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Single-exciton optical gain in
semiconductor nanocrystals

Victor I. Klimov', Sergei A. Ivanov', Jagijit Nanda', Marc Achermann’, llya Bezel', John A. McGuire'
& Andrei Piryatinski'

Nanocrystal quantum dots have favourable light-emitting properties. They show photoluminescence with high quantum
yields, and their emission colours depend on the nanocrystal size—owing to the quantum-confinement effect—and are
therefore tunable. However, nanocrystals are difficult to use in optical amplification and lasing. Because of an almost exact
balance between absorption and stimulated emission in nanoparticles excited with single electron-hole pairs (excitons),
optical gain can only occur in nanocrystals that contain at least two excitons. A complication associated with this
multiexcitonic nature of light amplification is fast optical-gain decay induced by non-radiative Auger recombination, a
process in which one exciton recombines by transferring its energy to another. Here we demonstrate a practical approach for
obtaining optical gain in the single-exciton regime that eliminates the problem of Auger decay. Specifically, we develop core/
shell hetero-nanocrystals engineered in such a way as to spatially separate electrons and holes between the core and the
shell (type-Il heterostructures). The resulting imbalance between negative and positive charges produces a strong local
electric field, which induces a giant (~100 meV or greater) transient Stark shift of the absorption spectrum with respect to
the luminescence line of singly excited nanocrystals. This effect breaks the exact balance between absorption and stimulated

emission, and allows us to demonstrate optical amplification due to single excitons.

Numerous technologies—including optical interconnects in micro-
electronics, lab-on-a-chip chemo- and bio-analyses, optical telecom-
munications and information processing—would greatly benefit
from flexible, chemically processable optical-gain materials that
could be manipulated using simple solution-based techniques. One
class of such materials is colloidal semiconductor nanocrystals, also
known as nanocrystal quantum dots"?. These are nanoscale crystal-
line particles surrounded by a layer of organic ligand molecules. The
dual inorganic—organic nature of these structures provides great flex-
ibility for controlling their physical and chemical properties. For
example, using the quantum-confinement effect, the nanocrystal
emission energy can be tuned by hundreds of milli-electron volts
by simply changing the inorganic-core size’. On the other hand,
relatively straightforward surface chemistry can be applied to tune
nanocrystal chemical reactivity to facilitate their incorporation into,
for example, nanophotonic or nanoplasmonic feedback structures
for fabricating micro-lasers of various configurations*”.
Well-passivated nanocrystals are characterized by near-unity
photoluminescence quantum yields. However, despite their high
emission efficiencies, there are significant challenges to practical
applications of nanocrystals in lasing technologies. Because of the
degeneracy of the lowest-energy emitting levels, population inversion
in nanocrystals can only be achieved if the average number of elec-
tron—hole pairs (excitons) per nanocrystal, (N), is greater than 1,
which implies that at least some of the nanocrystals in the sample
must contain multiexcitons®. A significant complication arising from
this multiexcitonic nature of optical amplification in nanocrystals is
highly efficient non-radiative Auger recombination induced by con-
finement-enhanced exciton—exciton (X-X) interactions. This pro-
cess results in fast optical-gain decay characterized by picosecond
timescales’. Demonstrated approaches to reducing Auger rates
include the use of elongated nanocrystals (quantum rods)® or

core/shell heteronanocrystals'®'' that allow X-X coupling to be
decreased without losing the benefits of strong quantum confine-
ment. However, the most radical strategy for solving the problem
of Auger decay is the development of methods and/or structures that
would allow realization of optical gain in the single-exciton regime,
for which Auger recombination is simply inactive.

Here we report a successful practical implementation of one such
method that makes use of type-II core/shell heteronanocrystals.
These heterostructures are engineered in such a way as to separately
confine electrons and holes in the core and the shell, respectively.
Spatial separation between negative and positive charges results in a
strong local electric field, which leads to effective splitting of the
degeneracy of the lowest-energy transition by the Stark effect and
displaces the absorbing band in singly excited nanocrystals with
respect to the emission line. By significantly reducing absorption
losses, this effect allows for optical amplification in the single-exciton
regime.

