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ABSTRACT: Tunable, high-performance, two-photon absorption (TPA)-based amplified
spontaneous emission (ASE) from near-unity quantum efficiency colloidal quantum dots
(CQDs) is reported. Besides the absolute spectral tuning of ASE, the relative spectral
tuning of ASE peak with respect to spontaneous emission was shown through engineering
excitonic interactions in quasi-type-II CdSe/CdS core/shell CQDs. With core—shell size
adjustments, it was revealed that Coulombic exciton—exciton interactions can be tuned to
be attractive (type-I-like) or repulsive (type-Il-like) leading to red- or blue-shifted ASE
peak, respectively, and that nonshifting ASE can be achieved with the right core—shell
combinations. The possibility of obtaining ASE at a specific wavelength from both type-I-
like and type-II-like CQDs was also demonstrated. The experimental observations were
supported by parametric quantum-mechanical modeling, shedding light on the type-
tunability. These excitonically engineered CQD-solids exhibited TPA-based ASE threshold
as low as 6.5 mJ/cm® under 800 nm excitation, displaying one of the highest values of TPA
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SECTION: Physical Processes in Nanomaterials and Nanostructures

wing to their size tunable and favorable optical

properties, semiconductor colloidal quantum dots
(CQDs), also known as nanocrystals, have become highly
attractive as light-generating materials for light-emitting
diodes' ™ and as optical gain media for lasing applications.**
Strong quantum confinement effects observed in CQDs lead to
several advantages over their bulk-counterparts including
enhanced exciton binding energies and efficient band edge
emission at room temperature due to the increased charge
carrier concentration in small CQD volumes. CQDs also allow
for engineering of their electronic properties via tuning of their
size,” shape (spherical, nanorod-shaped® and tetrapod-shaped”)
and excitonic characteristics resulting in distinct electronic
behavior, namely, type-I, type-IL* or quasi-type-IL” Con-
sequently, CQDs have arisen as a promising class of lasing
materials offering lower optical gain thresholds, higher
temperature insensitivity, ease of processability via facile wet-
chemistry methods, and ease of emission tunability covering a
wide spectral range.lo_12 These attributes make CQDs
appealing as compared to other emerging material systems
including organics and epitaxially templated quantum-confined
systems.
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Optical gain performances of various CQDs have previously
been studied and relatively low optical gain thresholds have
been reported with respectable temperature stabilities and
narrow emission bandwidths.'* Optically pumped CQD lasers
have been realized using various photonic structures (e.g., in
optical cavities made up of distributed Bragg reflectors, above
grating structures providing distributed feedback).'*~"® In these
previous studies, single-photon absorption mechanism was
utilized for optical pumping. Also, in few recent studies, as an
alternative to single-photon optical pumping, two-photon

19722 was employed to realize

absorption (TPA) mechanism
amplified spontaneous emission (ASE) in CQDs, which offers a
lower risk of photodamaging the sample. This is also
advantageous because CQDs exhibit very high TPA cross
sections.”>** Among these previously studied CQD systems are
CdSe/CdS/ZnS core/shell/shell CQDs'”™>* and CdSe/CdS

2
nanorods.?
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Figure 1. Schematics of the TPA-pumping of quasi-type-II CdSe/CdS core/shell CQDs and relative tuning of their ASE via type-tuning of these
CQDs by core/shell dimension adjustments resulting in red- to blue-shifted ASE peak with respect to spontaneous emission. Also, note the

nonshifting ASE between the red- and blue-shifting regimes.

As a unique and fundamental feature of core/shell and
multishell CQDs, the core—shell size adjustments provide us
with the ability to control the nature and strength of exciton—
exciton (X—X) interactions by tuning electron and hole wave
function localizations across the core and the shell. Therefore,
the repulsive (type-1I-like) versus attractive (type-I-like) nature
of X—X interactions can be engineered to modify optical and
electronic properties.”*™>® Within this context, Cooney et al.
has recently shown tunable ASE from S and P states of the
CQDs via state-resolved pumping,” but the potential of the
electronic-type engineering of the CQDs for lasing applications
was not considered. In the work of Saba et al., in seeded CdSe/
CdS core/shell nanorods, tuning of biexciton emission was
demonstrated by shifting the electronic structure from type-I to
quasi-type-IL*°  Although, in principle, qua31 type-Il. CQDs
offers the potential to operate in both regimes,*" to date, to the
best of our knowledge, no single material system has been
shown to exhibit ASE tunability from type-I-like to type-II-like
behavior, ie., red- to blue-shifted ASE with respect to
spontaneous emission, respectively. This implies that it should
be in fact possible, with the right CQD core—shell design, to
achieve also nonshifting ASE, which has not been previously
achieved. Mastering X—X interactions and developing full
control over the ASE are important for performance improve-
ments of CQD lasing systems by enabling the engineering and
optimization of gain/loss mechanisms in these systems.

