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Colloidal semiconducting nanocrystals are efficient, stable and spectrally tunable emitters, but achievable optical
gain is often limited by fast nonradiative processes. These processes are strongly suppressed in slab-shaped
nanocrystals (nanoplatelets), due to relaxed exciton Coulomb interaction. Here, we show that CdSe/CdS nano-
platelets can be engineered into (sub)microscopic stripe waveguides that achieve lasing without further com-

ponents for feedback, i.e., just relying on the stripe end reflection. We find a remarkably high gain factor for the
CdSe/CdS nanoplatelets of 1630cm ™. In addition, by comparison with numerical simulations we assign a
distinct emission peak broadening above laser threshold to emission pulse shortening. Our results illustrate the
feasibility of geometrically simple monolithic microscale nanoplatelet lasers as an attractive option for a variety

of photonic applications.

1. Introduction

Colloidal quantum dots (QDs) are semiconductor nanoparticles with
high photoluminescence (PL) quantum yield, tunable optical properties,
photostability and solution processability. These properties make them
attractive candidates for laser gain media. For optical gain, more than
one exciton per QD is needed on average, as two charge carriers with
opposite spin populate the band edge levels. However, the biexciton is
depopulated quickly by nonradiative Auger recombination, typically in
the order of a few tens of ps [1]. Therefore, only moderate gain is
typically available from QDs, mostly for pulsed excitation with rather
high energy densities [1]. To suppress the Auger rate, various ap-
proaches have been implemented, such as nanorod and tetrapod ge-
ometries or specific giant shells. For example, graded shell QDs [2-4]
have even enabled electrically pumped gain [5]. Another approach to
mitigate Auger recombination is to spectrally separate QD absorption
and emission [6]. Recently, with colloidal nanoplatelets (NPLs,
“colloidal quantum wells™) another particularly efficient QD species has
been introduced. NPLs resemble slabs with a lateral size of about
10 — 30 nm and with a well-controlled thickness of a few atom layers
[7]. Due to a relaxed exciton localization in the laterally extented slab
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geometry, as compared to spherical QDs, significantly reduced Auger
rates were achieved [7-9]. With NPLs, amplified spontaneous emission
(ASE) with pump thresholds as low as 3uJ/cm ™2 has been achieved
[10,11] and a threshold of 6 ,u.]/cm’2 was reported to enable cw-
operation [12]. NPLs also provide optical gain values significantly
higher than conventional QDs [8,13,14], up to a recently reported value
of 6600 cm ™! [15]. Generally, the high gain enabled lasing at different
NPL-geometry-dependent wavelengths [16], in cw mode [12,17] and
under 2- and 3-photon excitation [18]. A variety of configurations was
demonstrated [19], including resonators with in-plane reflectors built
solely from NPLs [20].

In this Letter, we apply CdSe/CdS NPLs as the building material of
lithographically tailored stripe waveguides 500 nm and 1 ym wide. On
this platform, we investigate spontaneous emission, ASE and lasing.
Lasing is relying on stripe end face reflection, i.e., operating without
external mirrors, an approach that renders structure fabrication simple
and scalable. We retrieve laser thresholds for pump fluences of
50 — 200 uJ/cm? for stripe lengths between 60 — 20 ym. We measure a
modal gain of 1630 cm™!, which is well within the highest values re-
ported so far [8,14,15]. Furthermore, a broadening of the emission peak
above treshold for increasing pump intensities is observed, which, based
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on numerical simulations, we assign to pulse shortening.
2. Experimental

Our colloidal CdSe/CdS NPLs consist of an atomically flat NPL CdSe
core sandwiched between CdS layers. The 1.2 nm thick CdSe core con-
sists of four complete CdSe monolayers with an additional layer of Cd
atoms (so that both sides are Cd-terminated), with lateral dimensions of
approximately 20 x 7 nm? [21,22]. A CdS shell three monolayers thick
has been grown on each side of the core by colloidal atomic layer
deposition, similar to a method reported earlier [8] (see Methods).

Optical spectra of CdSe/CdS NPLs in hexane solution are shown in
Fig. 1la. The absorbance (blue) is dominated by two prominent peaks
corresponding to the heavy and light hole transitions [9]. The PL spec-
trum (red), shows an emission maximum at 620 nm and a full-width-at-
half-maximum (fwhm) spectral width of about 25 nm [23].

