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Size-controlled spectral tunability and chemical flexibility make semiconductor nanocrystals (NCs) attractive
as nanoscale building blocks for color-selectable optical-gain media. The technological potential of NCs as
lasing materials is, however, significantly diminished by highly efficient nonradiative Auger recombination
of multiexcitons leading to ultrafast decay of optical gain. Here we explore a novel approach to achieve NC
lasing in the Auger-recombination-free regime by using type Il NC heterostructures that promote spatial
separation of electrons and holes. We show that such hetero-NCs can exhibit strong repulsive-exciton
exciton interactions that lead to significantly reduced excited-state absorption associated with NCs containing
single electror-hole pairs. This effect leads to reduced optical-gain thresholds and can potentially allow
lasing in the single-exciton regime, for which Auger recombination is inactive. We use these novel hetero-
NCs to demonstrate efficient amplified spontaneous emission (ASE) that is tunable across a “difficult” range
of green and blue colors. The ASE in the blue range has never been previously achieved using traditional
NCs with type | carrier localization.

Chemically synthesized semiconductor nanocrystals (NCs) Auger recombination and simultaneously reduce excited-state
are considered to be promising building blocks for novel color- absorption arising from singly excited NCs, which makes it
selectable optical-gain mediabecause of NC-size-controlled  possible to demonstrate efficient ASE in the green to blue range
emission colors and potentially low, temperature-insensitive gain of the optical spectrum. Furthermore, we show that the use of
thresholds. Tunable optical gain and amplified spontaneous appropriately tailored hetero-NCs can, in principle, allow lasing
emission (ASE) have recently been demonstrated in the visiblein the single-exciton regimewhich completely eliminates the
and near-IR spectral ranges using Ct%eand PbSe NCs, problem of Auger recombination.
respectively. Despite the success of these first experiments,
indicating the feasibility of NC lasing, there are still several
fundamental problems that hinder applications of NC materials
in laser technologies. One such problem is associated with
ultrafast optical gain decay induced by nonradiative Auger
recombinatiorf. 8

In CdSe NCs, optical gain occurs if the average number of
electron-hole (e-h) pairs (excitons) per nanoparticll, is
greater than +2 This requirement indicates that optical gain in
these NCs relies omultiexcitonstates (biexciton, triexcitons,
etc.), and therefore, its dynamical and spectral properties are
strongly affected by excitorexciton (x-x) interactions.=357-8
In particular, these interactions open a highly efficiantra-
diative decay channel (picosecond time scale) associated with
an Auger-type process, in which the le recombination energy
is transferred to a third particle (an electron or a héBgcause
of rapid shortening of Auger lifetime, with decreasing NC radius, ) - .
R, it becomes progressively more difficult to achieve the optical C(_)ntext of producing new emission colors that are not accessible
gain and ASE regimes for shorter wavelengths that require the With either core or shell materials alofte.
use of NCs of small sizes. For example, although CdSe NCs In this work, we study inverted ZnSe/CdSe hetero-NCs in
exhibit strong optical-gain performance in the red to yellow which a core of a wide-gap semiconductor (ZnSe, energy gap
spectral ranges, they do not show efficient ASE in the range of Eg = 2.74 eV at 300 K) is surrounded by a shell of a narrower-
green to blue colors. gap material (CdSeg = 1.74 eV at 300 K). We synthesize

