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Colloidal nanocrystals attract considerable attention in the field of light emitting devices thanks to their high
fluorescence quantum yield, low amplified spontaneous emission (ASE) threshold, and spectral tunability via
electronic structure engineering and surface functionalization. Combining polymer microcavities with
colloidal nanocrystals as gain material promises a solution-based fabrication route to plastic laser cavities
as well as applications in the field of smart flexible large area light sources and sensors. Here we
demonstrate lasing from polymer microcavities embedding solution processable dot-in-rod (DiR) CdSe/
CdS nanocrystals. Two highly reflective polymer dielectric mirrors are prepared by spin-coating of
alternated layers of polyacrylic acid and poly(N-vinyl carbazole), with their photonic band gap tailored to
the emission of the DiRs. The DiRs are enclosed in the polymer microcavity by drop-cast deposition on
one mirror, followed by pressing the mirrors onto each other. We obtain excellent overlap of the ASE
band of the DiRs with the photonic band gap of the cavity and observe optically pumped lasing at
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Introduction

The wide use of integrated lasers in optoelectronic devices is
pushing for the development of simple and cost-effective
fabrication for low power sources.'” Vertical cavity surface
emitting lasers (VCSEL)* are ideal candidates for this purpose.’
A VCSEL is a planar microcavity formed by two dielectric
mirrors embedding a gain medium opportunely engineered
into nanopillars to provide lateral confinement.® Due to its
conceptual simplicity, this kind of structure is easy to fabricate
and applies to many technological fields, including fiber
communication systems, optical disk reading, laser printers,
and sensing.”"* The main drawback of these systems is the need
for expensive and time consuming epitaxial manufacturing to
obtain high quality VCSELs based on crystalline emitters.**>**
However, in pursuing simplicity and cost reduction, techniques
like solution processing or extrusion are attracting increasing
interest.™ Solution processable materials are attractive both for
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640 nm with a threshold of about 50 pJ cm™2.

the development of tunable emitters and for the fabrication of
photonic structures.”® From the fabrication point of view,
high quality planar photonic crystals can be grown by spin-
coating in a laboratory.?* Indeed, lasing in all-polymer
distributed Bragg reflectors (DBRs) and microcavities contain-
ing different gain media has already been demonstrated.**>*
Regarding the emitters, colloidal semiconductor nanocrystals
(NCs) are appealing owing to their high photoluminescence
efficiency and the possibility to carefully engineer their elec-
tronic and chemical-physical properties via wet chemistry.>”**
Such characteristics make NCs very interesting for commercial
purposes.®” CdSe and CdSe/CdS systems are among the best
performing NCs, and several research groups have already re-
ported amplified spontaneous emission (ASE) and lasing from
these materials.>**” Moreover, given their colloidal nature,
these materials can be integrated into solid-state devices
through simple manufacturing techniques such as spin-, bar-,
or dip-coating, which have been already used for polymers.**3%%”

In previous works, we reported on the fabrication of multi-
layered structures by spin-coating deposition, which grants
good thickness control, high interface quality, and homoge-
neity.*»***#33 In particular, we studied hybrid microcavities
made of polymers doped with CdSe/CdS dot-in-rods (DiRs).**
There, only fluorescence enhancement was achieved, since the
low concentration of the DiRs in the nanocomposite emitting
layer prevented lasing action. In this work, we adopted
a different strategy to increase the NCs density and achieve
a low lasing threshold. In detail, a dense solution of DiRs was
drop-cast on a polymer DBR to realize a several microns thick
and compact nanocrystal film. However, the rugosity of the

This journal is © The Royal Society of Chemistry 2018
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drop-cast layer did not allow to continue the fabrication of the
top DBR by spin-coating the alternating polymer layers on
nanocrystal coated bottom DBR. Therefore, we prepared the
second DBR separately, and pressed it on top of the first one to
obtain the resonator (Fig. 1a). This approach grants proof-of-
concept VCSEL devices made of good quality dielectric
mirrors.”>***** We discuss the optical properties of these
sandwich VCSEL structures, and report on their lasing proper-
ties under fs-optical pumping as well as on its long-term
stability. The comparison with literature data reveals the
excellent performance of the VCSEL compared to similar
systems that provide an interesting result for further develop-
ment of hybrid nanocrystal-polymer low-cost lasing devices.

