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Optical gain in ultrasmall semiconductor nanocrystals requires that some of the nanopatrticles in the ensemble
be excited with multiple electrenhole pairs (multiexcitons). A significant complication arising from this
multiexciton nature of optical amplification is the ultrafast gain decay induced by nonradiative Auger
recombination. Here, we develop a simple model for analyzing optical gain in the nanocrystals in the presence
of exciton—exciton (X—X) interactions. This analysis indicates that if the-X interaction is repulsive and

its energy is large compared to the ensemble line width of the emitting transition, optical gain can occur in
the single-exciton regime without involvement of multiexcitons. We further analyze theoretically and
experimentally X-X interactions in type-Il heteronanocrystals of CdS (core)/ZnSe (shell) and ZnTe (core)/
CdSe (shell) and show that they can produce giant repulsion energies of more than 100 meV resulting from
a significant local charge density generated as a result of spatial separation between electrons and holes. We
observe that the dynamical and spectral properties of optical gain in type-Il nanocrystals are distinctly different
from those of multiexciton gain in traditional type-lI nanocrystals and are consistent with those expected for
the single-exciton regime. An important implication of these results is the possibility of a significant increase
in the optical-gain lifetime, which could simplify applications of chemically synthesized nanocrystals in practical
lasing technologies and perhaps allow for lasing using electrical injection.

Introduction than 1. This consideration implies that optical gain in NC media
originates from nanopatrticles that contain at least two eleetron
Jole pairs (i.e., biexcitons and other multiexcitons of higher
for light-emitting applications including bioimagirie? light- ord_er)f5 Ind_ee_d, experimental stud_ies of C_ZdSe NCs ir_]dicgte that
emitting diodes 5 and laser§.” NCs are nanoscale crystalline OPtical gain in these structures is dominated by biexciténs.
particles surrounded by a layer of organic ligand molecules. Evgn .h|gherorder multiexcitons are rqulred to prqduce optical
They can be considered as “quantum boxes”, whose electronicd@in in PbSe NCE that are characterized by high, 8-fold
and optical properties can be controlled by changing NC sizes degeneracy of the lowest electron and hole stétes.
and/or shape%? Because of the presence of a capping layer, A serious complication arising from the multiexcitonic nature
NCs can be manipulated chemically like large molecules. of optical gain is the high-efficiency nonradiative Auger
Specifically, with simple solution-based methods, NCs can be recombination induced by carriecarrier interaction&2*In this
easily prepared as close-packed films (NC soltls} encap- process, the electrethole (e-h) recombination energy is not
sulated with high densities into polymé&rsr sol-gel glasse?13 emitted as a photon but is transferred instead to a third particle
which facilitates their use in traditional fiber technologies. (an electron or a hole) that is re-excited to a higher energy
Further, by combining NCs with optical resonators, one can state?>26In NCs, Auger recombination is characterized by very
design microlasers of various configurationg: 16 short time constants (from a few picoseconds to a few hundreds
Numerous observations of correlations between the NC of picosecond@y that severely limit optical-gain lifetimes and
emission efficiency and the quality of surface passivation suggestpreclude the use of steady-state optical or electrical pumping
that nonradiative carrier losses in these structures are primarilyfor obtaining NC lasing.
due to recombination at surface defects. By using improved  pgential approaches to reducing Auger rates include the use
methods for surface treatment involving overcoating with either ¢ elongated NCs (quantum rod&8or core-shell hetero-NCG2
inorganic (core/shell NC8J 19 or organié® layers, it is possible |, ni-h enables a decreased excit@xciton (X=X) coupling
to almost completely elimi.nate surfage-related r_ecombi.najtion without losing the benefits of strong quantum confinement.
channels, .Wh'Ch resqlts in NCs with near-unity emission However, the most radical strategy to solving the Auger decay
quantum ylelds_. I_Desp|te the;e fayorable I_|ght_-em|tt|ng proper- problem is through the development of approaches that could
:'ﬁes’ d'\éczr?erfag'mg?ligg ulz\?v(ler;tla;negr apehca.?tc.)ns,; Il3eca|1u31tahof allow realization of optical gain in the single-exciton regime,
generacy or dy "emitting 1€VeIs, € ¢, \vhich Auger recombination is simply inactif@One such
population inversion in NC.S can o_nIy be achieved '.f the average approach, which involved the use of type-Il core/shell hetero-
number of electrofthole pairs (excitons) per NGANGis greater NCs, was recently demonstrated in ref 31. Spatial separation