Here, we utilize heterostructuring of individual NCs as a these structures via temperature-controlled deposition of CdSe
means of controlling *x interactions and enhancing the NC onto ZnSe seed particles in a coordinating solvent (see Sup-
optical-gain performance. This approach allows us to suppressporting Information). The fabricated NCs produce efficient
emission (absolute quantum yields up to-@&D%), which is
* To whom correspondence may be addressed. E-mail: klimov@lanl.gov. tunable from 430 to 600 nm. The emission line widths are
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Core/shell NC heterostructures can show either type | or type
I carrier localization, depending on the energy offsets between
the core and the shell materials, effective masses, and the relation
between the core diameter and the shell thickness. The type |
regime corresponds to the situation in which both an electron
and a hole are predominantly located in the same part of the
heterostructure (in the core or in the shell), while in the type I
regime, electrons and holes are spatially separated and occupy
different parts of the hetero-NC. Most of the previous studies
have concentrated on type | core/shell NCs, in which overcoating
with a shell of a wide gap semiconductor is used to improve
photoluminescence (PL) quantum efficiencies of the NCs (e.qg.,
refs 9-15). Some work has also been done on inverted type |
structures that favor carrier localization in the shell and produce
emission with a wavelength tunable by the shell thickness (e.qg.,
refs 15-20). Recently, type Il hetero-NCs were studied in the
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Figure 1. (a) Three different localization regimes supported by inverted
ZnSe/CdSe hetero-NCs in the case of a fixed core radius and different
shell widths. Thin shell (left): Both electron and hole wave functions
are delocalized over the entire hetero-NC (type I(C/C) regime).
Intermediate shell (middle): The hole wave function is still delocalized
over the entire heterostructure, while the electron is confined primarily
in the shell (type 11(S/C) regime). Thick shell (right): Both the electron
and the hole are localized mostly in the shell (type I(S/S) regime). (b)
The energy/wavelength of the lowest transition of the hetero-NC plotted
as a function of core radius and shell thickness. Two red lines mark
the energies corresponding to the transitions between different localiza-
tion regimes.

from 20 to 40 nm, which is comparable to the PL broadening
observed for traditional CdSe NCs, indicating good monodis-
persity of NCs.

ZnSe and CdSe are characterized by type | energy offsets in
the bulk form Ug = 0.86 eV anng =0.14 eV, see Figure 1a)
that should nominally favor localization of both carriers in CdSe.
However, a core/shell ZnSe/CdSe nanostructure can exhibit
either type | or type Il behavior, depending upon the ZnSe core
radius,R, and the CdSe shell thickneds, In particular, for a
fixed core radius, one can continuously tune the localization
regime from type | to type Il and then back to type I by varying
H (Figure 1a). Critical shell widthsHc(e) and H(h), that
separate these regimes are determined from the conﬁif@n
= U™, whereES™ is the lowest eigenenergy of an electron (a
hole) calculated with respect to the bottom of the conduction
(valence) band of bulk CdSe. For a shell witith< Hc(e), both
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an electron and a hole are delocalized over the entire NC (type
I(C/C) localization, Figure 1a, left). Fdf(e) < H < H¢(h),

the electron becomes primarily confined to the shell region,
while the hole wave function still remains distributed over the
entire hetero-NC. In this regime, however, the hole is found in
the core with a much greater probability than in the shell.
Therefore, this situation can be described in terms of a charge-
separated, spatially indirect exciton (type 11(S/C) localization,
Figure 1a, middle). As the shell width is increased abbe

(h), the hole also becomes primarily localized in the shell, which
corresponds to the restoration of type | localization but with
both carriers confined to the shell region (type I(S/S) regime,
Figure 1a, right).

Figure 1b shows the calculated dependence of the lowest
transition energyki1, and the corresponding wavelengihy;,
on the core radius and shell thickness. Two red lines mark the
energies that correspond to the critical shell widthée) and
Hc(h) that separate different localization regimes. In the case
of type I(C/C) localization, the energy of the lowest transition
is strongly dependent upon bokhandH (i.e., on the size of
the entire hetero-NC), while for the type II(S/C) and type I(S/
S) localization E;; is primarily determined by the width of the
shell. The changes in the localization regime, however, do not
significantly alter the scaling of the Coulomb interactions that
remain approximately inversely proportional to the size of the
entire NC, further suggesting that Auger recombination times
will scale in proportion to the total volume of the hetero-NCs
(independent of the localization regime), as in the case of
traditional monocomponent nanoparticlésThese observations
indicate that inverted ZnSe/CdSe structures with a large core
radius and a thin shell can significantly reduce Auger recom-
bination rates but still maintain the strong confinement that is
required for producing emission in the green to blue range of
the spectrum.

