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Abstract: A colloidal quantum dot laser emitting at 600 nm with a sub
10kW/cm? threshold at 5ns pulse pumping is reported. The device has a
second order distributed feedback cavity for vertical emission and
incorporates a bilayer planar waveguide structure based on a film of yellow-
orange alloyed-core/shell CdSsSei.x/ZnS quantum dots over-coated with
polyvinyl alcohol. A study of the amplified spontaneous regime indicates
that the quantum dot gain region behaves like a quasi-three level system and
that the bilayer structure design increases the modal gain compared to a
single layer of quantum dots. An output of 40nJ per pulse is measured for a
total pump-to-signal efficiency above threshold of 3%.
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1. Introduction

Colloidal quantum dots (CQDs) are semiconductor nanocrystals (size < 10 nm) that
confine carriers in three dimensions and are inherently compatible with solution processing
[1]. By adjusting their mean size and/or their semiconductor composition, they can be made to
emit light efficiently across a wide range of wavelengths [2]. They can be combined with both
organic and inorganic materials to form composites and, e.g., can be patterned by soft
lithography [3,4]. In turn, CQDs are finding applications in biological imaging,
optoelectronics [5-14] and have also great potential as a laser material [15-24]. This is
especially the case for visible lasers where the quantisation of the density of states in I11-VI
CQDs coupled with the flexibility of solution processing holds the promise for innovative
formats of lasers at wavelengths that are important for applications but difficult to access with
other laser materials, e.g. in the yellow-orange part of the spectrum [2,16-20]. However,
despite much attention and developments in the last 15 years, CQD lasers are not yet practical
sources. For this, optical pumping with nanosecond or longer pulses is necessary for the
technology to be compatible with compact solid-state pump lasers [21, 22] and, ultimately,
with laser diodes.

The aim of this work is to push the performance of CQD lasers when operated in such a
temporal regime. A distributed feedback laser (DFB) with a bilayer planar waveguide
structure is reported where the gain region consists of alloyed-core/shell CdSSei«/ZnS
CQDs. The bilayer waveguide structure enhances the modal gain while an alloyed-core/shell
CQD design is known to help mitigate the issue of Auger recombination, which can be
significant in CdSe/ZnS [17, 25-28].

In the following, section 2 describes in details the design and fabrication of the DFB laser
cavity. Section 3 summarises the experimental methods and arrangements of the different
characterisation set-ups. Section 4.1 reports on the photoluminescence (PL) and amplified
spontaneous emission (ASE) characteristics of the equivalent planar waveguide,
independently of the DFB cavity. In this section, it is shown that the CdS.Sei«/ZnS CQDs
behaves like a quasi-3-level laser medium. Finally, section 4.2 demonstrates laser emission at
600 nm with threshold below 10 kW/cm?.

2. Design and fabrication of the laser

The design of the laser is shown in Fig. 1(a). It is based on a DFB cavity with a bi-layer,
planar waveguiding structure. The first of these layers is a 300nm thick CQD film (the gain
layer) that sits on top of a surface-patterned glass substrate. The second layer, over-coating the
CQD film, is made of polyvinyl alcohol (PVA). The PVA has two roles: (i) it acts as an
encapsulating barrier for oxygen [29] and (ii) it symmetrises the refractive index profile of the
laser structure. The latter improves the confinement of the laser mode inside the planar guide
structure, helping reducing the effect of surface scattering losses and hence increasing the
modal gain, which is critical for low threshold performance. The thickness of the PVA layer



was chosen to be 180 nm as a trade-off between confinement, overlap of the mode with the
CQD layer and barrier properties [29].

The period of the rectangular nanopattern, the DFB grating, on the surface of the fused
silica glass substrate (refractive index of 1.46), is A=380 nm and the the modulation depth of
this pattern is 50 nm. The period is chosen to obtain a 2nd order DFB effect with optical
feedback for the laser mode happening via the second order of diffraction and vertical
emission (from the top and bottom of the laser structure) through the 1st order of diffraction,
Fig. 1(a). The mask for the nanopattern was defined by e-beam lithography and its transfer
into the glass substrate was done by dry etching.