The fabrication scheme of the NPL stripe waveguides is sketched in
Fig. 1b. Electron beam lithography (EBL) was used to transfer the stripe
pattern to a polymer resist thin film on a glass substrate, followed by
chemical development, the deposition of the NPLs by spin-coating
(resulting in presumably random nanoplatelet orientation) and resist
lift-off (see Methods). We fabricated NPL stripes with either a width of
500 nm and a height of 200 nm or a width of 1 ym and a height of
150 nm. The stripe length was varied from 20 — 80 ym in steps of 10 ym,
see the scanning electron microscope (SEM) image of three stripes in
Fig. 1c. We note that the upper edges of the nominally rectangular cross
section of the stripe are somewhat elevated, most likely due to adhesion
forces in the resist mask during spin coating. These edges play, however,
no important role for the waveguide characteristics. The stripes were
free from cracks and the average surface roughness was <5 nm root
mean square, as measured by atomic force microscopy. By ellipsometry
on extented NPL films we deduced an effective refractive index of 1.9 at
a wavelength of 650 nm, indicating an estimated NPL packing density of
about 64% [8].

For optical excitation, the broadband emission of a pulsed super-
continuum laser was selected in the wavelength band 450-550 nm.
Laser pulse duration and repetition frequency were 6 ps and 100 kHz,
respectively. The beam was shaped by an achromatic cylindrical lens,
reflected from a dichroic mirror and then focused by an oil immersion
objective (60x, 1.4 numerical aperture) to a line focus of 2 pm x 88 pm,
where the former corresponds to the 1/e intensity of the Gauss profile
and the latter gives the length of the top-head profile. The pump fluence
was varied between 10 and 550 uJ/cm?. The NPL stripes were illumi-
nated by the line focus (Fig. 1c) and the emitted light was collected by
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the same objective and transmitted through the dichroic mirror and a
longpass filter. It was then dispersed by a monochromator and the
spectrum was detected by a CCD camera. Alternatively, the sample was
imaged by the CCD camera, which allowed to assess sample homoge-
neity and to detect defects. Furthermore, hybrid images were taken,
combining one spatial axis (along the stripe axis) with the spectral in-
formation from each axis point displayed in the normal direction. As this
setup enables sample imaging, we can routinely assess the overall
quality of the (sub)microscale waveguides and identify possible scat-
tering defects. We note that we used this detection geometry as well for
the variable stripe length (VSL) method, to determine the effective gain,
as described below. Comparing with the usual detection geometry with a
microscope objective imaging the film (or waveguide) end face (i.e.,
being oriented perpendicularly to the excitation optics), we found no
significant differences in the measured relative light intensities, which
we assign to the large collection angle of the used objective.

3. Results and discussion

The evolution of the NPL emission from a 70 pm long stripe under
increasing pump fluence is illustrated by the exemplary spectra in
Fig. 2a. The pump line focus overlaid the whole stripe length. Sponta-
neous emission (pump fluence 84 pJ/cm?) is plotted in blue, acquired
from the middle position of the stripe (blue circle in the inset sketch).
For the same pump fluence the signal acquired from the stripe end (light
red curve and circle) is already enhanced due to ASE that is preferen-
tially contributing to the waveguide mode and that is then scattered at
the stripe end face [8,14]. The spectral shift of the ASE peak is due to the
redshifted emission of biexcitons, as compared to excitonic emission.
[24,25]. For a pump fluence of 260 pJ/cm? we observe laser emission, as
plotted in the dark red spectral curve. Here, the emission intensity in-
creases by about three orders of magnitude. As further discussed below,
laser thresholds turn out to be between 50 and 200 pJ/cm? for stripe
lengths between 60 and 20 pm.

Fig. 2b depicts spectra acquired for a pump fluence of 260 uJ/cm? at
the end of stripes 20, 40 and 80 ym long. The spectral line spacing is
given by the free spectral range of the longitudinal modes in the Fabry-
Pérot resonator formed by the stripes, which is about 4 nm (length
20 pm), 2 nm (length 40 pm) and 1 nm (length 80 um). Accordingly, we
deduce an effective mode index around 1.6, which agrees well with the
ellipsometry data taken on extented NPL films and thus confirms the
structural homogeneity of the stripes. The mode index value is further
verified by finite-difference time-domain (FDTD) simulations of the
stripes (see the Supporting Information). In addition, the simulations
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Fig. 1. NPL optical spectra and waveguide geometry. (a) Absorption and PL spectra of the NPLs in hexane solution, the blue box marks the optical excitation range,
(b) sketch of the NPL waveguide fabrication by EBL (glass substrate light grey, polymer resist dark grey, NPLs red), (c) SEM image of three exemplary stripes; the laser
line focus used for excitation is sketched in blue, the double arrow indicates the line focus shift used for the variable stripe length measurement. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Nanoplatelet stripe ASE and lasing. (a) Emission spectra from the center of a 70 pm long stripe (PL, blue) and from the stripe end (ASE, light red), both for a
pump fluence of 84 pJ/cm? The dark red spectrum shows laser emission for a pump fluence of 260 pJ/cm?. The circles in the inset illustrate where along the stripe
waveguide the spectra were acquired. (b) Spectra taken for a pump fluence of of 260 uJ/cm? from the end of stripes with lengths of 20, 40 and 80 pm, the spectra are
vertically shifted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