In this study, utilizing quasi-type-II CdSe/CdS core/shell
CQDs and studying their ASE systematically under two-photon
excitation, we present the first account of absolute and relative
tuning of the ASE characteristics going from type-I-like to type-
II-like regimes in a single material system, as pictorially
illustrated in Figure 1. These CQDs are particularly chosen for
this study, as they offer near-unity quantum efficiency (QE)
with significantly suppressed Auger recombination, as a result
of the partial separation of electron and hole wave functions
within the core—shell structure.">**7** The TPA cross-section
of these CQDs, measured by z-scan technique at 800 nm
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excitation wavelength, was found to be ca. 44660 GM which is
one of the highest reported values when compared to the
CQDs of similar size. This resulted in the observation of a very
low optical gain threshold value of 6.5 mJ/cm? per pulse at 800
nm excitation wavelength without any loss compensation or
waveguiding mechanism. Although the experimental conditions
are not exactly the same, this threshold value is reasonably low
compared to the previous works of Zhang et al. (6.2 mJ/cm?
threshold of samples of larger CdSe/ CdS/ZnS CQDs employ-
1ng a waveguiding mechanism)>* and Jasieniak et al. (10.4 m]J/
cm? threshold of larger CdSe/CdS/ZnS CQDs with a
waveguiding mechanism).'® Using these CdSe/CdS CQDs,
the tunability of the ASE peak with respect to spontaneous
emission was achieved via carefully engineering their X—X
interactions by changing the core size and shell thickness of the
CQDs. Here we showed that a single material system can
exhibit full ASE tuning variation from blue- to red-shifting
behavior, and nonshifting ASE is possible between these two
regimes. The ASE peak shift we obtained for CdSe/CdS CQDs
in the blue-shifting regime is 32 meV (about 10 nm), while it is
ca. 25 meV (about 8 nm) in the red-shifting regime. Also, we
demonstrated that there is no unique core—shell combination
to obtain certain ASE characteristics and that it is possible to
obtain ASE at a specific wavelength of choice within the feasible
range from both type-I-like and type-II-like excitonically
engineered CdSe/CdS CQDs. These experimental results
were supported by parametrized quantum mechanical modeling
of the electronic structure of the CQDs for various core sizes
and shell thicknesses. We believe that, with all of these
attractive properties, CdSe/CdS CQDs make very strong
alternatives to the widely studied CdSe/ZnS CQDs for lasing
applications.'®3%%¢

Highly efficient CdSe/CdS core/shell CQDs were synthe-
sized with the selective ion layer adsorption and reaction
(SILAR) technique as described in the literature.”” With these
CQDs having a core diameter in the range of 2.2—2.4 nm and
an average shell thickness in the range of 2.4—3.2 monolayers,
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Figure 2. (a) High resolution TEM images and (b) PL-absorption

spectra of CdSe/CdS CQDs.

whose steady-state photoluminescence (PL) and absorption
spectra are given in Figure 2b, a high QE level of 90—95% was
achieved. An important feature of this CdSe/CdS material
system is the very small lattice mismatch (3.9%) between CdSe
and CdS, which results in the synthesis of potentially defect-
free CQDs with near-unity QE. Moreover, as can be seen from
the transmission electron microscopy (TEM) image in Figure
2a, nearly perfect arrangement of the CQDs indicates that they
have a very narrow size distribution with a high degree of
crystallinity of the structure.