The CdS«Sei«/ZnS CQDs are Trilite™ from Cytodiagnostics with an intrinsic PL centred

at 575 nm. These are type I alloyed-core/shell structures with an average size of 6 nm and
oleic acid as surface ligands. Auger recombination is known to be a limiting factor for laser
performance in spherical type I CQDs, which is enhanced by the abrupt core/shell interface,
and this detrimental effect is intensified in CQDs of smaller size [25]. An alloyed-core design
[30] enables the use of CQDs with a relatively large size over a range of emission
wavelengths (e.g. 6nm diameter for emission from 450 nm to 665 nm for Trilite™ CQDs)
while possibly smoothing the abrupt core/shell energy interface. The 575nm CQDs used for
this work were initially in toluene at a concentration of 1 mg.mL"'. Fig. 1(b) shows the
absorption, overlaid with the photoluminescence (PL) spectra, in solution, of the CQDs (see
section 3 for details on measurements). The first absorption peak occurs at 557 nm and the
Stokes shift is 21 nm. The magnitude of the Stokes shift is similar to that of typical core/shell
CdSe/ZnS CQDs [31,32]. Generally, a high Stokes shift is desirable for CQD lasers as it
minimizes re-absorption effect in the gain material.
For fabrication, the toluene was evaporated using a vacuum pump in order to obtain the CQDs
in powder form. The CQDs were then re-diluted at 50 mg.mL"! in a Poly (methyl
methacrylate) (PMMA): chloroform mix with a weight ratio PMMA to chloroform 1.6:1. The
solution was spun cast onto the glass substrate at 4krpm for 60 seconds. After deposition of
the PVA (prepared as in [29]), also by spin-coating at 3.2krpm for 60 seconds, the sample was
annealed at 30°C for 120 hours.
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Fig. 1:(a) Schematic of the laser structure with grating substrate, A = 380nm, 300nm
CQD layer and 180nm PVA layer. The laser is pumped at an angle (blue/puple arrow)
and has vertical emission (orange arrows) (b) absorption and emission spectra of 575nm.

3. Experimental Methods

For the absorption and PL measurements in solution shown in Fig. 1(b), a small amount of
CdSSei.x/ZnS CQDs at 1mg.mL™! in toluene was placed into a Imm-path glass cuvette. For
PL in solution, a 10mW UV laser diode emitting at 371 nm was used as the pump source and



the spectrum was recorded with a TRIAX 550 spectrometer at a resolution of 0.03 nm. For
absorption measurements, the pump source was a tungsten lamp. The light transmitted
through the cuvette was collected for recording the spectrum using the aforementioned
spectrometer. Measurements were calibrated with respect to the transmission data taken
through the cuvette filled only with toluene.

The PL and ASE characteristics of the bilayer CQD gain film/PVA structure discussed in
section 4.1 were measured independently of the DFB laser cavity by forming the equivalent
waveguide structure onto smooth glass, i.e. same as the laser structure but with no DFB
grating — such structure is called ‘CQD/PVA sample’ in the following. To verify the effect of
the PVA layer, the ASE performance of a CQD film on glass with no PVA overcoating was
also characterised — this structure is called ‘CQD sample’. The continuous-wave (cw) edge PL
emission measurements of the CQD films were done using the 371nm laser diode as the pump
with a beam shaped as a 6.1£0.4 mm by 1.7+0.2 mm stripe onto the film surface. The
emission from the edge of the film was then collected with a microscope objective (60 X
magnification, NA 0.85) where the spectrum was measured using the same TRIAX
spectrometer as previously. For the detection of ASE the CQD and the CQD/PVA samples
were pumped with Sns-pulses from a Nd:YAG laser emitting at 355 nm at a repetition rate of
10 Hz. The pump beam in this case was a stripe of 8.3 mm by 1.0 mm positioned near the
edge of the film surface and the emission was directly collected from the edge of the sample
by a S0um-core optical fibre placed at 0.5 cm. The latter was connected to a CCD
spectrometer (Avantes, 2.5nm resolution); the spectrum for different level of pump energy
was recorded.

The same Nd:YAG pump laser source was also utilised for the demonstration and
characterisation of the DFB lasers (section 4.2) with an excitation area of 0.74+£0.01 mm by
4.4£0.2 mm. The vertically emitted laser emission from the device (devices were sitting at a
slight angle with respect to the pump), was collected for analysis. Spectral measurements were
done using a fibre-coupled CCD spectrometer with a 0.13nm resolution

