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Abstract Lasers with multi-wavelength colloidal quantum dots (CQDs) can be achieved using complex
grating structures and flexible substrate. The structure contains graduated periods and rectangular cavity
fabricated through interference lithography, which acts as the distributed feedback cavity. A layer of densely
packed CQD film is deposited on the cavity via spin coating technique. The performance of CQD lasers
based on different distributed feedback cavities is investigated. Multi-wavelength lasing is achieved based on

a flexible rectangular cavity.
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1 Introduction

Recently, different kinds of lightemitting materials are used to advance the laser technology, including
polymers and dyes [1-5]. Among them, colloidal quantum dots (CQDs) are the most promising candidate
to achieve cheap and versatile optical sources because of its low-cost effective chemical manufacturing
process and high photoluminescence quantum yield [6,7]. Therefore, the properties of CQDs can be
modified by using different techniques such as changing chemical compositions, surface functionalizations,
sizes, and shapes [8-10]. Based on the optical quantum confinement effect and chemical composition
process, CQDs have already covered the lasing wavelength in visible [11-13] and near-infrared spectral
range [14]. Many efforts have been made to develop efficient CQD lasers by optimizing the gain properties
of the CQDs and reducing the Auger recombination rate which limits the emission characteristics of
CQD lasers [14-19]. Similarly, CQD lasers have been included in various cavities including whispering-
gallery mode, vertical-cavity surface-emitting lasers, Fabry-Perot cavities, random cavities, distributed
feedback (DFB) cavities and photonic crystal cavities [12,20-27]. Among them DFB lasers have high
performance, easy fabrication methods and low cost, which makes them a favorable optical technology for
compact photonics and optoelectronic devices. Nowadays, multi-wavelength CQD lasers are generating
a considerable interest in the field of lightbased technology because of their multi-wavelength emission
in a single device. In a DFB structure, the lasing wavelength is synchronized by the Bragg’s equation
2nep A = m\, where neg is the effective refractive index, A is the grating period, A is the lasing wavelength
and m is the order of diffraction. At present, the multi-wavelength DFB lasers are achieved through
adjustment of grating periods, effective refractive index, dynamic cavities, wedge shape layers, and flexible
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Figure 1 (Color online) (a) Schematic of the CQD laser. (b) and (c) Photographs of the flexible CQD lasers. (d) SEM
image of a rectangular cavity.

materials using polymers and dyes as a gain medium [28-34]. On the other hand, multi-wavelength DFB
lasers based on CQDs have not been studied systematically.

Here we report the multi-wavelength CQD DFB laser platform in which lasing wavelength changes with
variation in grating periods (one and two dimensions, 1D and 2D) and from bending of soft substrate
(PET). The lasing device consists of very simple structures such as photoresist (PR) grating structures
and active medium. Similarly, the convenient and low-cost interference lithography is used to fabricate
the grating structures for DFB lasers based on CQDs. Then the CQD is spin coated on the DFB cavity,
which results into a CQD laser. A rectangular cavity CQD laser is introduced to achieve two lasing peaks
in a single laser device. Multi-wavelength lasing in 1D CQD lasers is achieved through bending a flexible
PET substrate.

2 Experiments

In this study, multi-wavelength CQD lasers are prepared using simple and low-cost methods, including
spin coating and interference lithography. Figure 1(a) illustrates the schematic diagram of the whole 1D
CQD laser device on a glass substrate. Figures 1(b) and (c) present the photograph of the fabricated
1D CQD laser platform on a flexible substrate that shows a grating structure, which will act as a DFB
cavity. Similarly, the morphology of the 2D (rectangular) cavity is characterized using scanning electron
microscope (SEM), as shown in Figure 1(d).

In the experiment, the photoresist (PR) is spin coated separately on glass (18 mm x18 mm X1 mm)
and PET (18 mm x 18 mm x 0.2 mm) substrates at 2500 rpm for 30 s. Then the samples are baked
on a hot plate at 110 °C (glass substrate) and 55 °C (PET substrate) for 60 s to flatten the films and
evaporate the solvent. The PR films are exposed to an interference pattern of two equal laser beams each
having a power of 20 mW generated by 343 nm, 1 ns and 200 Hz diode-pumped solid-state laser (FLARE
NX, Coherent). The grating period A of DFB laser cavities can be determined by using the equation
A=0.5)\/sinf, where 6 is the angle between two laser beams. The rectangular cavities can be fabricated
through double exposures by rotating the samples 90° to the interference patterns. The exposed PR
samples are developed for 6 s (glass substrate) and 13 s (PET substrate) using a developer (AR 300-
47, Allresist) in order to achieve the grating structures, which will act as DFB cavities. Finally, the
lightemitting CdSe/CdS/ZnS (Beijing Beida Jubang Science & Technology Co. Ltd.) core/shell/shell
CQDs behaves as active materials, dissolving in a cyclohexane with a concentration of 40 mg/ml. The
CQD solution is spin coated on the grating structure at 1500 rpm (glass substrate) and 1000 rpm (PET
substrate) for 30 s, forming the laser device.

