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The random lasing in quantum dot systems is in anticipation for widespread applications in biomedical therapy
and image recognition, especially in random laser devices with high brightness and high monochromaticity.
Herein, low-threshold, narrowband emission, and stable random lasing is realized in carbon quantum dot
(CQD)/DCM nanowire composite-doped TiN nanoparticles, which are fabricated by the mixture of carbon quan-
tum dots and self-assembly DCM dye molecules. The Förster resonance energy transfer process results in a high
luminescence efficiency for the composite of carbon dots and DCM nanowires, allowing significant random lasing
actions to emerge in CQD/DCM composite as TiN particles are doped that greatly enhance the emission effi-
ciency through the plasmon resonance and random scattering. Thus, sharp and low-threshold random lasing is
finally realized and even strong single-mode lasing occurs under higher pumping energy in the TiN-doped
CQD/DCM composite. This work provides a promising way in high monochromaticity random laser
applications. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.462588

1. INTRODUCTION

Random lasers have attracted great interest in the scientific
community for their simple structure, easy fabrication, low
cost, and low spatial coherence properties [1–4]. However,
the development of random lasers is restricted by the poor con-
trollability, high energy loss, and complex modes owing to the
randomness of multiple scattering. The quantum dots with
narrow bandwidth emission and high fluorescence efficiency
can deal with these problems and contribute to the develop-
ment of ultra-stable and low-threshold random lasers with
high brightness and high monochromaticity [5–7]. Hence,
the random lasing in quantum dots is in anticipation for wide-
spread applications from military weapons, biomedical therapy,
image recognition, and especially in nano random laser devices
[8–12]. In particular, carbon quantum dots (CQDs), which
were first obtained by Xu group in 2004, show great promise
with strong fluorescence. In addition, CQDs are regarded as
superior to conventional semiconductor quantum dots due
to a number of excellent properties such as water solubility,
low cost, chemical inertness, high stability, low toxicity, and

biocompatibility, which indicates that CQDs can be a good
choice for laser gain materials and nanophotonic light sources
[13–20]. It is possible to use CQDs as a gain media for random
lasers. The random lasers based on pure quantum dot systems
have been developed to date. However, the random laser effi-
ciency and intensity are low. One possible reason is the low
optical gain generated by quantum dots. Another one is that
the quantum dots typically have sizes of∼10 nm, which cannot
trigger the scattering feedback mechanism in random lasing,
since efficient scattering requires structure sizes which are com-
parable to the pump light wavelength. Researchers have im-
proved the gain efficiency and scattering of the quantum
dot system by means of fabricating a composite structure or
doping materials [21–25].

In the past 5 years, many types of carbon quantum dot lasers
have been experimentally demonstrated and many applications
have been proposed in optical devices. In 2016, Jiang’s group
found random lasing behavior in surface functionalized carbon
quantum dots/RhB composite [15]. Then Liao and Lin’s
group also observed the efficient and tunable random laser
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in carbon-dot-decorated nanostructured semiconductors in
2018 [18]. In this work, we discover the random lasing action
in CQD/DCM nanowire composite doped with TiN nanopar-
ticles (C/D/T), which are fabricated by the DCM dye mole-
cules self-assembly. The fluorescence efficiency of CQD/DCM
nanowire composite is enhanced compared to pure DCM due
to the Förster resonance energy transfer (FRET) process
[14,15]. In addition, the TiN particles are doped in composite
as the enhancement media of plasmon resonance and scatter-
ing. Due to the contribution above, we find the low-threshold,
narrowband emission, and stable random lasing in C/D/T
composite. More specifically, the ultra-sharp random peaks be-
have as approximately strong single-mode lasing, which has
prospect in application to high brightness and high monochro-
maticity random laser [14,20,26]. It can be found that many
CQDs adhere on the surface of self-assembly DCM nanowires
and the irregular nanowires also enhance the random scattering,
which contributes to the lasing actions of the C/D/T composite
system. The random lasing is also enhanced by plasmon reso-
nance and scattering from TiN [27–36].