To experimentally detect the transitions between different
localization regimes, we analyze a series of optical absorption
spectra (Figure 2a) recorded for hetero-NCs with the same core
size and a varied shell thickness (controlled by reaction time,
t). For seed ZnSe NCs, the lowest absorption maximum (denoted
as 1S) occurs at 354 nm, which corresponds to a seed radius of
~15 A. After the deposition of a CdSe shell has begun, the 1S
peak rapidly shifts to 426430 nm (aliquot 1 in Figure 2a),
indicating an increase in the effective volume of the exciton,
which, however, remains “spatially direct” (the type I(C/C)
localization), as indicated by the presence of a well-defined 1S
absorption maximum. A further increase in the shell thickness
leads to smearing out of the 1S absorption peak (aliquot 4 in
Figure 2a), which is accompanied by a significant increase in
the shift between the lowest absorption feature (determined from
the analysis of the second derivative of the absorption spectrum)
and the PL maximum (Figure 2b). These modifications, how-
ever, are not accompanied by an increase in the PL broadening,
indicating that they are not due to an increase in sample
polydispersity but are rather due to the transition to a type II-
(S/C)spatially indirect excitorthat is characterized by reduced
oscillator strength. As the shell thickness is further increased,
we observe a gradual restoration of the sharp band-edge
absorption peak (aliquots 7, 12, and 17 in Figure 2a) indicating
a transition to the type I(S/S) localization characterized by the
increased eh overlap. From comparative analysis of PL and
the second derivative of absorption spectra (Figure 2b), as well
as from the radiative decay dynamics (not shown), we conclude
that the transitions between different localization regimes occur
at emission wavelengths ef460 nm [I(C/C) to II(S/C)] and
~510 nm [lI(S/C) to I(S/S)]. In Figure 2b, the type Il localization



Letters J. Phys. Chem. B, Vol. 108, No. 30, 20040627

a T T T T
I | | I
“ | | |
™ 3 ! ! I
T == 7% ZnSe/CdSe
3 24 2
2 =gt CdSe
S
©
8 100
© .
£ _
2 5]
< _ ]
w3
400 é
2—-
b 1(c/C) | n(srcy < =
15 B
104 i
VA
8
10 o ] >
° 4 =
=
Z 3 z
<5
S *
o .0 60
0 - Time (ps)
370 420 A
nm
30 " 450 500 550 600 650 70O 750
i c 620 Emisson wavelength (nm)
251 Figure 3. The dependence of the biexciton Auger lifetime on the
600 emission wavelength for CdS&) and ZnSe/CdSed) NCs. Inset:
) S — Population dynamics measured at low (solid line, 0.025 nm&/cm
20 - and high (dashed line, 0.17 mJ/@nmexcitation intensities used to
560 extract the biexciton lifetime of a hetero-NC sample emitting at 522

type I(S/S) — nms”
e

157 ——— —
> 220 - therefore, is not well pronounced in the absorption spectra.
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by our theoretical model (Figure 2c).
To analyze the effect of different localization regimes on the
efficiency of Auger recombination, we measure the Auger
420 lifetime of biexcitons,r’;, (Figure 3, inset) using procedures
y ' ) similar to those described in refs 7 and 8. In Figure 3 (main
15 20 R A 25 30 . N
, panel), we compare’é\ plotted as a function of the emission
Figure 2. (a) Optical absorption spectra of inverted ZnSe/CdSe hetero- wavelength for ZnSe/CdSe hgtero-N@ @nd CdSe ,NCS])' .
NCs with a fixed core radius~15 A) and different shell widths. (o) ~ AS expected from the analysis above, heteroparticles provide
Evolution in the positions of the PL ban®) and the minima of the ~ longer Auger lifetimes when compared to traditional CdSe NCs
second derivative of absorption spect®) (these minima mark the ~ for PL wavelengths in the green to blue range. For example,
absorption peaks) for samples shown in panel a; circle sizes providesfgr CdSe NCs emitting at 530 nmi\ = 6 ps, while for ZnSe/

an approximate amplitude of the second-derivative minima (this . ; ;
amplitude roughly describes the strength of the corresponding absorptionCdse NC.S emitting e_lt apprQXImater the same wavelength, this
constant is~20 ps, (i.e., 3 times longer).