yield an intensity reflection factor at the stripe end of 5.5 and 3.5% for
the stripes 500 nm and 1 pm wide, respectively.

Fig. 3a (left panel) shows the microscope image of a 30 pm long NPL
stripe excited with a pump fluence of 84 pJ/cm?2 We observe homoge-
neous emission all along the stripe, with somewhat brighter stripe ends
due to the scattering of guided light. The spatially resolved spectra in the
right panel in Fig. 3a confirm the spectrally homogeneous spontaneous
emission along the stripe. The spectra at the stripe ends show an addi-
tional redshift due to ASE (compare Fig. 2a), which is preferentially
emitted into the waveguide mode and scattered at the stripe ends. The
slight bend of the signal at the stripe ends is an imaging artifact.

For a pump fluence of 550 uJ/cm?, which is well above the lasing
threshold, light emission from the stripe ends dominates (Fig. 3b), with
intensities more than three orders of magnitude larger than below
threshold and spectrally narrow peaks (right panel), as expected for
lasing. In Fig. 3c the excitation fluence is identical to that in Fig. 3b,
however, the outer rim of an iris diaphragm blocks the signals from the
stripe ends and the camera exposure time is increased by a factor of 100,
as compared to Fig. 3b. We observe laser light that is weakly scattered
along the stripe. The ratio of the emission intensities scattered along the
stripe (Fig. 3b) and at the stripe ends (Fig. 3c) yields an estimate of the
ratio of radiation loss (along the waveguide) to laser output. We
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integrate the signal along the central 10 pm of the stripe in Fig. 3c,
normalize it to the whole stripe length and compare it to the sum of the
signals from both ends in Fig. 3b. We find that the radiation loss cor-
responds to about 15% of the laser output, a value that could possibly be
reduced by optimizing the fabrication procedures. This could include
optimized spin coating parameters, annealing or even oriented NPL
deposition [13]. We note that for a more detailed analysis the angular
emission pattern from the light scattered at the stripe end should be
considered.

The output light intensities as measured from the stripe terminations
versus pump fluence for NPL stripes of different lengths are summarized
in Fig. 4a for the 500 nm wide stripes. Clear threshold behavior is
observed for increasing pump fluence. The threshold value decreases
with increasing structure length, as for shorter structures the gain per
length necessary to overcompensate reflection losses (as the main loss
contribution) is evidently higher. The threshold is thus highest for the
20 pm long stripe with 130 pJ/cm? and lowest for the stripe length of
60 pm length with 50 pJ/ em?. In Fig. 4b, we plot the corresponding data
for the 1um wide stripes. Generally, the threshold values are higher
here, due to the somewhat lower waveguide mode confinement and end
face reflectivity (see the Supporting Information).

Fig. 4c combines the pump fluence dependence of the 40 ym long
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Fig. 3. Images and spatially resolved spectra of the emission of a 30 um long nanoplatelet stripe, (a) below lasing threshold (pump fluence 84 uJ/cm?), (b) and (c)
above lasing threshold (pump fluence 550 pJ/cm?). In (c), the emission from the stripe ends has been blocked and the camera exposure time has been increased by a
factor 100 to detect scattered light along the stripe. The left-hand panels show the microscopic image of the stripe, in the right-hand panels the horizontal axis is

switched to spectral dispersion.
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Fig. 4. Emission characteristics of NPL stripes. (a) Output power vs. pump fluence for 500nm wide stripes of different length from 20 to 60 pym. The emission strongly
increases at stripe-length-specific threshold values of the pump fluence. For stronger pumping, emission saturation is observed. (b) Same as (a) for a stripe width of
1 pm. (c) Pump-dependent output power for the 40 pm long stripe (red) and spectral peak fwhm width (black). (d) Measured (circles) and simulated (crosses) spectral
peak fwhm for a 40 ym long resonator vs. pump strength, normalized to the threshold pump fluence (experiment) and the threshold pump strength parameter Dy,
(simulation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