2. EXPERIMENTAL SECTION

A. Preparation of Sample Solutions
(1) DCM nanowire solution: We dissolved the DCM dye into
dimethyl sulfoxide (DMSO) solution for 40-min ultrasonic vi-
bration and the concentration of solution is 0.7% (mass frac-
tion). Then we let the DCM dye solution stand still for 12 h.
The DCM dye molecules self-assembled into DCM nanowires
in solution. (2) CQD/DCM composite solution: The CQD
solution was mixed with the DCM dye nanowire solution with
the weight ratio of 1:1 and the concentration of DCM nano-
wire solution is 0.7% (mass fraction). The mixture solution was
put into an ultrasonic machine in beaker for 20-min ultrasonic
vibration. The mixture solution stood still for 1 h. Then we got
the CQD/DCM composite solution. (3) CQD/DCM
composite-doped TiN nanoparticle (C/D/T) solution: We dis-
solved TiN particles (the diameter is 40 nm) in the CQD/
DCM mixed solution for 40-min ultrasonic vibration and
the sample solution stood still for 1 h. The weight ratio of

the CQD/DCM solution and TiN solution is 5:1 and the con-
centration of TiN is 1 mg/mL.

B. Measurement
The absorption spectrum and emission spectrum of DCM dye
molecules and carbon quantum dots were recorded by a UV–
Vis spectrophotometer. For investigating the lasing actions in
CQD/DCM composite-doped TiN nanoparticles, each sample
solution is injected into a quartz capillary with the diameter of
300 μm and length of 200 mm. The sample capillaries are ex-
cited by the Nd:YAG pulse laser (532 nm, 10 ns pulse, 10 Hz).
Emission spectra of the sample were collected by the fiber spec-
trometer (AvaSpec-2048, 470–690 nm, 0.04–20 nm). The
time-resolved photoluminescence (PL) spectra of CQD,
CQD/DCM, and DCM were recorded by a time-correlated
single-photon counter (PMA182-N-M), and the Fourier trans-
form infrared spectroscopy (FTIR) spectra of pure DMSO sol-
ution, DCM solution, and CQD solution were collected by
FTIR spectrometer (Thermo-IS5). All experiments were ob-
served at room temperature.

3. RESULTS AND DISCUSSION

As shown in Fig. 1(a), the absorption spectrum of CQD and
the emission spectrum of DCM are overlapped in the wave-
length range of 540–650 nm, which is essential for the FRET
process [15]. The center of the CQD absorption spectrum is
570 nm and the center of the DCM emission is 645 nm.
Figure 1(b) shows that the emission spectrum image of
CQD and the center of wavelength is 673 nm. The diameters
of CQDs are around ∼6 nm, as shown in the inset SEM image.
The DCM dye molecules act as donors and transfer energy to
the CQD, which is the recipient in the FRET process.
Moreover, the emission spectrum in Fig. 1(a) is from the DCM
dye, which is DMSO solution and the concentration is 0.1%
(mass fraction). The molecules have not self-assembled into
nanowires when the concentration is 0.1% (mass fraction).
The DCM dye solution does not show appreciable optical ef-
fects of micro-cavity and scattering, which is evidenced by the
broad emission spectrum of DCM in Fig. 1(a). Furthermore,
DCM with a concentration of 0.7% (mass fraction) is the

Fig. 1. (a) The absorption spectrum of carbon quantum dots and emission spectrum of DCM dye solution. (b) Emission spectrum of carbon
quantum dots and an SEM image of carbon quantum dots.

2240 Vol. 10, No. 9 / September 2022 / Photonics Research Research Article



primary material in fabricating the CQD/DCM composite
structures because the DCM dye molecules can well self-assem-
ble into nanowires under that concentration [33,34,37].

Figure 2 shows the home-built experimental setup for PL
spectrum acquisition. The pump light is the nanosecond pulse
laser (10 ns, 10 Hz, and 532 nm). The beam is split into two
parts. One part is the referent light for energy detection. The
other beam passes through the cylinder lens along the horizon-
tal optical axis and converges into a narrow line. The focal line
irradiates on the sample and the emission spectra of sample are
collected by the fiber spectrometer (Avantes, 470–690 nm).