*To whom correspondence shoule be addressed. E-mail: kiimov@ Of €lectrons and holes in these nanostructures produces a
lanl.gov. significant imbalance between negative and positive charges,

Chemically synthesized semiconductor nanocrystals (NCs)
known also as nanocrystal quantum dots are attractive material
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The effect of Coulomb interactions on optical gain depends
upon the sign of the interaction energy because it determines
the direction of the shift of the absorbing transitions with respect
to the emission line. IAxx is negative (X-X attraction), the
transitions move downward in energy (Figure 1B), which may
have a detrimental effect on lasing performance because of
increasing absorption due to the manifold of strong transitions

) o ) located immediately above the emitting band. On the other hand,
single electror-hole pair (single exciton) per NC on average does not

produce optical gain but results in optical transparency, i.e., the regime the negat!ve S_'gn ohxx (X=X repu_IS|on) Sh‘?!J'd benefit lasing
for which stimulated emission is exactly compensated by absorption. because it shifts strongly absorbing transitions away from the
The thin gray lines show states involved in the lowest energy emitting emission line (Figure 1C). If the transition shift induced by X
transition, while the thick gray line is the state involved in the higher- repulsion (i.e., %X interaction energy) is greater than the

energy strong absorbing transition. (B,C) The balance between emissiongngemple Jine width, optical gain can occur in the single-exciton
and absorption is broken if one accounts for X interactions, which regime ’

spectrally displace the absorbing transition with respect to the emission
band byAxx. In the case of XX attraction Axx < 0), the transitions In monocomponent NCs or type-I NC heterostructures (both

move downward in energy (shown in B), which may increase absorption are referred below as type-l NCs), carri@arrier Coulomb
at the emission wavelength because of the manifold of strong transitions. t ti tend t tiall ' h . h that
located immediately above the emitting band. On the other hand, if Interactions tend to spatially arrange charges in such a way tha

the sign ofAxx is negative (XX repulsion), absorbing transitions are ~ the biexciton energyHxx) is reduced compared to twice the

moved upward in energy (shown in C), which leads to reduced single-exciton energyEx).3* This situation corresponds to the

absorption at the emission wavelength. If the transition shift induced npegative value ofAxx (Axx = Exx — 2Ex), which can be

by X—Xrepulsmn is greater_than th_e transition line width, optical gain interpreted in terms of effective XX attraction. The %X

can occur in the single-exciton regime. . . . . o
interaction strength is also often characterized by the biexciton
binding energy §Exx), which relates ta\y by 0Exx = —Axx.

which results in a strong local electric field. This field displaces ©On the basis of this definition, XX attraction corresponds to
the absorbing transition in singly excited NCs with respect to Positive biexciton binding energies.
the emission line via the carrier-induced Stark effect and allows |t is possible to reverse the sign of the-X interaction energy
optical amplification due to single excitons. using type-Il heterostructures, in which the lowest energy states
Here, we develop a simple model for treating optical gain in for electrons and holes reside in different regions of the hetero-
NCs in the presence of XX interactions for the arbitrary  NC.35In this case, the spatial distribution of charges is controlled
degeneracy( of the emitting quantized states. This model not by Coulomb interactions but by large energy gradients at
shows that in the case when the-X interaction is repulsive  the core/shell interface that lead to concentration of the same-
and its energy/) is greater than the ensemble line widl) ( sign charges in the same part of the hetero-NC (both electrons
of the emitting transition, the optical-gain threshold reduces to 41 in the core and both holes are in the shell or vice versa)
([jNQ] =yily+1) =1 ;I'_he latter expr(‘jesilon |nd|catesbthat Ials_.m% while it spatially separates charges of the opposite sign across
c')tis n?t requll_re tf“” tlexcnor_lst ‘Zn ' the,zce’ can be br_eatl_ze the heterointerface (Figure 2A). This type of spatial arrangement
without complications associated wi uger recombinalion. -, 05565 the repulsive component of the Coulomb interaction
Specifically, in the case of the 2-fold degeneracy of the emitting . . -

