sensing, and optical
communications.

Preparation of NWs and Samples. We synthesized bandgap-
graded CdSSe and pure CdS NWs by using source-movable*® and
regular chemical vapor deposition®' systems, respectively. After
synthesis, the NWs were transferred to a substrate and pumped.
Then good-quality NWs were picked up by a homemade silica fiber
probe. Under an optical microscope (Zeiss AXIO Imager.A2m), the
picked bandgap-graded CdSSe and pure CdS NWs were adhered to a
U-fiber twist section and the tip of a tapered fiber, respectively. The
U-fiber and tapered fiber were homemade by heating and stretching a
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section of a commercial optical fiber (Corning, SMF-28). To ensure
the effectiveness of the coupling cavity, the bandgap-graded CdSSe
and pure CdS NWs should be exactly above the U-fiber twist section
and under the tip of the tapered fiber. In the proposed design, the U-
fiber was fixed on a PZT stage (PI E-463.00) for precise 2D X-Y
movement. The total displacement of PZT moving range is around 80
um. The precision is measured as ~80 nm/step (see Figure S14 of the
Supporting Information). The tapered fiber was fixed on the Z-
dimensional stage moving in harmony with the U-fiber (see Figure
S1), so that the pump section and coupling point varied
simultaneously according to the bandgap-graded NW. This allowed
the PL to vary gradually. With a steady pump beam, when the pure
CdS NW touched the bandgap-graded CdSSe NW, the contact point
naturally became an FP-WGM coupling point, acting as the new
lasing-wavelength-defined point (see Figure S2a of the Supporting
Information).

Sample Characterization. The structural characterization of the
U-fiber twist section adhered to the bandgap-graded CdSSe NW was
performed by scanning electron microscopy (SEM, UltraSS/ZEISS).
After conducting experiments under the optical microscope, we
carefully cut the U-fiber twist section with the entire bandgap-graded
CdSSe NW and fixed these components on a silicon substrate for
observation (see Figure S2b).

Optical Measurements. As shown in Figure S1, the bandgap-
graded CdSSe NW was excited by a 355 nm pulsed laser obtained
from a frequency-tripled Nd:YAG laser (10 kHz, 10 ns pulse width,
MPL-N-355—500 mW), which was coupled directly to an optical
microscope by a 50X objective. The objective focused the 355 nm
pump beam with a diameter of ~20 ym. For stable and convenient
spectral measurement, the spectrum was collected directly from the
U-fiber and guided into a spectrometer (HORIBA Jobin Yvon iHR
550).

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.9b05110.
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Figures S1—S14: Experimental setup, SEM image of CdS
NW, schematic diagrams of different strategies for cavity
design; FDTD simulated results of light field distribu-
tions and Q-factors of FP/FP-WGM/FP-Scattering
cavities; comparison of pure CdS NW laser thresholds
before and after coupling; PL and lasing spectra analysis
under different conditions; polarization analysis of one
pure CdS NW before and after coupling; fwhm, FSR and
lasing modes analysis of another pure CdS NW before
and after coupling; FDTD simulated results of different
gap distance between FP and WGM cavities; high
spectral tuning resolution reversibly realized on a single
bandgap-graded CdSSe NW; displacement of the fiber
probe sticking with the coupling material vs PZT
instrument reading; Table S1: Thresholds of CdS/
CdSSe NWs after coupling with different coupled
materials (PDF)
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