The insets at the upper left are the optical micro-images of
the capillary filled with the sample mixture. The mixture
solution was injected into the capillary, which is 300 μm in
diameter, by a pipettor. We prepared three kinds of mixture
solutions and injected them into capillary tubes. The three sam-
ple solutions are as follows: (1) self-assembled DCM dye nano-
wires solutions, (2) CQD/DCM solutions mixed with carbon
quantum dots and DCM nanowires, and (3) CQD/DCM sol-
utions doped with TiN nanoparticles (C/D/T); the solutions
are mixed by CQD/DCM composites and TiN nanoparticles.

We prepared the DCM nanowires sample by the DCM dye
solution with the concentration of 0.7%. Figure 3(a) shows the
SEM image of DCM dye nanowires. The inset at the upper left
shows the molecular structure of DCM dye. The inset at the
upper right is the enlarged SEM image of the part marked by
the red circle. From the SEM image of the DCM dye, we
observed that the diameter of the self-assembled DCM nano-
wires with the concentration of 0.7% is around 4.15 μm.
Because of the planar aromatic ring structure of DCM dye mol-
ecules, the π − π stacking in molecules allows the dye molecules
to self-assemble and crystallize into large-size nanowires in the
sample solution with high concentration [15,31,34].

To investigate the energy transfer in the CQD/DCM
composite, we analyzed the emission spectrum of DCM dye
nanowires. Figure 3(b) presents the emission spectra of DCM

nanowire solutions in the capillary tube under different pump
energies, showing center wavelengths at ∼643 nm. As the en-
ergy of the pump laser pulse increases, several small peaks
emerge around the emission center, indicating the random
scattering in the nanowires. The random lasing is absent in
DCM nanowires due to the few effective oscillating routes and
the FWHM of DCM nanowires in the tube is broad, as shown
in Fig. 3(c). With the pump energy increasing from 65.8 to
205 μJ/pulse, the FWHM decreases from 22.4 to 20.1 nm.
On account of the broad FWHM, the emission in DCM nano-
wires is just the spontaneous photoluminescence.

The CQD/DCM composite solution was injected into a
capillary tube and excited by a nanosecond pulsed laser.
Figure 3(d) shows the SEM image of the CQD/DCM
composite and the distribution image of the carbon element
corresponding to the region in the red dashed circle. It can be
observed that the DCM dye molecules have self-assembled to
dendritic nanowires. The DCM nanowires are surrounded by
some aggregates of particles, which can be clearly seen in the
region marked by the red dashed circle. The aggregates are
CQDs, which can be confirmed by the carbon element distri-
bution in the inset of Fig. 3(d). The DCM dye molecules form
a large number of irregular nanowire structures by self-assembly
and the CQDs mixed in the solution possess the hexagon
molecular structure with sp2 hybrid [31,38,39]. The CQD/
DCM composite structure is formed by van der Waals inter-
action and the CQDs are attached on the surface of the DCM
nanowires [40]. Hence, the CQD/DCM composite can meet
the distance requirement of FRET: the distance between donor
and recipient is less than 10 nm.

Figures 3(e) and 3(f ) show the emission spectra and FWHM
of the corresponding emission spectrum as a function of the
pump energy for the CQD/DCM composite in the capillary
tube. As shown in Fig. 3(e), the small peaks emerge at the
pump energy of 190.6 μJ/pulse. It indicates that the random
lasing occurs in the CQD/DCM nanowire composite solution.

Fig. 2. Experiment setup for PL spectrum collection of composite solution.
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In comparison with the DCM nanowires, the emission of
CQD/DCM composites shows narrower emission and higher
intensity, which demonstrates that the efficient FRET process
occurs in CQD/DCM solution. The donor DCM dye can
transfer the energy into the acceptor CQD by the interface in-
teraction, leading to a higher emission efficiency of the CQD.
In addition, the emission center (680 nm) of CQD/DCM gen-
erates a redshift compared to the center of DCM (643 nm).
The emission center of the CQD/DCM composite is close
to that of the CQD (673 nm), which further confirms the
FRET in the DCM and CQD [14,15].