3 Result and discussion
Figure 2(a) presents the UV-visible absorption spectra and photoluminescence (PL) spectra of CdSe/CdS

/ZnS CQD film in a cyclohexane solution at room temperature. The three peaks in the absorption spec-
trum (red arrows in Figure 2(a)) that correspond to the lowest exciton transition (1S (e)-1S
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Figure 2 (Color online) Optical characterization of CQD film. (a) Absorption (black line) and PL (red line) spectra;
(b) extinction spectra of 1D CQD laser with different grating periods; (c) electric field distribution of the 621 nm mode of
the cavity.

3/2 (h), 1S (e)-2S 3/2 (h) and 1P (e) 1P 3/2 (h)) are well resolved [35, 36], which combine with the
narrow bandwidth of the PL spectrum (FWHM~32 nm), indicating the high quality of core/shell/shell
CQDs [25]. The extinction spectrum of the grating structure with three different periods having a dif-
ference of 5 nm covered with the core/shell/shell CQDs is demonstrated in Figure 2(b). The optical
extinction spectrum of 1D CQD lasers samples is measured through illumination of a nonpolarized white
light with a maximum power density of 0.1 mW/cm? from the tungsten halogen lamp (HL-200). When
the CQD laser device is placed parallel to the incident light (§ = 0°), two peaks are observed. The broad
peaks explain the absorption spectrum of CQDs, which can also be seen in Figure 2(a). The narrow peaks
are attributed to the waveguide mode of the CQD thin film. The three narrow peaks in the extinction
spectra are due to the change in grating periods. The narrow peaks are red shifted in the extinction
plot showing the ability of the varying grating periods to change the emission wavelength of the CQD
lasers. COMSOL simulation package is employed to simulate the electric field distribution of the 621 nm
mode of the CQD laser cavity, as shown in Figure 2(c). The simulator parameters are identical with the
structural parameters used for 1D CQD lasers in Figure 1(a). It is confirmed from the simulation that
the waveguide mode is concentrated within the CQD film. At A = 621 nm, the effective refractive indices
of the CQDs, PR and glass are 1.8, 1.51 and 1.72, respectively. All the refractive indices are measured
using a spectroscopic ellipsometer (ESNano, Ellitop).

The fabricated 1D CQD lasers on the glass substrate are excited by a femtosecond laser having 400 nm
wavelength, 1 kHz repetition rate, and 200 fs pulse width. A variable optical attenuator regulates the
pump power. The pump beam directly impinges on the CQD laser samples without focusing on having a
diameter of about 3 mm. The lasing spectra from the CQD laser platform are collected by a spectrometer
(Maya 2000 Pro, Ocean Optics). Figure 3(a) shows the emission wavelength of the CQD lasers at different
pump intensities. At a low pump fluence, the lasing peak is weak but when the pump fluence is above
the threshold (> 20 pJ/cm?), the lasing peak at 621 nm is observed, which is identical with the electric
field distribution of the simulated waveguide mode, as shown in Figure 2(c).

Figures 3(b) and (c) illustrate the emission peaks at different pump fluences by changing the grating
period with 5 nm difference. The lasing peaks are shifted toward the longer wavelength range, e.g.,
628 nm and 636 nm for 400 nm and 405 nm, respectively. The linewidth of lasing peaks is about 1 nm.
From Figure 3(b), it can be seen that the linewidth of the lasing peak is broadened with the increase
of the input power due to the highly injected carrier density, which may change the refractive index of
the materials [37]. Figure 3(d) depicts the normalized output intensity as a function of the wavelength
for different grating periods. So, the laser wavelength redshifted with increasing the grating period.
Figure 3(e) shows the lasing intensity as a function of the pump fluences, indicating the thresholds of
20.2 wJ/em?, 44.6 wJ/cm?, and 52.6 wJ/cm? for 395 nm, 400 nm, and 405 nm grating periods, respectively.
In Figure 3(f), the typical laser spots of different CQD DFB lasers are shown. The typical lasing spots
change color with tuning emission wavelength. As noted, the laser spots look like a “cross” obtained
from the combination of two arcs, with a limited width in the vertical direction, which is defined by the
Bragg diffraction of the CQD DFB cavity. The fabricated 1D CQD lasers are linearly polarized. More
details about the polarization effect can be found in our previous studies [38,39]. The width (w) of the
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Figure 3 (Color online) Measured spectra of 1D CQD lasers with different grating periods. (a) 395 nm, (b) 400 nm, and
(c) 405 nm; (d) variations of CQD laser emission wavelength with changing grating periods; (e) lasing emission intensities
as function of pump fluences; (f) photographs of the laser spot of CQD lasers with different grating periods; (g) schematic
diagram for measuring divergence angle.

laser spots in Figure 3(f) is 2 mm. The distance (d) between the laser spot and the sample is 100 mm.
So, the divergence angle (¢) of the laser beam is 10 mrad.