stripe from Fig. 4a with the corresponding spectral fwhm dependence of
the (highest) emission peak. At threshold, the peak width drops from
about 15 to below 0.6 nm. Below threshold the error in measuring the
spectral width is relatively large, as we have to consider the spontaneous
emission background (direct emission) in the ASE signal (scattered from
the stripe end) and both signals are of similar magnitude. Above
threshold, however, the spontaneous emission contribution is negligible
and the error margin becomes smaller than the symbol size in Fig. 4c.
Interestingly, above threshold the peak width increases again with
increasing pump fluence. We note that this effect is documented in
recent literature [26-29], however, without being discussed to the best
of our knowledge. We attribute the broadening to pulse shortening with
increasing gain, as illustrated by the following simulation.

To capture the essential lasing characteristics of the NPL stripes, we
numerically simulate a one-dimensional model with varying length L.
We solve the time-dependent Maxwell-Bloch equations [30] for different
pump strengths D that we keep constant during the time interval cor-
responding to the duration of one pump pulse, i.e., 6ps. Our input pa-
rameters are the lasing transition frequency vy = 4.76 x 10'*Hz, an
estimated propagation loss along the stripe d = 100 cm ™, the relaxation
times T1=1/y) = 2ns and T2=1/y, = 7.8 fs and an assumed refractive
index of 1.5. In the Maxwell-Bloch equations, the parameters y| and y
describe the decay constants of the population inversion and of the
polarization, respectively. Therefore, the relaxation time T1 corresponds
to the fluorescence lifetime, whereas T2 represents the mean dephasing
time of the gain medium (for further details see the Supporting
Information.)

Although this 1D model is rather simple, we find a convincing
agreement between measurements and simulated results. Similar as in
the experiments, our simulations show that the spectral peak width of

the laser emission above threshold increases with increasing pump
strength, as depicted in Fig. 4d for the resonator length of 40 pm. We
note that the pump strength parameter D that enters our numerical
simulations is not identical to the pump fluence from the experiment,
but rather represents the externally imposed inversion. Assuming a
linear correlation between these two quantities, we find that the simu-
lation matches rather well with the experimental data, keeping the
simplicity of our approach in mind. To address remaining deviations, a
more comprehensive simulation of the laser dynamics would be
required. In particular, we expect that to be quantitatively accurate,
such a model needs to include the effects of temperature-related
broadening due to heating, noise due to mechanisms like spontaneous
emission, and potential experimental imperfections as fabrication
€errors.

Fig. 5a shows the simulated spectra of a 20 pm long structure for two
different pump strengths of 1.8 (blue) and 4.5 (red) times the threshold
pump strength Dy,;. Besides the pump strength dependence of the laser
line width, the overall shape corresponds well to the experimental
observation in Fig. 2b. We further explore the temporal effects in Fig. 5b
for stripe lengths of 20, 30 and 40 ym. We find that the laser pulse is
indeed shortened above threshold with increasing pump strength. For
example, for the 40 ym long structure, the pulse duration is 6 ps just
above threshold and drops to 2 ps for a value about twice Dy, For the 20
um long structure pulse lengths below 1ps are observed. We attribute
the effect of pulse shortening with increasing pump power to the fact
that a higher population inversion leads to an increasingly faster buildup
of the lasing mode and thus to a shortening of the leading edge of the
pulse. Since also the resulting field strength in the cavity grows with
increasing pump power, the inversion is depleted more quickly such that
the trailing edge is shortened as well, where the cavity properties (i.e.,
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Fig. 5. (a) Simulated spectra for the one-dimensional NPL model with 20 m length at a pump strength normalized to the threshold pump strength Dy, of 1.8 (blue)
and 4.5 (red). (b) Simulated pulse duration as a function of normalized pump strength for 20, 30 and 40 um resonator length. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

length, loss, and outcoupling) determine a lower bound for the pulse
duration. These effects are clearly needed to be considered with care for
the optimization and application of lasers which combine small size with
high gain.

The modal gain of the NPL stripes was deduced with the VSL method,
[31,32] applied to the stripe waveguides for pump intensities below the
laser threshold. For this purpose, the reflection from one end of a 1 pm
wide NPL stripe was eliminated by adiabatically expanding the stripe
into an extended film, see Fig. 6a. Different stripe lengths were then
overlayed with the laser line focus in increments of 5 pm with a pie-
zoactuator stage. The pump fluence was set to 250 pJ/cmz.