More specifically, Figs. 3(b), 3(e) and 3(c), 3(f ) show that
the emission spectrum width and FWHM of CQD/DCM
composites are significantly narrower than that of DCM nano-
wires correspondingly. Due to the amplified spontaneous emis-
sion, the spectra narrow gradually with the pump energy
increasing. In Figs. 3(c) and 3(f ), the FWHM of the CQD/
DCM composites is narrower than that of the DCM nanowires
under the same pump energy. The reason for narrower FWHM
of CQD/DCM is the energy transfer. The DCMdye nanowires
absorbed the pump energy and then transferred it to the CQD,
which allows more photons to radiate from the center emission
wavelength of the CQD. Therefore, the composite structure
promotes the ultra-narrow emission from the CQD, and the
narrow bandwidth emission is beneficial to the formation of
sharp random lasing peaks in C/D/T solution.

To enhance the emission of CQD/DCM nanowire
composite, we dissolved TiN particles in the CQD/DCM

mixed solution to prepare the C/D/T solution. Due to the pres-
ence of TiN particles, both plasmon and scattering are en-
hanced in C/D/T solution. As shown in Fig. 4(a), the sharp
peaks appear in the spectrum of C/D/T solution in the capillary
tube. The laser peaks appear and gradually rise with the increase
of pumping energy. The center wavelength of the emission is
680 nm, and the emission width (10 nm) is further narrower
compared to the emission width of the CQD/DCM
composite without TiN particles. The lasing threshold of C/
D/T solution is 356 μJ/pulse, as shown Fig. 4(b). The
FWHM of the emission spectrum has already been within
10 nm before the lasing peaks appear. When the pump energy
reaches 472 μJ/pulse, the sharp peaks emerge at the wavelength
of 680 nm and the FWHM is only 0.29 nm. When the
FWHM of peaks is within 1 nm, the coherent random lasing
appears in the C/D/T composite solution. Photons can return
to their original positions with scattering and form a ring cavity,
which results in coherence lasing.

More interestingly, the laser peaks emerge as single-mode
lasing with high signal-to-background ratio in Fig. 4(a), which
is different from the conventional random laser [41]. The
inset of Fig. 4(a) is the enlarged random lasing spectrum with
the 472 μJ/pulse pump energy. We zoom in the figure with
a range of 660–690 nm for the detailed lasing peaks. And
we fit the spectrum curve with Gauss function. So we can iden-
tify the single lasing peak. According to the fitted curve, the
photoluminescence emission is a broad Gauss curve. The en-
larged spectrum shows a high and sharp lasing peak in the

Fig. 3. (a) The SEM image of DCM dye with the concentration of 0.7% (mass fraction). (b) The emission spectra of DCM nanowires solution in
a capillary tube. (c) The full width at half-maximum (FWHM) of emission spectra of DCM nanowires solution in a capillary tube as a function of the
pump energy. (d) The SEM image of CQD/DCM composite and the distribution image of carbon element corresponding to the SEM image of
CQD/DCM composite inside the red dashed circle. (e) The emission spectra of CQD/DCM solution in a capillary tube. (f ) The FWHM of
emission spectra of CQD/DCM composite solution in a capillary tube as a function of the pump energy.
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photoluminescence emission center and the peak intensity is
more than twice as high as the photoluminescence emission
fitted. Several small peaks are near the emission center while
their intensity is lower compared with the central strong peak.
Therefore, when the central lasing peak is much higher than
other peaks, we conclude that it can be approximated as single-
mode lasing.

The reason for single-mode lasing is that narrow bandwidth
emission and energy transfer of the CQD/DCM composite en-
able more amplified stimulated emission to emerge at the center
wavelength, which means the oscillating route formed by ran-
dom scattering is stable and high-quality to allow many times
optical oscillating. On the other hand, the gain will reduce rap-
idly at other wavelengths due to the competition of gain. When
the pump energy is beyond the threshold, there are a few am-
plified laser modes near the center wavelength and they absorb
the energy of other peaks during the competition process of
lasing, and thus a single-mode laser emerges. Note that the las-
ing behavior is generated only after the TiN particles doping,
suggesting that plasmon enhancement and random scattering

between particles play vital roles in the lasing phenomenon of
C/D/T solution [42].