Obtaining a high TPA cross-section is very critical for
achieving low-threshold TPA-based optical gain because of the
direct correlation between the TPA cross-section and the
number of absorbed photons, which determines the onset of
population inversion. Therefore, we conducted open-aperture
z-scan measurements of CdSe/CdS CQDs having a core
diameter of 3.2 nm and shell thickness of 1.1 nm (see the
Supporting Information for the z-scan measurement results and
analysis). We found the TPA cross-section value to be o, =
44660 GM, which is very high compared to CdSe/ZnS CQDs
of similar sizes.'”” Hence, CdSe/CdS CQDs stand out as
promising two-photon sensitizers. This higher TPA cross-
section of CdSe/CdS CQDs compared to CdSe/ZnS can be
explained by the increased contribution coming from the CdS
shell having a band gap of 2.5 eV (see Figure 2b for the
absorption of CdSe/CdS CQDs exhibiting a strong kink
around 430 nm due to the absorption of the CdS shell), while
the ZnS shell has a too large band gap (3.9 eV) that it cannot
contribute to the TPA at 800 nm (1.55 eV).*®

ASE performance of highly concentrated drop-casted solid
films of CdSe/CdS CQDs (see Methods for the sample
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preparation) was investigated through excitation intensity
dependent PL emission measurements, under a pulsed
excitation at 800 nm with a 45 fs pulse-width, as shown in
Figure 3a. As can be seen here, when the excitation intensity
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Figure 3. (a) Evolution of the PL spectra of CdSe/CdS CQDs with
varying excitation intensity. (b) Excitation pulse intensity dependence
of the PL intensity at the wavelength of the ASE process. The linear
fits shown as dashed lines are guides to the eye about the slopes of the
curves.

exceeded the optical gain threshold, ASE peak emerged at the
ca. 3 nm (11 meV) longer wavelength side of the spontaneous
emission peak. The full width at half-maximum (fwhm) of the
ASE and the spontaneous emission peaks of the sample excited
with an intensity of 10 mJ/cm” per pulse were obtained as 5.7
and 21.4 nm (19 and 73 meV), respectively, by fitting the PL
spectrum with two Gaussian functions. The spectral integration
of these two Gaussian functions indicated that, although it is
spectrally very narrow, the emission due to the ASE process
accounted for more than 50% of all the emission from the
sample in the direction of collection. As shown in Figure 3b, the
excitation intensity threshold for ASE is ca. 6.5 mJ/cm® per
pulse. The ASE performance of this sample can be said to be
very good considering the fact that there is no loss
compensation or wave-guiding effect favoring the optical gain
in the sample. The concomitant spontaneous emission is due to
scattering and diffusion of the excitation light, resulting in out-
of-focus excitation of the sample.

In terms of spectral behavior of the ASE process as depicted
above, 3 nm red-shifted ASE was observed with respect to
spontaneous emission, whereas this spectral difference is
expected to be around 1520 nm in regular type-I CQDs."”
This shows that the structure is in the quasi-type-II regime, but
it is closer to being type-I-like rather than being type-II-like. In
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Figure 4. (a) ASE peak shift (or BX peak shift) with respect to spontaneous emission peak (or X peak) of core/shell CQDs in eVs calculated for
varying core radius and shell thickness. The black lines correspond to zero shift values, that is, the transition dimensions from type-I to type-II
behavior. The red stars show the corresponding positions of CQD,;, CQD,, and CQD3, whose ASE spectra are provided in parts (c) and (d), of the
figure. (b) Schematics of CQDs where the dimensions are proportional to their real dimensions. Dashed lines are provided to compare the core
diameters and shell thicknesses of the CQDs. Table shows the core diameters and shell thicknesses of CQDs whose experimental and theoretical
emission spectra are given in (c) and (d). Note that CQD, and CQD, have the same shell thickness while CQD, and CQDj; have the same core
radius. (c) Normalized decomposed ASE (or stimulated emission (St. Em.)) and spontaneous emission (Sp. Em.) spectra of three different CQDs
under intense two-photon excitation conditions. The under-filled spectra, which are normalized to 0.5 au, are the spontaneous emission spectra of
the CQDs, while the narrow spectra normalized to 1 are the ASE spectra of the CQDs. The inset shows the original experimental PL spectra of
CQDs without decomposition. (d) Normalized decomposed ASE and spontaneous emission spectra of three different CQDs obtained by quantum

mechanical simulations.

other words, 3 nm shift implies that the local charge neutrality
is distorted in these CQDs as observed in type-II structures;>’
however, the distortion is not strong enough to give rise to a
significant repulsive X-X interaction in the CQDs.