. . . and decreases its attractive component, which produces a net
states, the gain threshold requires that only two-thirds of the X—X repulsion (negative biexciton binding energy). A theoreti-
NCs in the ensemble contain single excitons, while the rest P 9 _ onaing gy). A thec

cal treatment of Coulomb interactions in hetero-NCs indicates

remains unexcited. Further, we demonstrate both theoretically h i Jshell btain giant i .
and experimentally that giant XX repulsions with energies that using a core/shell geometry one can obtain giant interaction

more than 100 meV can be obtained using type-Il hetero-NCs €Nergies of~100 meV?

of compositions such as CdS (core)/ZnSe (shell) and ZnTe To model optical gain in the presence ofX repulsion, we
(core)/CdSe (shell). Finally, we perform side-by-side comparison assume that both electron and hole states involved in the emitting
of transient-absorption spectra and dynamics for type-Il CdS/ transition have the same degeneracyThe latter assumption
ZnSe NCs and traditional type-I CdSe NCs. We observe a describes well NCs of VI lead salt compounds, which are
significant difference in optical-gain properties for these two characterized by nearly identical conduction- and valence-band
types of the nanostructures, which points toward the single- ejectronic structures that result in the identical 8-fold degeneracy

Ay =0 Ay <0 Ay >0

Figure 1. (A) In the absence of XX interactions, excitation of a

exciton nature of light amplification in type-1l NCs.
Single-Exciton Gain Model. The concept of single-exciton

lasing using %-X repulsion was first introduced by us in 2004

in ref 30. It is clarified in Figure 1, in which we consider

of electron and hole staté&The validity of this assumption is
less obvious in the case ofHWI or Il =V compounds. In these
materials, the degeneracy of the lowest energy electron band is
2, while y is greater than 2 for holes because of the complex,

competition between absorption and stimulated emission (SE) yyjti-subband character of the valence band. However, the state
'é‘ NICS E)A), without and (IB'C% W|thbtak|ng m:{o ;‘CCO“”P« degeneracy can change in quantum-confined NCs. Specifically,
oulomb “interactions. In the absence of-X coupling, o gegeneracy of the lowest energy hole state can decrease to

excitation of a single eh pair (smgle_excnon) per NC ON 2 because of state splitting induced by shape anisotropy, crystal
average does not p_roduce opycal gain bL.” results_, in optical field effects, and electronhole exchange interactions
transparency, that is the regime for which SE is exactly ’ '

compensated by absorption (Figure 1A). The balance between We consider an NC ensemble, which contains only either
SE and absorption is broken if one accounts ferXinterac- NCs excited with a single-eh pair or unexcited NCs. Their
tions, which spectrally displaces the absorbing transitionfgy ~ respective fractions ang andno = 1 — nx, and henceN[=

with respect to the emission band in the presence of a singlenx. In unexcited NCs, both valence-band states are occupied
excited e-h pair32:33 with electrons and, therefore, these NCs can only absorb
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absorption maximum is blue-shifted with respect to the SE
maximum by the X-X interaction energyAxx (Figure 1C)3?
Therefore, we can preseot*(w) ando1:°Hw) as follows

(r— 1)r112
(ho — Aoy — A><x)2 + Iﬂ112

A

Enhanced repulsion

Y

0)1(1(60) =A

and

2
1—‘11

(how — hw,,)* + T2

Reduced s
attraction | .7\ Y o) = —A

)

To calculate the absorption coefficient of an excited NC
ensemble with the NC concentrationc, we account for the
distribution of transition energies arising from NC size poly-
dispersity, which leads to the following expression for a partial
absorption coefficient due to the lowest energy transition.

oy(w) =
Mne Lm [(1 = n)oy,’ + n(o3; + oiD1g(@,y) dovyy (3)

Fl

Shell thickness (A)

The distribution function g(hwi;) in this expression is
typically described by a Gaussian profigw:y) = (vV2T)~1
exp((hw11 — Awe)3T?), whereawy is the central frequency of
the lowest energy transition in the NC ensemble &nid its
inhomogeneous line width. Assuming that the transition line
widths of NC samples are dominated by inhomogeneous
broadening, we can approximate the homogeneous line shape
by thed function: Ty~ 1(x% 4 T'119) 1 ~ (). Using the latter
LIS N W e o e o expression in eq 3, we obtain
aQ 10 N’ 20 25 .30 35 40 -