Experimental

Colloidal nanocrystals used for this work are CdSe/CdS DiRs
synthetized according to an already published procedure®
starting from CdSe cores with 4 nm diameter (see Fig. 1b).
Planar microcavities have been prepared by sandwiching two
identical polymer DBRs, of which one was covered by a drop-
cast DiRs film. The DBRs comprise twenty-five alternated bila-
yers of polyacrylic acid (PAA) and polyvinylcarbazole (PVK)
grown by spin-coating from solutions in 4-methyl-2-pentanol
(40 g 17, for PAA) and in toluene (40 g 17, for PVK) at
8400 rpm on top of a 20 x 20 mm” coverslip glass substrate.
The PVK PAA polymer pair is suitable to create high quality
DBRs by spin-coating as already demonstrated.>® Over each
DBR, a capping layer of cellulose acetate (CA) was spun at
2400 rpm from a solution in diacetone alcohol (35 g 1'). Once
completed, DBRs were annealed at 60 °C for 10 minutes. A DiRs
solution in toluene (around 10 g 17*, 200 ul) was drop-cast on
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one DBR and the solvent was left to evaporate for 2 hours. After
this step, a second DBR was pressed on top of the first one, thus
creating the planar microcavity (see Fig. 1a). We also prepared
areference drop-cast DiRs film on a CA layer that had been spin-
coated on a glass substrate.

Angle resolved reflectance and CW photoluminescence (PL)
spectra, as well as PL quantum yield (QY), have been recorded
by using the optical set-up previously described,* equipped
with a high spectral resolution Ocean Optics Jazz COMBO 2
compact modular spectrometer (530-880 nm, 0.5 nm
resolution).

All ASE and laser emission measurements were carried out
using a Ti:sapphire laser (Coherent Legend Elite seeded by
a Ti:sapphire fs laser, A = 405 nm, 70 fs pulse FWHM and
repetition rate of 1 kHz) for excitation, and an Ocean Optics
HR4000 spectrometer coupled to an optical fibre for collection.
The ASE measurement on the reference film was performed by
focusing the excitation beam with a cylindrical lens onto the
sample, thus obtaining a stripe-shaped beam profile, collecting
at ~90° with respect to the excitation beam. Laser emission
measurements on the microcavities were carried out with
a spherical lens at ~0° with respect to the excitation beam,
using a long-pass filter (Acycorr = 450 nm) to prevent the laser
beam from reaching the detector.

TEM images were acquired using a JEOL-1100 TEM oper-
ating at an acceleration voltage of 100 kV.

Results and discussion

Fig. 1b shows a transmission electron microscopy (TEM) image
of the DiRs used in this work. The DiRs have a tapered shape
with average length of 17 &+ 3 nm, and mean base diameter of 5
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(a) Sketch of the microcavity structure, which consist of two polymer DBRs; (b) TEM image of CdSe/Cds core—shell nanocrystals; in the

inset, sketch of the DIiR core—shell structure; (c) absorbance (black) and CW PL (red) of the DiR film.
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+ 1 nm (see the sketch in the inset of Fig. 1b and the size
distribution histogram in ESI Fig. S1}). Fig. 1c reports the
absorbance (black) and continues wave (CW) photo-
luminescence (PL) (red) spectra of a drop-cast DiRs film. The
absorbance spectrum is characterized by a light scattering
background induced by the rough film surface (ESI Fig. S2t). In
spite of that, the spectrum clearly shows two peaks at about 625
and 595 nm, which are assigned to transitions related to the
CdSe cores.> The shoulder at ~520 nm originates instead from
the CdS shell. The CW PL spectrum of the DiRs film displays
a single Voigt-shaped peak® with full width half maximum
(FWHM) of 27 nm, corresponding to 82 meV. The peak is
centered at 639 nm and shows a 14 nm Stokes shift with respect
to the band edge absorption.

To investigate the ASE regime, the emission of the DiRs film
was measured under fs-excitation for different pumping flu-
ences (Fig. 2a). The presence of ASE is a necessary pre-requisite
to obtain lasing from the active material in a suitable optical
cavity. At fluences lower than 280 pJ cm™>, a single broad PL
peak centered at 646 nm is observed. While the FWHM is
unvaried, the emission peak is 6 nm red-shifted with respect to
the CW measurements (see ESI Fig. S37 for a direct comparison
between the two spectra). This red-shift is related to the
different measurement geometry: in the CW measurements PL
is collected at normal incidence, while for pulsed excitation
emission it is collected at an angle of ~90° with respect to the
normal. In this condition, the longer optical path in the nano-
crystal film increases self-absorption effects, and results in
a spectral shift.