To understand and demonstrate the type-tunability of ASE
mechanism, we conducted parametric biexciton (BX) and
single exciton (X) energy calculations for physically meaningful
ranges of core and shell sizes by using effective mass
approximation on self-consistent and iterative Kohn—Sham
equation solutions (see the Supporting Information for the
details of the simulations). The resulting energy difference
between BXs and Xs are provided in Figure 4a with respect to
the core radius and shell thickness. Since ASE occurs from BX
states in the CQDs used in this study at the reported excitation
levels, the spectral positions of BXs and Xs correspond to the
spectral positions of the ASE and the spontaneous emission,
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respectively. Therefore, the corresponding core/shell sizes of
CQDs for type-I-like and type-II-like behaviors are clearly
visible on this plot, where the color bar shows the BX—X
spectral difference in eVs.

To experimentally demonstrate the type-tunability feature of
the CdSe/CdS CQDs from type-I-like to type-II-like behaviors,
three different CdSe/CdS core/shell CQDs having different
core diameters and shell thicknesses were synthesized. The
corresponding positions of these are indicated with red-stars in
Figure 4a. The core/shell sizes of these samples were chosen to
obtain repulsive, attractive, and neither repulsive nor attractive
X—X interactions corresponding to type-II, type-I, and quasi-
type-II regimes, respectively. The room temperature normal-
ized PL spectra of the three CdSe/CdS CQDs, whose size
information is provided in Figure 4b, under intense two-photon
optical excitation are given in the inset of Figure 4c as a

dx.doi.org/10.1021/jz402211m | J. Phys. Chem. Lett. 2013, 4, 4146—4152
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demonstration of relative tunability of ASE. (Note that the
CQDs whose PL spectra are provided in this figure do not
necessarily have near-unity QE since it is not possible to obtain
near-unity QE for all CQD sizes. Near-unity QE CQDs used in
the ASE performance evaluation experiments were discussed
previously.) The spontaneous emission and the ASE con-
tributions in the total PL emissions of these samples were
extracted by fitting the PL spectra with two Gaussian
distribution functions and provided in Figure 4c. ASE peak is
clearly blue-shifted compared to the spontaneous emission peak
in CQD; sample (red curve), while it is red-shifted for the
CQD, sample (green curve). However, ASE peak is almost at
the same position as the spontaneous emission of CQD,
sample (blue curve). The reason for the blue-shifted ASE
peak in CQDsj is that these CQDs have a very thick shell, which
allows the electrons to delocalize freely over the entire CQD
volume, while the holes are confined in the core, which results
in type-II-like carrier distributions in these CQDs. It is shown
in the literature that because of the repulsive X—X Coulomb
interactions in type-II CQDs, the BX recombination event
takes place at higher photon energies.** Since the ASE process
occurs from BX states in these samples, as schematically shown
in Figure 1, it is blue-shifted in CQD; sample. On the other
hand, the situation is reversed in CQD, sample where the core
is big enough to accommodate both electrons and holes
resulting in type-I-like carrier distributions, and hence an
attractive X—X interaction. From the peak overlap of ASE and
spontaneous emission events in CQD, sample, we can say that
the carrier distributions in these CQDs exhibit a quasi-type-II
behavior, which is the transition regime between type-I and
type-II. Therefore, ASE peak is neither blue- nor red-shifted in
the CQD, sample.

The physical origin of the relative tunability of spectral
position of ASE peak with respect to spontaneous emission
peak for this material system is the low energy barrier of 0.3 eV
for electrons at the core/shell interface in CdSe/CdS CQDs.
Because of this low energy barrier for electrons, it is difficult to
totally confine the electrons in the core, while the holes are
more strongly confined in the core thanks to their larger
effective mass and higher energy barrier of 0.78 eV.* The only
way of confining the electrons in the core is making the core big
enough and the shell thin enough, as it is the case for CQD,
sample. Being able to adjust the overlap of electron and hole
wave functions means that CQDs can be made type-I-like
(where both electrons and holes are confined to the same part
of the structure) or type-Il-like (where electrons and holes are
confined to different parts of the structure). Therefore, ASE
peak can be manipulated through controlling the BX energies,
which have intrinsically opposite signs for type-I and type-II
systems such that the ASE peak can be chosen to be either on
the red or blue side of the PL peak of the CQDs.** This can
provide us with the opportunity to optimize the efficiency of
stimulated emission in CQDs by deciding whether optical gain
would occur from single exciton states or BX states.”
Furthermore, the relative adjustability of ASE peak position
can enable us to suppress the loss mechanism of reabsorption
of the photons that are supposed to contribute to the optical
gain process.4

In addition to the experimental results provided in Figure 4c,
the calculated ASE and spontaneous emission peaks for the
dimensions of these three CQD samples are provided in Figure
4d where the well-agreement with the experimental results in
Figure 4c is apparent. To obtain the spectra in Figure 4d, we

4150

calculated the X and BX energies for the average CQD sizes for
the three samples and plotted Gaussian functions centered at
the calculated X and BX energies (The spectral shifts are also
available in Figure 4a). Here note that the spectral widths of
these Gaussian functions were taken the same as the
experimental measurements to account for the inhomogeneous
broadening caused by the size distribution of the CQD
ensemble.