The concept of single-exciton gain

Optical gain corresponds to a light-matter interaction regime for
which generation of photons by stimulated emission dominates over
photon absorption. As in other lasing media, optical gain in nano-
crystals requires population inversion—that is, the situation in which
the number of electrons in the excited state is greater than that in the
ground state. The lowest-energy emitting transition in nanocrystals
of II-VI semiconductors studied here can be described in terms of a
two-level system that has two electrons in its ground state. Excitation
of a single electron (single exciton) across the energy gap (E,) in this
system does not produce optical gain but rather results in optical
transparency, for which stimulated emission by a conduction-band
electron is exactly compensated by absorption due to the electron
remaining in the valence band (Fig. la). Stimulated emission
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dominates over absorption only if the second electron is also excited
across the energy gap, indicating that optical gain requires doubly
excited nanocrystals, that is, biexcitons. These considerations imply
that population inversion in a nanocrystal ensemble can only be
achieved if (N) is greater than 1.

The condition for optical gain however changes if one accounts for
a local electric field associated with an excited electron—hole pair.
This field can alter the absorption energy of the electron remaining
in the valence band by the carrier-induced Stark effect (Fig. 1b)'>".
If the magnitude of the Stark shift (4s) is comparable to or greater
than the transition line width (7)), it can completely eliminate
absorption losses at the emission wavelength in excited nanocrystals,
which should allow optical gain using single-exciton states.
Specifically, the threshold for population inversion in the presence
of the transient transition shift is determined by the condition
(N)=2/(3—exp(—45/I?)) (see Supplementary Information). If
Ag< T, it reduces to (N) = 1, which corresponds to the usual case of
multiexciton optical gain. However, if A1, (N)=2/3 (Fig. lc),
which implies that optical gain does not require multiexcitons.

Engineered exciton-exciton interactions

The carrier-induced Stark effect can be described in terms of
the Coulomb interaction of the initially generated exciton with the
exciton created in the second excitation act. In this description, the
transient Stark shift is determined by the X—X Coulomb interaction
energy (Axx = As) defined as Ay, = Exx — 2Ex, where Ex and Exy are
single- and biexciton energies, respectively. The X-X interaction

Ag=Axx

St N=1

Transparency Gain
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Figure 1| The concept of single-exciton nanocrystal lasing. a, In the
absence of X—X interactions, excitation of a single electron-hole pair (single
exciton) per nanocrystal (NC) on average does not produce optical gain but
results in optical transparency—that is, the regime for which stimulated
emission (Em.) is exactly compensated by absorption (Abs.). e, Electron; h,
hole. b, The balance between stimulated emission and absorption is broken if
one accounts for X—X interactions that spectrally displace the absorbing
transition with respect to the emission band. The latter effect can be
interpreted in terms of the transition Stark shift (45 = Axx) induced by a
local electric field (E) associated with a single-exciton state. If the transition
shift is greater than the ensemble line width, optical gain can occur in the
single-exciton regime. ¢, In the case of large Ag (45> I'), stimulated
emission in singly excited NCs (n, is their fraction in the NC ensemble)
competes only with absorption in unexcited NCs (fraction (1—mn,); here, we
neglect multiexcitons). The stimulated-emission cross-section of a singly
excited NC is one half of the absorption cross-section of the lowest-energy
NC transition. Based on these considerations, the optical-gain threshold can
be found from the condition n,/2 = (1—n,), which indicates that the single-
exciton gain onset corresponds to the situation where two-thirds of the NCs
are excited with single excitons.
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strength is also often characterized in terms of the biexciton binding
energy (8Exx), which relates to Axx by 0 Exx = —Axx-