4. Results and Discussion

4.1 Study of ASE

Fig. 2 represents the edge PL peak intensity as a function of the pump fluence for,
respectively, the CQD sample and the CQD/PV A sample. The inset shows the spectrum of the
CQD/PVA sample at different fluence. Both intensity curves follow a similar trend: at lower
fluence, the intensity increase with the fluence is sublinear before becoming supralinear above
a certain pump level (where the transitions from PL to ASE occur at Fasg>800 pJ/cm? for the
CQD sample and Fasg > 380 pJ/cm? for the CQD/PVA). In both cases, the edge emission is
made of two contributions: (i) an unamplififed component of the PL, that couples into the
detection fibre and (ii) an amplified component of the PL made of photons that are confined
along the excitation stripe. The unamplified PL is predominant at low fluence and the
sublinear behaviour can be explained partly by an increase of the pumping transverse
efficiency with the fluence [33]. Because of the Gaussian profile of the pump intensity and its
depletion as it is absorbed in the transvere direction (along the thickness of the film) at lower
fluence only the gain region near the beam axis and the top of the of the CQD film contributes
to stimulated emission while other parts of the gain region give off only spontaneous
emission. As fluence increases, a larger fraction of the excited volume reaches the regime of
optical gain, in turn increasing and reducing, respectively, stimulated and spontaneous
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Fig. 2: Edge PL peak intensity versus pump fluence for the CQD sample (data - open
triangle; fit — dash-dot line) and CQD/PVA sample (data — black squares; fit — solid black
line). Insert: Typical spectrum evolution (for increasing pump energy.

emission. The saturation of the 1S excitonic level could also play a role in the reduction of the
slope of detected PL and a similar behavior was previously seen in films of CdSe/ZnS CQDs
[34]. The amplified component fully dominates at the higher fluence regime when all
spontaneously emitted photons that are guided in the CQD layer are amplified significantly by
stimulated emission. In this ASE regime the intensity increase with fluence is exponential as
long as gain saturation is not reached while the spectrum transitions from a broad PL peak to a
narrower ASE peak (see inset of Fig. 2 and Fig. 3). The onset of ASE appears at a lower
fluence for the CQD/PVA sample, as can be seen in Fig. 2, due to the added PVA layer
reducing the mode intensity at the laser surface, enabling a higher net optical gain to be
extracted.

The data of Fig. 2 is fitted by considering the two aforementioned contributions to the
edge emission, as displayed in Fig. 2 as a dash-dot line for the CQD sample and a solid line
for the CQD/PVA sample. The intensity evolution in the ASE regime is approximated as [35]:

G-

A Inapr, (1)
In (1) A is a fit parameter and G is the single-pass gain given by G = exp(gL) where g is the
net modal gain, L is the effective amplifier length and the product gL is taken as gL = B - F.
B is proportional to the gain factor of the CQD layer and F is the pump fluence. leqge is the
peak intensity collected at the edge of the sample. The term  ILyp. is considered
phenomenologically as a saturating phenomenon. It is determined by fitting the data at the
lowest fluence only where Iask is neglected. This then enables fitting of the data at high

Iedge = Iasg + lnapL =
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Fig. 3: cw edge PL (black dash line), CQD sample edge emission (data: open black
triangles; fit: red dash-dot line) and CQD/PV A sample edge emission (data: black square;
fit: blue solid line) under 5ns-pulse pumping.

fluence, where ASE dominates, using eq. (1) and only two fitting parameters, A and G. In
these conditions, the relative comparison of G for the two samples gives an approximation for
the gain enhancement brought by the addition of the PVA layer. It is found that this
enhancement for G is 3 for a fluence F of 625 pJ/ecm? (G=125 and G=40 for the CQD/PVA
and CQD samples, respectively) corresponding to a relative increase in the modal gain g of
30%. This is of course advantageous for low threshold laser operation as is discussed in
section 4.2.

Fig. 3 represents the normalized edge emission spectra of the CQD and CQD/PVA
samples when pumped at 5 times the level above the onset of stimulated emission. The edge
emission spectrum of the CQD sample under low intensity cw excitation is also plotted for
information. Comparing the solution and film PL from Fig. 1(b) and Fig. 3 it can be seen that
in the solid-state film a redshift of ~10nm is observed. This is due to the higher CQD density
that leads to PL reabsorption. The contribution of non-radiative energy transfers, such as
FRET [10], which exist in such a solid state, accounts for less than 2 nm of this shift.
Compared to the cw edge PL at 584 nm characterised by a 35nm FWHM, the edge emission
in the ASE regime is composed of a PL pedestal and a narrower ASE peak (see Fig. 3). The
spectra can be decomposed into two Gaussians as is done in Fig. 3 for the CQD sample (red
dash-dot curve) and the CQD/PVA sample (solid blue line). For the CQD sample, the PL
pedestal is at 585 nm and the FWHM is slightly broader at 38 nm. The ASE peak is red-
shifted by 4 nm at 589 nm compared to the PL pedestal while the FWHM is only 8 nm. Such a
shift is attributed to a balance of gain and reabsorption in the film. The PL pedestal of the
CQD/PVA sample is centred at 587 nm for a FWHM of 36 nm. The ASE peak is at 598 nm,
i.e. red-shifted by 11 nm vs the edge PL, for a FWHM of 6 nm. The further red-shift is
consistent with a quasi-3 level laser system: the higher modal confinement in the structure due
to the PVA layer increases the modal gain, reducing the threshold with a net material gain
peaking at longer wavelengths.
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Fig. 4:Transfer function of a) CQD/DFB Neat laser, b) PVA/CQD.DFB laser with optical
pump source, TM0 mode for corresponding samples. Inserts show emission spectra. c)
PVA/CQD/DFB laser emission under optical pump.