For fluences larger than 280 pJ cm™~, a new sharp peak is
detected at 640 nm and becomes dominant with increasing
excitation power density. This peak has a FWHM of 6 nm, which
is ~4 times sharper than the PL spectrum observed at low power
density excitation, and appears on the high-energy side of the
PL spectrum, in agreement with literature data with similar DiR
emitters.””*® Fig. 2b shows the emission intensity at 640 nm
(black squares) and at 660 nm (red squares) for different
pumping fluences. The intensity at 640 nm can be associated to
ASE, while at 660 nm the intensity represents the overall
growing trend of the PL background. At 660 nm, the PL intensity
grows linearly, indicating the stability of the system under
strong pumping (Fig. 2b, red line). Conversely, the intensity at
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Fig. 2
as a function of excitation fluence.

13028 | RSC Adv., 2018, 8, 1302613033

View Article Online

Paper

640 nm shows two different regimes: under weak pumping
(below ~280 pJ cm™?) the intensity increases linearly with
a slope similar to that observed at 660 nm (Fig. 2b, black line).
For higher excitation fluence, the slope dramatically increases.
The comparison of the emission intensity for weak and strong
excitation fluence proves that ASE occurs above a pumping
threshold of ~280 pJ cm™?, in agreement with previous obser-
vations on similar systems.*®

Next, we investigate the optical properties of the polymer
planar microcavity. Fig. 3a reports its reflectance spectra
recorded on six different spots of the sample surface. The six
spectra show minor differences, proving the homogeneity of the
DBR mirrors employed to build the planar microcavity. The
microcavity spectrum shows a broad and rectangular shaped
reflectance peak in the spectral range 605-645 nm with FWHM
of 37 nm, which is the signature of a PBG. With the refractive
indexes of the two DBR media npyx = 1.66 and npy, = 1.51 at
640 nm,****** the measured FWHM and spectral position are
compatible with those of a dielectric mirror satisfying the A/4
condition.****¢*% Although the PBG is narrower than the overall
PL spectrum of the DiRs (ranging from 620 to 670 nm, see
Fig. 1c), it covers the range of the ASE peak well (Fig. 2a), thus
creating a functional resonator. The reflectance spectra do not
show any cavity mode, which is unusual, and probably due to
the reduced homogeneity in the DiRs layer as demonstrated by
PL confocal maps (ESI Fig. S27).

Fig. 3b shows that the normalized PL spectra of the micro-
cavity (red curve) and of the reference (black curve, see Experi-
mental section for details) have minor differences under CW
excitation (these spectra are reported without peak normaliza-
tion in ESI Fig. S3bf for a better comparison). For the micro-
cavity, the PL of the DiRs is suppressed in correspondence of the
PBG between 600 and 640 nm, while it is nearly unchanged
outside this range. This suppression due to the PBG results in
a slight red-shift with respect to the reference PL. We think that
the inhomogeneous thickness of the DiRs layer mentioned
above hinders the detection of very sharp cavity modes (as
previously observed for fully spin-coated microcavities)* when
excitation is provided over relatively large areas (J ~ 1 mm) as
in CW PL experiments.

The investigation of the fluorescence properties under fs-
excitation for different pumping fluences shows that different
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(a) DiRs film emission spectra as a function of fs-pumping fluence; (b) emission intensity at 640 (black squares) and 660 nm (red squares)
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Fig. 3 (a) Reflectance of the microcavity recorded at different spots
on its surface; (b) PL spectra of the DiRs film (black line) and micro-
cavity (red line) under CW excitation.