In order to directly explain the efficient effect of TiN in the
lasing behavior of the C/D/T composite, we simulated the ex-
tinction section of the TiN nanoparticles and electric field
intensity distributions around the TiN nanoparticles by the
finite-different time-domain method. As shown in Figs. 4(c)
and 4(d), the extinction spectrum indicates that the TiN par-
ticle has a strong resonance at 535 nm and the resonance peak is
near the excitation wavelength. The TiN particles can generate
plasmon resonance and localized strong electric fields when ir-
radiated by the pump laser (532 nm). The plasmon resonance
can enhance the emission of the CQD and the disordered TiN
particles supply strong scattering. Due to the strong random
scattering, the random lasing emerges in the C/D/T composite
solution. The strong electric field is also localized near TiN
nanoparticles at the wavelength of 680 nm in Fig. 4(d), which
indicates that when the C/D/T composite radiates photons, the
TiN particles can also generate the plasmon resonance to sup-
ply a positive feedback for the generation of random lasing. In a

Fig. 4. (a) The random lasing emission spectra of CQD/DCM-doped TiN nanoparticles (C/D/T) solution in a capillary tube. (b) The peak
intensity and FWHM of emission spectra of C/D/T solution in a capillary tube as a function of the pump energy. (c) The normalized extinction
section of TiN nanoparticles with diameters of 40 nm. (d) The electric field intensity distributions around TiN nanoparticles with diameters of
40 nm at the wavelength of 680 nm.
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word, the plasmon resonance and scattering between TiN par-
ticles facilitate the lasing action in the C/D/T composite
solution.

In addition, the lasing threshold of the C/D/T composite we
prepared is as low as 356 μJ/pulse. There are only several lasing
modes near the center wavelength, which means the high Q
factor of the random lasing. Due to the narrow bandwidth
emission of the C/D/T composite, the single strong peak rises
at the center wavelength of 680 nm and the FWHM is 0.3 nm
from Figs. 4(a) and 4(b). According to the equation of the Q
factor in the random system,

Q � λ∕Δλ,

where λ represents the emission center wavelength and Δλ is
the FWHM of the lasing peak, Q � 2267 can be obtained.
Hence, the high-quality random laser in our work can be ap-
plied in the ultra-narrow wavelength range [14,16,21].

To demonstrate the energy transfer in CQD/DCM
composite-doped TiN particles, the time-resolved PL spectra
of CQD, CQD/DCM, and DCM are obtained by a time-
correlated single-photon counter, and the molecular structures
according to the FTIR spectra of pure DMSO solution, DCM
solution, and CQD solution are compared. As shown in
Fig. 5(a), the decay curve can be well fitted with a single ex-
ponential function with time constant of 0.72 ns for CQD,
1.11 ns for CQD/DCM, and 1.70 ns for DCM, respectively.
The PL lifetime of the CQD/DCM composite exhibits the

energy transfer in CQDs and DCM nanowires [43]. The PL
of the CQD/DCM composite structure has a longer lifetime
compared to that of pure CQD. The reason is that part of
the energy of DCM is transferred to the CQD by non-radiative
transition in the composite structure, allowing more electrons
in the CQD to transfer to excited states and producing more
photoluminescence. Thus, the PL lifetime is extended. The
PL lifetime of the CQD/DCM composite structure is shorter
than that of the pure DCM, which also suggests that part of
the DCM energy in the composite structure is consumed in
the form of faster non-radiation transition [21]. Here, we
infer that the energy is transferred to the CQD. The PL lifetime
decay curves of the three elements indicate that the non-
radiation transition occurs in the CQD/DCM composite struc-
ture. Therefore, the FRET process between the CQD and
DCM in the composite occurs, which is consistent with the
published results by Kang’s group [15].