The energy Axx depends on the local electrical charge density
px(r) associated with a single-exciton state and, hence, on the
sum of the hole (p,) and the electron (p.) charge densities:
px(r)=pp(r) + p.(r) (r is the spatial coordinate). Because of almost
identical spatial distributions of electron (i) and hole (y,) wave-
functions, px(r) is nearly zero in homogeneous nanocrystals
(px(r)= e(\l//h(r)|2 — |l//e(l‘)|2) =0, e is the electron charge) (Fig. 2a),
which leads to relatively small X—X interaction energies of ~10 to ~
30 meV (refs 14, 15). These values are smaller than typical transition
line widths in existing nanocrystal samples (ensemble broadening of
~100 meV or greater) and, therefore, do not allow significant sup-
pression of absorption at the emission wavelength.
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Figure 2 | Type-1 CdS NCs and type-ll CdS/ZnSe core/shell
heteronanostructures. a, Spatial distributions of electron (p.) and hole (py,)
charge densities are nearly identical in type-I NCs (inset) (calculated for

R =1.6 nm). b, In type-II core/shell NCs (inset), electrons are primarily
localized in the core, while holes reside in the shell, which leads to a
significant difference in radial distributions of p. and py, (calculated for
R=1.6 nm and H =2 nm). ¢, A transmission electron microscopy (TEM)
image of a core CdS particle of ~2.4 nm radius. d, TEM images of hetero-
NCs fabricated using the cores shown in c. The core/shell NC radius is
~3.4 nm, indicating that the shell width is ~1.0 nm. Because of the small
difference between electron scattering cross-sections of CdS and ZnSe, the
CdS/ZnSe interface is not discernable in the TEM image. e, Emission spectra
of a series of CdS/ZnSe core/shell NCs synthesized using CdS cores with radii
of 1.6 nm (higher-energy emission) and 2.6 nm (lower-energy emission) and
various shell widths. Insets, early-time emission spectra measured at high
pump intensities can be deconvolved into the single-exciton (X) and the
biexciton (XX) bands. The spacing between these two bands indicates giant
X-X interaction energies of more than 100 meV. a.u., arbitrary units.
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The separation of electrons and holes between the core and the
shell in type-II nanocrystals (Fig. 2b) can lead to sizable local charge
densities and, hence, large Coulomb interaction energies'. To ana-
lyse the effect of charge separation on X-X interactions and its
influence on optical gain properties of nanocrystals, we study hetero-
nanostructures composed of a CdS core overcoated with a ZnSe
shell (Fig. 2b inset). These nanostructures are synthesized by reacting
prefabricated CdS core particles'” with Zn/Se precursors, which
results in CdS(core)/ZnSe(shell) nanocrystals (Figs 2¢, d) (details
of the synthesis are described in Supplementary Information). As
illustrated in Fig. 2e, the emission colour produced by these nano-
crystals can be tuned from red to green by varying the core radius
and/or the shell thickness.

According to bulk-semiconductor parameters, the bottom of the
conduction band is lower in CdS than in ZnSe, while the top of the
valence band is higher for ZnSe (Fig. 3a). Therefore, the electron—
hole pair generated near the bulk CdS/ZnSe hetero-interface tends to
produce a charge-separated state, with the electron residing in CdS
and the hole in ZnSe. This situation corresponds to the type-II
regime, whereas the regime for which the electrons and the holes
co-occupy the same part of a heterostructure is usually referred to
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Figure 3 | Electronic structure and different localization regimes in CdS/
ZnSe core/shell NCs. a, Illustration of alignment of the conduction- and
valence-band edges at the bulk CdS/ZnSe interface (blue lines) and the
lowest-energy electron and hole quantized levels (black lines) in the
CdS(core)/ZnSe(shell) NC. Arrows indicate bulk parameters: Eg; = 2.485 eV
(CdS energy gap), E,, = 2.72 eV (ZnSe energy gap), Eg, = 1.925 eV
(‘indirect’ energy gap of a type-II CdS/ZnSe heterostructure), U, = 0.795 eV
(conduction-band energy offset at the hetero-interface) and U, = 0.56 eV
(valence-band energy offset at the hetero-interface). b, Localization phase
diagram that shows the regions of (R,H)-space that correspond to different
localization regimes in CdS/ZnSe hetero-NCs. The shaded areas correspond
to type-I (both carriers are delocalized over the entire hetero-NC volume)
and type-II (electrons and holes are confined to the core and the shell,
respectively) regimes. In the unshaded areas, the regime of localization is not
well defined; in this case one of the carriers is confined to either the core or
the shell, while the other one is delocalized over the entire NC volume.