The measured light intensities scattered from the free stripe end are
plotted in Fig. 6b as a function of the stripe length that was excited by
the laser line focus. The data (circles) are fitted exponentially (curve) by
taking into account a constant background c( from spontaneous emis-
sion around the stripe end. Further, we consider a background c; from
spontaneous emission into the waveguide mode that depends on the
excited stripe length x, so that we describe the total intensity as I, = (Ip/
(e — 1) + ¢o + ¢1x, with gain g. We note that with the stripe length
range considered here we are well within the validity range of the VSL
method to respect to stripe-length-independent gain [15].

From the combined data of five nominally identical stripes we
deduce a gain value of 1630 = 170 cm ™. This value agrees well with the
simulated stripe end-face reflectivity. For an end face reflectivity of 4%,
the ratio of gain-induced signal increase along the stripe to end face
reflectivity has to be 25. For the shortest resonator length of 20 pm, this
corresponds to a required gain of about 1600 cm™!. Furthermore, as the

b) 2s

1.5

counts

0.5

gain is increasing with the pump intensity, the quite moderate pump
level used here leaves space for further improvement.

4. Conclusion

In conclusion, we have demonstrated a remarkably high gain value
of about 1630 cm ! for CdSe/CdS NPLs. Lasing was achieved with a
simple monolithic stripe waveguide structure that (although built by
EBL here) could be fabricated by scalable techniques as imprinting. It
has to be emphasized that lasing relying on the low reflectivity of the
waveguide end faces was only possible due to the high gain involved.
This leads however ample room for improvement with, e.g., Bragg
mirror geometries for efficient feedback. All-NPL waveguides including
Bragg mirrors have been recently reported [20]. We have looked into the
temporal emission dynamics and evidenced pulse shortening for
increasing pump levels above laser threshold. Building on these results,
further steps in the application of NPLs for micro- and nanophotonics
can be envisioned.

5. Methods
5.1. Nanoplatelet synthesis

21 mg of purified CdSe NPLs in 5 mL hexane were mixed with 5 mL of
N-methylformamide (MFA) and 50 pL of 40-48% (NH4)2S aqueous so-

lution. After complete phase transfer within 3-5 min, the NPLs in MFA
were rinsed three times with 5 mL of fresh hexane and precipitated with

10 15

length [um]

20 25 30

Fig. 6. Gain measurement with the VSL method. (a) Optical microscope image of a NPL stripe tapered into a NPL film to eliminate reflection. (b) Measured emission
intensity dependent on the stripe length excited by the laser line focus (circles), the curve is a fit of I, (see text) to the data.
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5 mL acetonitrile (ACN) and 8 mL toluene. The precipitated NPLs were
redissolved in 2 mL MFA and mixed with 2.5 mL of a 0.2 M solution of
Cd(Ac)y in MFA. After 1 min, the NPLs were precipitated with 8 mL
toluene. The pellet was redissolved in 2 mL MFA and mixed with 2.5 mL
of a (NH4)2S solution in MFA (20 pL (NH4)2S in 1 mL MFA). After one
minute, the NPLs were precipitated with 8 mL toluene. The last two steps
were repeated two more times for the Cd and one more time for the S
layers to complete three monolayers of CdS. The obtained pellet (Cd-
terminated CdSe/CdS NPLs) was redissolved in 2 mL hexane with 250 pL
oleylamine (70%). An excess of oleylamine was removed by one more
precipitation step with 1.8 mL ethanol and redissolution in 3 mL hexane.
The final solution was filtered through a 0.2 pm polytetrafluoroethylene
filter.

5.2. Electron beam lithography

For the lithographic waveguide fabrication, we used the beam of a
scanning electron microscope to expose the waveguide geometry in a
600 nm thick poly(methylmetacrylate) (PMMA) resist film on a cover
slide glass substrate. An additional 100 nm thick layer of a conductive
polymer (Allresist, AR-PC 5090) provides electric conductivity to pre-
vent charging. After exposure, removal of the water-soluble conductive
polymer layer and chemical development of the PMMA mask, we
deposited NPLs by spin-coating a 2 yMol solution in hexane at 3000 rpm.
A final lift-off step of the PMMA film concludes the fabrication. A
scanning electron image of the resulting waveguide surface is depicted
in the Supporting Information.
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