Based on the rectangular cavity CQD DFB lasers are fabricated to achieve multi-wavelength lasing.
The first systemic report on the 2D conjugated polymer DFB laser was made by Riechel et al. [40] in
2000 which achieved nearly diffraction limited surface emitting lasing. Within the framework of these
criteria, three rectangular cavities are fabricated, namely, cavity 1 (402-405 nm), cavity 2 (402-408 nm)
and cavity 3 (405-408 nm). The periods of the rectangular cavities are changed to study their effect
on emission wavelengths, as shown in Figures 4(a)—(c). The shift in the two emission peaks for cavity
1 (A1 = 624 nm and A2 = 631 nm), cavity 2 (A\; = 625 nm and A2 = 634 nm) and cavity 3 (A\; =
628 nm and Ao = 631 nm) is observed. Interestingly, the output intensities of the 2D CQD lasers, as
shown in Figures 4(a)—(c) is more efficient compared to the ID CQD lasers in Figures 3(a)—(c). As shown
in Figure 4(c), with 9.9 wJ/ecm? pump energy, the peak at the shorter wavelength shows the amplified
spontaneous emission and disappears with the increase of the pump energy because of the lasing mode
competition. Therefore, our experimental results are in line with the previous findings in [41], in which
the feedback mechanism is more efficient for 2D DFB cavities compared to 1D DFB cavities, which leads
to a lower the threshold.

The log-log threshold plots of the CQD lasers based on the rectangular cavity are presented in Fig-
ures 4(d)—(f). In there, it can be noted from the typical “S”-shaped curve of the thresholds that all
the rectangular cavity lasers confirm the evolution from amplified spontaneous emission to stimulated
emission for the two lasing peaks approximately at the same threshold. The output lasing spectrum from
the rectangular cavity lasers can be considered as a combination of two linear polarization components
(horizontal and vertical) of two 1D DFB cavities [32].

A PET soft substrate is used to modify the grating periods of 1D CQD laser device which in turn
tunes the emission wavelength. Figure 5(a) demonstrates the schematic optical layout used to study the
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Figure 4 (Color online) Emission spectra of CQD lasers based on the rectangular cavity. (a) Cavity 1 (A1 = 402 nm

and Ay = 405 nm); (b) cavity 2 (A; = 402 nm and Az = 408 nm); (c) cavity 3 (A2 = 405 nm and A3 = 408 nm);
(d)—(f) thresholds (log-log plot) of the respective 2D CQD lasers.
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Figure 5 (Color online) (a) Schematic of CQD lasers on PET substrate; (b) measured emission spectra as a function of
wavelength during bending process, without bending (black line), bend upward direction (red line), and bend downward
direction (blue line); (c) bending directions; (d) emission wavelength as a function of the vertical displacement of the
micrometer.

mechanical effect of PET substrate CQD laser on emission wavelengths [42].

A mechanical stage shown in Figure 5(a) contains a sample pouch in which a laser device is adjusted
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in a vertical direction. The pump incident perpendicular to the laser device and the output is measured
on the other side using an optical spectrometer. A micrometer screw gauge is mounted on the top end of
the sample pouch to bend the sample, as shown in Figure 5(a). A micrometer screw gauge is mounted
on the top end of the sample pouch to move to a downward direction (shown by red line) and bend the
CQD laser platform either in a positive curvature (outward direction) or a negative curvature (inward
direction). Figure 5(b) demonstrates the emission wavelength above the threshold of the 1D CQD laser
for different radiuses of curvature on PET substrate. When the curvature is increased positively (outward
direction), the grating period (A < A*) of the CQD laser on the PET substrate is slightly increased, as
shown in Figure 5(c). According to Bragg’s equation, the laser wavelength will be red shifted and vice
versa. For these measurements, the pump energy is kept constant and the vertical distance is changed
by moving the screw of the micrometer. Figure 5(d) presents the tuning of emission wavelength as a
function of vertical distance changed from the micrometer screw gauge. Obviously, the laser wavelength
can be tuned from 617 nm to 629 nm by simply bending the PET substrate.

4 Conclusion

In summary, the multi-wavelength CQD lasers were prepared by using the complex grating structures and
from the mechanical flexibility of the PET substrate through interference lithography and spin coating
technique. The laser performance for 1D and 2D cavities was investigated systematically. Furthermore,
the CQD laser was transferred to the PET substrate and a mechanical tuning of laser wavelength was
achieved.
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