¢, d, The dependence of the X—X interaction energy Axx (in ¢) and the
electron-hole overlap integral @, (in d) on shell width for three core radii of
1.0, 1.6 and 2.4 nm. For all core radii, the increase in Axx correlates with the
drop in O, indicating that X—X interactions are enhanced with increasing
degree of spatial separation between electrons and holes. From the data for
R =1.0 and 1.6 nm, one can see that the more complete spatial separation
achievable for 1.6-nm cores produces stronger X—X repulsion. The trend is
more complex for larger core sizes (compare data for R = 1.6 and 2.4 nm),
for which the increase in the interaction energy due to increasing charge
imbalance competes with the effect of the decreasing charge density.
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as type L. In contrast to a fixed alignment of energy levels at the bulk
CdS/ZnSe hetero-interface, the alignment of energy states in CdS/
ZnSe nanocrystals depends on the core radius (R) and the shell width
(H), which determine the positions of quantized levels with respect to
the bulk band edges (see the ‘localization’ phase diagram in Fig. 3b).
Specifically, for small core radii (R<<1.2-1.5nm) and thin shells
(H<0.6-1.0 nm), these structures yield type-I localization (shaded
area in the lower-left corner of Fig. 3b), while the type of localization
changes to type II for larger R and H (shaded area in the upper-right
corner of Fig. 3b). For the type-I regime, an electron and a hole are
delocalized over the entire heteronanocrystal and their charge densi-
ties nearly cancel each other (Fig. 2a). In the type-II case, electrons
reside in the core while holes are in the shell, which leads to a signifi-
cant difference in the spatial distributions of negative and positive
charges and, hence, large local charge densities (Fig. 2b).

A convenient quantity for describing the spatial separation
between electrons and holes is the electron—hole overlap integral,
O =|(y, | W.)*. This quantity also provides a measure of the
imbalance between negative and positive charges in the nanocrystal
and, therefore, the changes in @, directly correlate with variations in
the X—X interaction energy. This effect is illustrated in Fig. 3, which
shows Axx (Fig. 3¢) and @, (Fig. 3d) calculated for CdS/ZnSe nano-
crystals for fixed core radii (R=1.0, 1.6 and 2.4nm) and a varied
shell width (details of the calculations are described in Supplemen-
tary Information). We observe that the initial increase in Hleads to a
rapid drop of the overlap integral owing to transition to the type-II
regime. The reduction in Oy, is accompanied by a rapid increase of
Axx because of an increasing imbalance between positive and nega-
tive charges. Specifically, for R= 1.6 nm and H> 2 nm (0., <0.17),
Axx can reach giant values of ~100 meV.