uasi-type i . 2

typ Type | Core radius (A)  Quasi-type Il (@) :nNCA ;tl“ll ox F{ A

Figure 2. (A) In type-Il heterostructures, the lowest energy states for
electrons and holes are in different semiconductors. In this case, the Axxz 2A Ay
spatial distribution of charges is controlled by energy gradients at the (y — ny, exp — ex
heterointerface, which leads to concentration of the same-sign charges I I

in the same part of the heterostructure, while it spatially separates

charges of the opposite sign across the heterointerface. This type ofwhereA = Aw — Awo. Optical gain corresponds to the situation
spatial arrangement of charges increases the repulsive component ofgr which oq1(hw) < 0 and, hence, the gain thresholdeat=
the Coulomb interaction and decreases its attractive component, whichw0 can be calculated a@NG, = nx = y(y + 1 — (y — 1)
produces net XX repulsion (negative biexciton binding energy). (B) expEAxT?) L If Ay < T, it reduces taNG = y/2 > 1,

Energy diagram for a type-ll CdS/ZnSe NEy: = 2.45 eV,Ep, = . L - .
272 %{, Ueg= 0.8 eV, a):]%uh =052eV (T fgéoo K). (C) Co?ftour which corresponds to the usual multiexciton optical gain.

plots of the e-h overlap integral calculated for CdS/ZnSe core/shell However, if Axx > T', INh = y/(y + 1) < 1, which implies

NCs as a function of CdS core radil,and ZnSe shell thicknesd, that in this case optical gain can be produced by single-exciton

Black lines indicate the boundaries between type-I, quasi-type-Il, and states without involvement of multiexcitons.

true-type Il regimes. These boundaries are calculated using the “energy Using eq 4, we can calculate the maximum value of the

criterion” described in the text. optical gain Gmay), Which can be achieved for the single-exciton
mechanism. In the case of strong-X interactions, SE from

photons. The corresponding absorption cross section for photonmultiexcitons does not contribute to optical gain at the position

energyhw is of the single-exciton band. Therefore, maximum gain corre-

sponds for the situation when all of the NCs are excited with
v 2 single e-h pairs (x = 1). In this case,
0 _ 11
011 ((1)) - A 2 2 (1)
(ho — Aoy )”+ Ty Grad@g) = —0yy(wg) =
2
wherehw;; andT'y; are the energy and the homogeneous line n A‘/Ern 1—(y— 1) exd— Axx _
width of the lowest-energy transition, respectivelfx, = NC T Y I

4awidy1|20ncl11) 7L, in which [d;4/?Ois the square of the 2
transition dipole matrix element averaged over NC orientations 1 o Axx

. K X . , ! —Qqq ((1)0) 1- (‘)/ - 1) exd— — (5)
n: is the refractive index is reduced Planck’s constant, and r
is the speed of light. The NCs excited with a single exciton
produce both absorption and SE with cross section$ and where a1:%wo) = nNcAyx/EFnF*l is the ensemble ground-
01155, respectively. In the presence of-X interactions, the state partial absorption coefficient, which corresponds to the
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band-edge optical transition. In the case of strong XX
interactions Axx > T'), the maximum gain, which can be
produced in the single-exciton regime in NCs with 2-fold
degenerate emitting states, is one-half of the ground-state
absorption coefficient.

The Effect of e—h Spatial Separation on the X-X
Interaction Energy. Previously, we experimentally studied the
effect of X—X interactions on optical-gain properties of NCs
using ZnSe (core)/CdSe (shell) heterostructd?é8The bulk
ZnSe/CdSe heterointerface is characterized by the type-I align-
ment of energy states. However, in the case of hetero-NCs made
up of these materials, there is a range of shell thickness for
which an electron is localized in the shell while a hole is
delocalized over the entire heterostructure volume. This situation ’ My, '
corresponds to a partial spatial separation between electrons and
holes (quasi-type-II regini®, which produces a reduced-b
overlap integral ® = ||y, whereye andyy are electron
and hole wavefunctions) as indicated by radiative lifetime Wy,
measuremen®$.Even this incomplete spatial separation between ““““““‘{{“"';llll”ﬁi .
negative and positive charges results in improved optical-gain “ “““““ 4 J!:,,"'Illllllll
performance and, specifically, allows one to realize amplified ““ A VAR ""'llll §
spontaneous emission (ASE) in the range of green and blue LRResR .' s L]
colors that are difficult to obtain using traditional type-l1 CdSe- ) ““hh“"""gil};'ﬂ"’ &