feature). (c) Contour representation of the(R,H) plot using “equal-
wavelength” lines. The intersections of the contour lines with the dotted ~ The ability to suppress the Auger recombination while
vertical line describe the progression of transition wavelengths realized maintaining strong quantum confinement allows us to signifi-
for a fixed core radius of 15 A and increasing shell width (approximately cantly extend the short-wavelength range of the ASE regime
corresponds to the situation shown in panels a and b). Two red lines 51 js accessible with NCs. The shortest wavelength for which
mark the boundaries between three different localization regimes. room-temperature light amplification has been obtained using
approximately corresponds to the range of spectral energies,CdSe NCs is~580 nm (yellow color) (Figure 4a, dashed yellow
within which we observe the unusually large shift between the line). By use of ZnSe/CdSe hetero-NCs, we are able to
PL band and the first well-pronounced absorption feature. This demonstrate room-temperature ASE that is continuously tunable
absorption feature is likely due to a spatially direct transition, from 565 nm (green) to 523 (green-blue) (Figure 4a). The ASE
which, however, is not the lowest in energy. The actual lowest short-wavelength range can further be pushed to 475 nm (cyan-
transition is weak because of its spatially indirect character and, blue color) (main panel and inset in Figure 4a) using liquid
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Figure 4. (a) ASE, tunable from red to blue using CdSe and ZnSe/CdSe NCs, measured at room temperdtere/ @rid (marked). All samples

are excited at 400 nm using frequency-doubled 100-fs pulses from an amplifies@dphire laser. Inset: The development of a sharp ASE peak

at 475 nm (blue) in emission spectra of ZnSe/CdSe NICs (77 K) (the pump intensity is ramped from 0.002 to 0.068 mW). The shaded area
approximately corresponds to wavelengths for which the type [I(S/C) localization is realized. (b) Optical-gain thresholds plotted as a function of
emission wavelength for CdSH)Y and ZnSe/CdSe®) NCs. For both types of samples, thresholds are shown in terms of average NC populations,
Nin. () The effect of x-x interactions on the spectral position of excited-state absorptigraé compared to the ground-state absorptens) &nd

PL spectra. Top (noninteracting excitosx = 0): the ox spectrum is centered at the same wavelength asidtegpectrum. Middle (attractive
exciton—exciton interactionsAx < 0): theo, spectrum shifts red, which increases excited-state absorption at the gain wavelength. Bottom (repulsive

exciton—exciton interactions;A« > 0): theay spectrum shifts blue, which leads to decreased excited-state absorption at the gain wavelength; in
this situation optical gain can occur in the single-exciton regime.
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nitrogen temperaturel (= 77 K). On the other hand, the shortest excited-state absorption. This result further indicates the feasi-
ASE wavelength obtained with CdSe NCs at 77 K is 540 nm. bility of a new approach to efficient NC-based lasing media

For CdSe NCs, realization of the ASE regime for shorter Via heterostructuring that favors the e charge separation and
wavelengths becomes progressively more difficult because of Promotes repulsive xx interactions. If these interactions are
the rapid decrease in the Auger recombination time (squares insufficiently strong, lasing can be realized in the single-exciton
Figure 3), which leads to a fast growth of the gain threshold regime, for which Auger recombination is inactive. The elimina-
(squares in Figure 4b). Interestingly, ZnSe/CdSe hetero-NCstion of Auger decay should lead to significantly extended optical
demonstrate the opposite trend in thadecreasein the gain gain lifetimes and, hence, dramatically reduced (by several
threshold is observed for shorter wavelengths (circles in Figure orders of magnitude) lasing thresholds. Under these conditions,
4b). This decrease occurs despite more efficient Auger recom-NC lasing can, in principle, be achieved using continuous-wave
bination, indicating the existence of competing processes thatoptical pumping or electrical injection.
favor ASE at shorter wavelengths in hetero-NCs.
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