It is interesting to examine the sign of the X—X interaction energy.
In type-I nanocrystals, Coulomb interactions tend to spatially
arrange charges in such a way that the biexciton energy Exx is less
than twice the single-exciton energy Ex. This situation corresponds
to a negative value of Axx (positive biexciton binding energy), which
can be interpreted in terms of an effective X—X attraction. In type-1I
nanocrystals, the spatial distribution of charges is controlled not by
Coulomb interactions but by large energy gradients at the core/shell
interface, which leads to concentration of the same-sign charges in
the same part of the heteronanocrystal (both electrons in the core;
both holes in the shell) and spatial separation of charges of the
opposite sign across the hetero-interface. This type of spatial arrange-
ment increases the repulsive component of the Coulomb interaction
and decreases its attractive component, which produces net X-X
repulsion'® (negative biexciton binding energy), as indicated by the
positive sign of the calculated values of Axx (Fig. 3¢). X—X repulsion
can also be obtained in type-I nanocrystals if one accounts for the
difference between the conduction- and the valence-band struc-
tures'®. However, the latter repulsion is significantly smaller than
the repulsion discussed in this Article, and so is neglected in our
calculations.

The sign of Axx has an important effect on the optical-gain prop-
erties of nanocrystals because it determines the direction of the shift
of the absorbing transitions with respect to the emission line. If Axx is
negative (X—X attraction), the transitions move downward in energy,
which may have a detrimental effect on lasing performance because
of increasing absorption due to the manifold of strong transitions
located immediately above the emitting band. On the other hand,
strong X—X repulsion, which can be produced in type-II nanocrystals,
should benefit lasing because it moves strongly absorbing transitions
away from the emission line.

Giant exciton-exciton repulsion energies

In order to experimentally measure the X—X interaction energy in
type-II core/shell nanocrystals, we compare the position of the bi-
exciton photoluminescence band with respect to the single-exciton
line. Radiative recombination of the biexciton produces a photon
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(hwxx) and an exciton and hence, iwxx = Exx — Ex = Ex + Axx. On
the basis of this expression, the shift of the biexciton line with respect
to the single-exciton band (/iwx = Ey) provides a direct measure of
the X—X interaction energy: Axx =fiwxx —hwx.

The challenge in experimentally detecting photoluminescence
from nanocrystal multiexcitons is associated with their short (pico-
seconds to hundreds of picoseconds) lifetimes, which are limited by
non-radiative Auger recombination’. Because these times are signifi-
cantly shorter than the radiative time constants, signals from multi-
excitons are not well pronounced in steady-state photoluminescence
spectra. Therefore, in order to detect the emission from multiexci-
tons, we apply time-resolved photoluminescence measurements, in
which emission of nanocrystals excited by 200-fs, 3-eV pulses is ana-
lysed using time-correlated single-photon counting (~30ps time
resolution).

Figure 4a shows photoluminescence spectra of a hexane solution
of CdS/ZnSe nanocrystals with R = 1.6 nm and H = 2 nm recorded at
a pump fluence that corresponds to excitation of approximately 1.5
excitons per nanocrystal on average. According to the phase diagram
in Fig. 3b, the nanocrystals used in these measurements correspond
to the type-1I regime, for which electrons and holes are well separated
between the core and the shell. The long-time spectrum recorded at
time ¢ = 10 ns after excitation (filled circles in Fig. 4a) is identical to
the steady-state photoluminescence spectrum observed at low excita-
tion fluences ((N) < 1) and corresponds to emission of single exci-
tons (Ex =2.054eV). The = 0 photoluminescence (open squares
in Fig. 4a) indicates the presence of an additional high-energy,
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Figure 4 | Experimental demonstration of giant X-X repulsion in type-Il
CdS/ZnSe NCs. a, Short- (open squares) and long- (solid circles) time
room-temperature photoluminescence spectra of CdS/ZnSe NCs.
Deconvolution of the ¢ = 0 spectrum into two bands shown by grey areas
(dotted lines are gaussian fits) reveals the short-lived XX feature due to
emission from biexcitons that is located to high energies from the single-
exciton X band. The spacing between these two bands indicates giant X—X
repulsion characterized by 4xx = 106 meV. b, Photoluminescence pump-
intensity dependences indicate that the growth of X and XX features with
excitation power shows log-log slopes of m = 1 and 2, respectively. These
slopes are consistent with single-exciton and the biexciton mechanisms for
the X and XX emission bands, respectively.
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short-lived band at 2.160 eV, which decays with a time constant of
~130 ps. This band (feature XX in Fig. 4a) can be extracted from the
t=0 spectrum by subtracting an appropriately scaled long-time
spectrum (feature X in Fig. 4a).