spots on the microcavity surface display different behavior.
Indeed, in some area only ASE was detected (see ESI Fig. S4+),
while for others lasing was clearly observed. This behavior can
be related to differences in the cavity length. Fig. 4a displays the
emission spectra recorded for different pumping fluences in
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one of the resonant areas. The same spectra are also reported on
a magnified scale in ESI (Fig. S5). Fig. 4a reports the bare
spectra in light colors filled to the base. These spectra show
a complex structure consisting in a broad component, similar to
the one observed under CW pumping, and some sharper peaks
between 630 nm and 645 nm. To appreciate these features, we
deconvoluted all the spectra into two components. A first broad
one is obtained by multiplying the emission spectrum of the
microcavity collected off-axis (black line in Fig. 4b) by a constant
fitted for each emission spectrum at wavelengths larger than
645 nm. This first broad component is then subtracted from
each bare spectrum to retrieve the second structured compo-
nent (bold lines in Fig. 4a). The two components are indicative
of two different radiative recombination pathways occurring in
the microcavities. The first pathway is the PL, which is assigned
to the broad component and is comparable to the bare DiR
fluorescence. This PL is detected even for off-axis measure-
ments (black line in Fig. 4b) and its intensity increases linearly
with the pump fluence (red dots in Fig. 4c). The second struc-
tured component consists of several sharp peaks in the spectral
range of 635 to 645 nm, which corresponds to the ASE band
detected in the spectra of the reference sample (Fig. 2a and 4b).
For low pumping fluences (<55 pJ cm™?), a broad signal con-
sisting of a large number of peaks is observed. At a fluence of 55
wJ cm ™2 three very sharp peaks arise at 635 nm, 637 nm, and
640 nm (ESI Fig. S51). Upon further increasing of the pumping
fluence to 110 uJ cm™ 2, the intensity of the peak at 640 nm
grows and dominates the spectrum. The FWHM of this peak is
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(a) Stacked fs emission spectra of the microcavity collected perpendicular (0°) to the sample surface for different pumping fluences. The

original emission spectra are shown in filled light colors; the deconvoluted PL component as a black line; and the deconvoluted component with
the lasing peaks as dark thick line. (b) Microcavity emission spectra under fs pumping at 110 uJ cm~2 collected at normal angle from the sample
(red) and off-axis (black). Reference sample emission spectra showing ASE (in green) (c) emission intensity at 640 nm (black squares) and 660 nm

(red circles) against the pump fluence.
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~1 nm (resolution limited), which is 6-fold sharper than the
ASE signal and 24-times sharper than the CW PL (Fig. 3b). These
values are far above any sharpening observed for state of the art
all-polymer microcavities.® In the spectra in Fig. 4a we also
notice a clear variation of the line-shape of this sharp peak with
increasing pumping fluence. Such behavior cannot be
explained by the spectral redistribution induced by cavity
modes, which, as well-known, preserves the line-
shape.>*%°1:366* Therefore, we conclude that the sharp peaks in
the spectra originate from lasing.

To provide further evidence of lasing emission, Fig. 4b shows
emission spectra of the microcavity collected at normal inci-
dence and slightly off-axis (collection angle < 10°) measured at
a pumping fluence of 110 pJ cm™~> together with the ASE spec-
trum of the reference sample recorded at a pumping fluence of
460 uJ cm 2. The sharp peak at 640 nm is visible for collection
under normal incidence (red line in Fig. 4b) and falls well inside
the ASE emission band (green line in Fig. 4b). However, it is not
detectable off-axis. This strong angular dependence is in
excellent agreement with lasing from a DBR microcavity, while
from spectral redistribution only a slight shift of the peak
within such angles would be expected.>"**

Fig. 4c displays the intensity collected at 640 nm, assigned to
the lasing mode, and at 660 nm, assigned to the PL, for
increasing pumping fluence. As expected for lasing modes, the
intensity of the sharp peak rises faster than the signal assigned
to the PL.

To summarize, the reduced linewidth, the intensity versus
pumping fluence, the spectral position, and the strong angular
dependence of the sharp peaks in the microcavity spectra allows
us to assign them to lasing. The evaluation of the lasing
threshold from our dataset is not straightforward because we do
not observe the typical kink in pump fluence-emission intensity
plots. This characteristic is the direct consequence of the
absence of subthreshold measures. Indeed, for the lowest flu-
ence (25 W cm™?), the signal consists only in the structured
component centered within in the ASE spectral range (Fig. 4a),
while the intensity of the broad PL signal is below the noise
level, meaning that the emissions cannot be collected at lower
pumping fluences. Notwithstanding this lack, we reasonably
over-estimated the lasing threshold at 50 pJ cm 2 Such
threshold is in good agreement with lasing reported from
similar emitting materials,>** and comparable with those
observed for polymer VCSELs based on organic emitters.>**>%
On the other hand, our upper limit for the threshold is few
orders of magnitude lower than what has been reported for
InGaP/ZnS core/shell NCs-polymer VCSEL fabricated by spin-
coating.** Lower thresholds have been demonstrated only for
inorganic planar microcavity, where the larger dielectric
contrast of the DBR media allows stronger light confine-
ment,*”* or more complicated resonators like microdisks.””