These results demonstrate two things. The first is that the CdSsSei.«/ZnS CQDs behave
like a quasi-three level gain medium and that therefore the wavelength position of maximum
optical gain can be tailored by design of the guide structure. The second is that despite this
quasi-three level nature, low ASE threshold can be obtained. The bilyayer waveguide
structure studied here reduces the ASE threshold to 380 pJ/cm? for a 300nm-thick CQD layer.

4.2 Laser characterisation

In this section, we characterise and compare the performance of DFB lasers made of a unique
CQD layer and of the CQD/PVA bilayer. Fig. 4 shows the laser transfer function with the
spectrum above laser threshold in inset. The laser with only a CQD layer, Fig. 4(a), emits TE-
polarised light at 589.9nm with FWHM linewidth of 0.43 nm and has a threshold fluence of
85 + 8.5 pJ/cm? — this is a significant threshold improvement over previously reported CQD
lasers in the nanosecond regime having threshold fluence in the range of 500 to 4000 wJ/cm?
[5, 22]). There is a secondary peak visible at 588.5 nm, which corresponds to the onset of the
TMy mode, with an oscillation threshold at approximately 160 pJ/cm?.The CQD/PVA DFB
laser emits principally in the TE¢ mode at 600 nm but the TMo mode can be seen at 597 nm at
high pump level, inset of Fig. 4(b). The 10nm shift of the oscillation wavelength compared to
the CQD laser is due to an increase of the effective refractive index (1.55 for CQD vs 1.58 for
CQD/PVA) of the mode caused by the presence of the PVA layer. The TE total linewidth is
0.45 nm. The limitation in the linewidths for both CQD and CQD/PVA laser is attributed to
the presence of lateral modes. The threshold fluence of the PVA/CQD DFB laser is only 13.5
+ 2.5 pl/em? (with the TM, threshold occurring at approximately 18 pJ/cm?); an
improvement of a factor of 6 when compared to the CQD laser.



This performance improvement is again partly due to the presence of the PVA layer
which leads to a higher modal gain as discussed in section 4.1. However the x6 times
reduction in threshold for the CQD/PVA laser is probably not entirely due to this gain
enhancement. The modal overlap with the grating region of the sample without PVA is around
40% higher than for the CQD/PVA laser; this increases the mode interaction at the substrate
and CQD layer interface, which might lead to higher scattering modal losses [36]. It has also
been found that this was the case in organic laser based on 2nd-order DFB cavity for shallow
grating and thin film, similar to our experimental conditions [36]. To our knowledge, this is
the lowest threshold fluence reported for a CQD laser pumped with ns pulses. A 40nJ output
pulse energy was measured with a photodiode for a pump fluence of 2.67 pJ, corresponding to
a total efficiency, i.e. considering both top and bottom laser emission, of 3%.

5. Conclusion

We reported a yellow-orange CQD laser emitting with sub 10kW/cm? when pumped with
5ns pulses (13.5 + 2.5 pJ/cm? threshold) . This performance is enabled by the use of alloyed-
core/shell CdSSei.«/ZnS CQDs implemented in a bilayer DFB cavity, with the CQD gain film
over-coated by a PVA layer. Study of the PL and ASE characteristics of the structure
demonstrated that these CQDs behave like a quasi-3 level system. The bilayer structure is
shown to increase the modal gain and we demonstrated ultra-low threshold for the onset of
ASE, the lowest reported for nanosecond pumping regime. The performance reported here
could lead to laser diode pumping of CQD lasers. This is appealing to take the technology out
of the laboratory for applications such as bio-sensing [5].
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