To verify the claim that one can obtain either type-I-like or
type-II-like ASE behavior at a specific wavelength from CdSe/
CdS CQDs by means of this kind of X—X interaction
engineering, we conducted ASE experiment on another near-
unity QE CQD sample whose PL spectra under high intensity
pumping is provided in Figure Sa together with the spectra of
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Figure S. Normalized decomposed experimental ASE and sponta-
neous emission spectra of (a) near-unity QE CQDs and (b) CQD,
sample under intense two-photon excitation conditions. The under-
filled spectra, which are normalized to 0.5 au, are the spontaneous
emission spectra of the CQDs, while the narrow spectra normalized to
1 are the ASE spectra of the CQDs. The insets show the original
experimental PL spectra of CQDs without decomposition.

CQD; sample in Figure Sb for comparison. As can be seen
there, ASE peaks of the samples arise almost at the same
spectral position although their spontaneous emission peaks are
on the red and blue side of their ASE peaks. This result shows
that it is possible to obtain blue- or red-shifted ASE behavior at
a specific spectral position from these CQDs, which would be a
crucial tool for the CQD-based single or multicolor lasing
applications.

In conclusion, we demonstrated a high performance type-
tunable ASE from near-unity QE CdSe/CdS core/shell CQDs
excited via a two-photon excitation mechanism. The TPA cross-
section of CdSe/CdS CQDs is found to strongly support the
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claim that these CQDs are promising for TPA applications. The
absolute and relative spectral tunabilities of ASE for type-I-like,
type-Il-like, and quasi-type-II operations (adjustable ASE shift
from spontaneous emission) from the same material system
were, for the first time, shown as other exceptional features of
CdSe/CdS CQDs, which make them very strong competitors
against other emitters for CQD lasing applications. Type-
tunability of CdSe/CdS CQDs through X—X interaction
engineering can be considered to be a promising method for
optimizing the lasing performances of future CQD lasers. With
proper X—X interaction engineering, it is possible to obtain
ASE at a certain wavelength on the lower or higher energy side
of the spontaneous emission of CQDs. For future applications,
high-performance ASE through TPA process from these CQDs
together with their type-tunability feature are good indicators
for the feasibility of CQD lasing via two-photon pumping.

B EXPERIMENTAL METHODS

Synthesis of Quantum Dots. The synthesis of CdSe/CdS CQDs,
except for the CQD; sample, which has a very thick shell, was
made through modified selective ion layer adsorption and
reaction (SILAR) technique as Greytak et al. reported.>”* The
details of both synthesis methods are provided in the
Supporting Information.

Preparation of Quantum Dot Film Samples. The thin-film
samples of CQDs were prepared by drop-casting of highly
concentrated (ca. S0 mg/mL) solutions of CQDs dissolved in
hexane on 1 cm by 1 cm quartz substrates. Then the solvent
was allowed to slowly evaporate at room temperature leaving
very highly stacked CQD layers on top of the quartz substrates.

Steady-State Photoluminescence Measurements. For ASE experi-
ments, as the excitation source for the CQD samples, we used a
femtosecond optical amplifier (Spectra Physics, Spitfire Pro
XP) with an output beam of 45 fs pulse width at 800 nm
wavelength. The amplifier is seeded by a Ti:Sapphire laser
(Spectra Physics, Tsunami). The laser beam is focused to a spot
whose area is ca. 1 mm? on the sample with the help of a thin
lens with a 10 cm focal length. The emission spectra of the
samples were collected by an optical fiber connected to a
miniature spectrometer (Ocean Optics).

B ASSOCIATED CONTENT

© Supporting Information

Synthesis and characterization of CdSe/CdS core/shell
quantum dots, two-photon absorption cross-section measure-
ments, quantum mechanical simulations. This material is
available free of charge via the Internet at http://pubs.acs.org.
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