The shelf-lifetime of our samples is a parameter of great
importance if we are interested in using them in real applica-
tions. To study the stability over time of the system, we
measured the same lasing sample after 18 months from its
production. The sample was stored in laboratory conditions
without any specific care in order to test them after severe aging.

13030 | RSC Adv., 2018, 8, 13026-13033
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As observed immediately after the production, the samples
show lasing areas and non-lasing areas, being affected by the
already mentioned inhomogeneity. Fig. 5a depicts the emission
spectra measured for different fs pumping fluences in a spot
that shows lasing. In the same plot, we also report the decon-
volution of the spectra in their PL and lasing components.
Similarly to the procedure used in Fig. 4a, we obtained the PL
signal by multiplying the lowest power spectrum with
a constant factor and fitting such value to each measured
emission spectrum only for wavelengths greater than 642 nm.
This component was then subtracted from the original spec-
trum, thus obtaining the lasing spectrum. The original spectra
are shown with lightly colored filled lines, the PL components
are shown as black lines, and the lasing spectra are shown with
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Fig. 5 (a) Stacked fs emission spectra of the microcavity collected

perpendicular (0°) to the sample surface for different pumping flu-
ences, recorded 18 months after sample preparation. The original
emission spectra are shown in filled light colors; the deconvoluted PL
component as a black line; and the deconvoluted component with the
lasing peaks as dark thick line. (b) Emission intensity of the PL (taken at
638 nm) and of the two lasing peaks at 635 and 638 nm as obtained by
the deconvoluted spectra.
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thick dark lines. Indeed, all the original emission spectra are
a convolution of a broad PL signal, and by two sharp lasing
peaks at 635 and 637 nm that appear for fluences larger than
2300 pJ em ™. Fig. 5b reports the intensity of the PL and lasing
components at 635 and 638 nm against pumping fluence. As
expected, the PL grows linearly with fluence, while the two
lasing components are negligible up to 2300 uJ em ™2 and then
quickly grow linearly. Since these measures are not affected by
the noise we were observing at low fluences, we are able to
clearly observe the typical lasing kink with a threshold of 2300
1J em 2 Such value is about 50 times larger than the one
measured immediately after the fabrication of the sample.
Notwithstanding the low temporal stability of the lasing
threshold, the directionality of the laser emission is preserved.
Indeed, lasing action can be observed only within 4 degrees
from the normal to the surface (ESI Fig. S61). Already at 6°,
lasing emission disappears and only a broad emission spectrum
can be detected. This result further testifies that the polymer
VCSEL is the source of optical feedback.

Finally, lasing properties of the system degraded within 18
months agrees with the ones measured for bare DiRs used in
other works®” and reveals that in order our system to be a viable
option for DiRs based VCSEL, more work is needed to increase
the chemical stability of DiRs, while no evident degradation
occurs in the dielectric mirrors. To this end, two strategies can
be envisaged. From one side, the use of novel high-density
capping agents on the DiRs surface could increase their
stability. Moreover, low oxygen permeability polymer matrices
embedding nanocrystal, having suitable refractive index to
reduce light scattering and processable growth by spin-coating
for the of microcavities have to be developed to solve the
problem.

Conclusions

In conclusion, we demonstrated low threshold optically pum-
ped lasing from inorganic NCs embedded into an all-polymer
VCSEL. The lasing device was manufactured by spin-coating
of two PAA/PVK dielectric mirrors that embed a drop-cast
layer of CdSe/CdS. The VCSEL is highly inhomogeneous but
clearly shows lasing with pumping threshold of about 50 pJ
cm 2, which is the lowest value reported so far for polymer-NCs
systems. The system still shows lasing after 18 months from its
production, but with a significantly higher threshold. Our
results represent a preliminary step for the development of free-
standing plastic VCSELs easily tunable over a wide spectral
range and adaptable to photonic devices where low-power and
simple device structures are desired.
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