The measured pump-intensity dependences indicate that the
growth of band X is linear in pump fluence (filled circles in
Fig. 4b), as expected for single-exciton emission. On the other hand,
the high-energy band XX shows a quadratic growth (open squares in
Fig. 4b), which is typical for emission from biexcitons. The fast decay
of this feature is also consistent with its multiexciton origin, and is
due to efficient Auger recombination. Further, this band cannot be
attributed to recombination of carriers populating excited nanocrys-
tal states because, according to our transient absorption results (not
shown), the first optical transition involving excited electronic states
in these nanocrystals is located at ~2.254 eV, which is nearly 100 meV
higher than the XX feature. On the basis of these considerations, the
band XX can be assigned to emission from a biexciton, which com-
prises two lowest-energy excitons.

The fact that the biexciton emission occurs at higher energies than
the single-exciton photoluminescence indicates the repulsive char-
acter of the X—X interaction, as predicted by our modelling. Further,
on the basis of the measured spectral positions of bands X and XX, we
obtain Axx = 106 meV, which is in good agreement with the value of
91 meV calculated for nanocrystals with the geometrical parameters
studied here. Strong X—X repulsion (4xx > 100 meV) is consistently
observed for type-II CdS/ZnSe nanocrystal samples with different
emission colours, as illustrated in the two insets of Fig. 2e. We also
detect large X—X interaction energies (~80 meV) for type-II nano-
crystals of a different composition (ZnTe(core)/CdSe(shell)) with
emission in the near-infrared (770nm). All of these observations
point towards the generality of giant X-X repulsion energies in
strongly confined type-II colloidal nanoparticles.

Single-exciton optical gain and ASE

To analyse light amplification in type-II CdS/ZnSe nanocrystals, we
compare their optical-gain properties with those of traditional type-I
CdSe nanocrystals with matching emission wavelengths (Fig. 5). For
the biexcitonic gain mechanism operating in type-I nanocrystals, a
sharp peak of amplified spontaneous emission (ASE) is red-shifted
with respect to the single-exciton band®'® (Fig. 5a, upper spectrum)
because of X—X attraction, which decreases the emission energy of
biexcitons compared to that of single excitons. For type-1I samples,
we observe that as we increase the pump level a new, sharp emission
feature develops near the position of the single-exciton band
(2.01eV) (Fig. 5b, and the lower spectrum in Fig. 5a). This new peak
shows a clear excitation threshold of ~2 mJ cm ™ and a fast, super-
linear growth with increasing pump fluence (Fig. 5b, c). The
development of a similar sharp feature is also detected using a fixed
pump fluence and increasing the size of the excitation spot (variable-
stripe-length configuration®). These behaviours are consistent with
the ASE regime. An important observation is that the ASE peak
develops near the centre of band X, indicating that it is due to sti-
mulated emission of single excitons. This assignment is further con-
firmed by the observation of a second ASE feature at higher fluences
(excitation threshold of ~6 mJ cm ™~ 2), which develops near the posi-
tion of the high-energy XX band and is due to the traditional biexci-
tonic gain mechanism (Fig. 5b and ¢). Similar trends are observed for
type-II nanocrystals with other emission wavelengths. For example,
for a sample emitting at ~2.21 eV, we first detect the emergence of a
single-exciton ASE feature, which is followed by the development of a
bluer biexcitonic ASE band at ~2.36 ¢V at higher pump fluences.
To further verify the single-exciton character of light amplification
in type-II nanocrystals, we perform direct measurements of optical
gain using a transient absorption experiment. In these measure-
ments, the absorption change (Ax) induced in a sample by a short,
100-fs pulse is monitored using a broadband pulse of a femtosecond
white-light continuum?®'. The transition to optical gain corresponds
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Figure 5 | Optical amplification in type-1 and type-ll NCs. a, Room-
temperature ASE spectra of type-I CdSe NCs (blue line; offset vertically for
clarity) and type-II CdS/ZnSe NCs (red line; sample is similar to the one
shown in Fig. 4) prepared in the form of close-packed drop-cast films and
excited by 100-fs pulses at 3 eV. Inset, transient-absorption dynamics
measured for these NCs (colour-matched symbols) at the position of the
ASE band for the pump intensity that corresponds to the optical-gain onset.
b, The pump-intensity-dependent photoluminescence spectra of the type-II
sample show the development of a narrow ASE peak near the centre of the