Figure 5(b) shows the FTIR spectra of the chemical struc-
tures and functional groups in pure DMSO solution, DCM
solution, and CQD solution, respectively. The black curve is
the FTIR spectrum of DMSO, and the main characteristic
peaks have been marked with arrows in the figure. The peak
at 1033 cm−1 represents the S═O bond vibration stretching
modes, and the peak at 1309 cm−1 indicates the symmetric vi-
brations of −CH3 groups. The peaks at 1404 and 1434 cm−1

indicate asymmetrical vibrations of −CH3 groups. The peaks
at 2910 and 3001 cm−1 are characteristic of the −CH3 bond

Fig. 5. (a) The time-resolved PL spectra of CQD, CQD/DCM, and DCM. (b) The FTIR spectra of pure DMSO solution, DCM solution (the
solvent is DMSO), and CQD solution (the solvent is DMSO). (c) Schematic representation of the lasing process in the system of CQD/DCM
nanowires composite-doped TiN particles.
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vibrations in the region of 4000–2500 cm−1 [44]. The red
curve is the spectrum of the DCM solution. Compared with
the black curve of DMSO, in addition to the same character-
istic peaks of DMSO, the peak at 2211 cm−1 indicates the
C≡N bond vibration stretching modes and the peaks at
1495 and 1543 cm−1 indicate the C═C bond vibration stretch-
ing modes (aromatic frameworks), which can be concluded as a
benzene ring structure in DCM molecules. The blue curve is
the spectrum of the CQD solution and the peaks at 1532 and
1576 cm−1 are characteristics of the C═C bond vibration.
Considering that most carbon quantum dots are aromatic
framework structures, the C═C bond also indicates benzene
ring structures in the CQD sample solution. By comparing
DCM and CQD FTIR spectra with the DMSO spectrum, we
can figure out the chemical bonds in the DCM and CQD. The
presence of the benzene ring structure contributes to the for-
mation of conjugated π bonds between DCM molecules in the
solution, and the van der Waals interaction enables DCM mol-
ecules to self-assemble to nanowire structures at a high concen-
tration of 0.7%. Since the CQD also contains a benzene ring
structure, the CQD is more likely to bind to the DCM nano-
wires by weak interaction in the CQD/DCM composite solu-
tion, thus satisfying the distance condition for FRET [44].

Figure 5(c) gives a schematic diagram of lasing processes in
the C/D/T composite. The whole lasing process includes the
FRET between DCM nanowires and CQDs, the enhanced
localized field generated by the plasmon resonance of TiN par-
ticles, and the random scattering of the TiN particles. The key
point of the lasing process is the FRET. The FRET process
requires the following three conditions: (1) both the donor
and the recipient are luminescent materials, (2) the emission
spectrum of the donor overlaps with the absorption spectrum
of the recipient, and (3) the donor and recipient are spatially
close enough with proper interactions. In the material system
we prepared, the DCM dye molecules form the irregular nano-
wire structures by self-assembly and the CQDs in the solution
are sp2 hybridized with a hexagon molecular structure
[39,45,46]. Due to the van der Waals interaction between
the CQD and DCM, the CQDs are attached on the surface
of the DCM nanowires. The emission spectrum of DCM
dye overlaps with the absorption spectrum of the CQD.
Hence, the CQD/DCM composite satisfies the conditions
for FRET. In addition, as a kind of metal nitride particle,
TiN particles enhance the emission of the CQD/DCM
composite due to the plasmon resonance and scattering effect
of particles within the emission spectral range of the CQD/
DCM composite, which results in the lasing action in the
CQD/DCM composite eventually.

Therefore, when the pump light (532 nm) irradiates the
CQD/DCM composite, the irregular DCM nanowire struc-
tures generate many random modes in the PL spectra. Then
the energy is transferred to the CQDs from the DCM dyes
via the FRET process. When TiN particles are doped in the
mixture, the fluorescence of the composite is enhanced by
the plasmon resonance and random scattering of TiN particles.
Eventually, the ultra-narrow single-mode lasing actions emerge
in the CQD/DCM/TiN composite and the lasing peaks are
observed at 680 nm.

4. CONCLUSION

In summary, we demonstrate low-threshold, narrowband, and
stable random lasing in the mixture system of CQD/DCM
nanowire composite doped with TiN nanoparticles. The
DCM nanowires were prepared by a self-assembled process.
We found the FRET-induced lasing peaks in the CQD/
DCM composite. The significant single-mode lasing emerges
in the C/D/T composite due to the enhancement of plasmon
resonance and scattering by TiN particles [18,42], which indi-
cates a novel and high-Q random laser. Hence, the random
lasing in the presented CQD mixture provides an avenue to
realize next-generation high-brightness, high-monochromatic-
ity random laser devices.
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