to the situation for which absorption bleaching (Ax < 0) becomes
greater than absorption of an unexcited sample (¢). Figure 5d shows
the dependence of the normalized absorption bleaching (—Aa/o) on
the average number of excitons per nanocrystal for type-I (squares)
and type-II (circles) nanocrystals. In addition to a lower gain thresh-
old (factor of ~5 difference), type-II structures clearly show a differ-
ent functional dependence in the development of the optical gain. In
the type-II sample, the initial growth of |A«| is nearly linear (straight
red line), whereas in the type-I nanocrystals it is close to quadratic
(straight blue line). These observations are consistent with single-
exciton (type II) and biexciton (type I) mechanisms of optical gain in
these two types of nanostructures.

The single-exciton-gain regime demonstrated here should sig-
nificantly simplify real-life applications of chemically synthesized
nanocrystals in lasing technologies, and specifically should allow
realization of nanocrystal lasing under continuous-wave (c.w.)
excitation. The pump intensity threshold for producing c.w. gain is
approximately determined by the ratio of the threshold fluence
measured using ultrafast excitation (see, for example, Fig. 5¢) and
the gain lifetime®”. Because of Auger recombination, this lifetime
is in the sub-100 ps range for the multiexcitonic gain mechanism,
which leads to very high c.w. lasing thresholds that are well above
the nanocrystal-photostability limit. For single-exciton gain, the
intrinsic gain dynamics is determined by the radiative single-exciton
lifetime, which is typically orders of magnitude longer than the
Auger-decay time constants. The difference in relaxation behaviour
for single- and biexciton gain mechanisms is illustrated in the inset
of Fig. 5a, which shows relaxation dynamics of A« measured at the
onset of optical gain for type-I (blue circles) and type-II (red circles)
samples. In type-I nanocrystals the measured decay time is 30 ps,

single-exciton emission band. The second ASE band, which develops at
higher fluences, is located near the XX photoluminescence feature. ¢, Both
ASE features show superlinear pump dependence above the threshold pump
intensities of ~2mJ cm™ (band X) and ~6 mJ cm ™2 (band XX). d, The
dependence of normalized absorption bleaching at the position of the ASE
band in type-I (squares) and type-II (circles) NCs (measured ~3 ps after
excitation) as a function of (N) in comparison with linear (red straight line)
and quadratic (blue straight line) growth. The area shown in grey
corresponds to optical gain (—Ao/ay > 1).

whereas it is more than 50 times longer (1,700 ps) for the type-II
nanocrystals.

The present work represents the first practical demonstration of
nanocrystal structures that produce optical amplification due to sti-
mulated emission of single-exciton states, which eliminates compli-
cations associated with ultrafast multiexciton Auger recombination.
This new approach makes use of dynamic splitting of the degeneracy
of the lowest-energy emitting transition by giant X—X interactions
that develop in type-II heterostructures following spatial separation
of electrons and holes. Implementation of the single-exciton gain
regime could allow reduction of the lasing threshold under c.w.
excitation by orders of magnitude, which could significantly enhance
the technological potential of colloidal nanocrystals as ‘soft’, chem-
ically processable optical-gain media.
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