Uall I

based NCS° However, ASE in this case is still due to L
multiexcitons, and observed improvements in the optical-gain
properties are primarily because of reduced Auger recombination
rates and increased absorption cross secfibiige effect of
energy shifts induced by XX interactions is not apparent in
these structures, likely because of the relatively small spatial
separation between positive and negative charges that they

produce. Figure 3. The X—X interaction energyAxx (A), and the e-h overlap
Our recent modeling of Coulomb interactions in hetero-NCs integral, ® (B), for CdS/ZnSe NCs as a function of core radius and
indicates direct correlations between changes in thHe@verall shell thickness. These plots indicate that the increase in the degree of

spatial separation between electrons and holes (i.e., decre&3g in

. - - )
integral and the strength of-XX coupling® Specifically, this correlates with the increase in the-X repulsion energy.

modeling shows that the XX interaction energy rapidly
increases a® decreases. Further, our calculations indicate that

b% usTg. COJeéShel[l strﬁcéurlish Tad? tOff materials thatbta(e the entire volume of the hetero-NC) to quasi type-Il (hole is
characterized by a type-ll bulk heterointeriace, one can obtain oy ge|ocalized over the entire hetero-NC volume while the
nearly complete spatial separation between electrons and holes

hich Its in giant XX int ” ) th d electron resides primarily in the core) and finally to the true
\c,)\; Ilcoorriseu\/s In-gian Interaction energies on the order type-Il regime (electron is in the core while hole is in the

shell)3138 The latter situation is shown in Figure 2B.

One type of nanostructure which we study here is CdS (core)/  ysing the model described in ref 35, we calculate thére
ZnSe (shell) NCs synthesized as described in ref 37. In the caseverlap integral as a function & andH for CdS (core)/ZnSe
of a bulk CdS/ZnSe heterojunction, the lowest energy states (shell) NCs (Figure 2C). In the same plots, we also show
for electrons and holes are in different semiconductors (Figure poundaries between different localization regimes (type-I,
2A); therefore, the energy gradient at the interface tends to quasi type-II, and type-I) calculated using the “energy crite-
spatially separate electrons and holes across the boundaryjgn” 35 According to this criterion, an electron is primarily
between different materials, which corresponds to the type-Il |ocalized in the core if its lowest energy (1S) level is located
behavior. The corresponding “spatially indirect” energy gap pelow the conduction-band energy offset) at the core/shell
(Eq19 is determined by the energy separation between the nterface (i.e., electron confinement eneffgyis smaller than
conduction-band edge of one semiconductor and the valence-y,). On the other hand, a hole is shell localized if its confinement
band edge of the other semiconductor. For the case shown ingnergy E,) is smaller than the valence-band energy offsky).(
Figure 2A,Eq1> can be related to conductiob{)- and valence Following the formalism developed in ref 35, we also analyze
(Uy)- band energy offsets at the interface Byi> = Eg1 — Un correlations betwee® and the %X interaction energy for
= Eg2 — Ue, whereEg; andEg, are band gaps of semiconductors  cds/znSe hetero-NCs (Figure 3). We observe that for a fixed
1 and 2, respectively. In the case of a bulk CdS/ZnSe core radius, the increase Hileads to the increase ifixx (at
heterojunction, the room temperature indirect energy gap is |east initially). Further, for radii around 1.5 nm, the—X
~1.93 eV, which is smaller than the energy gap of either of interaction strength can reach giant values of more than 100
the material comprising the structure. meV (Figure 3A). TheAxx growth correlates with the drop in

In contrast to the bulk situation with a “fixed” alignment of © (Figure 3B) indicating that XX interactions become
energy states at a heterointerface, the regime of carrier localiza-enhanced with increasing degree of spatial separation between
tion in core/shell CdS/ZnSe NCs depends on core rad®)s ( electrons and holes.
and shell thicknesdH). Specifically, for a giverR, it can change The effect of X-X repulsion is well manifested in type-II
from type-I (both an electron and a hole are delocalized over CdS (core)/ZnSe (shell) NC8.Figure 4 shows a false-color
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Figure 4. (A) A false-color plot of time and spectrally resolved emission intensity of CdS/ZnSe RGs 1.6 nm,H ~ 2 nm) atT = 300 K

recorded using excitation by 3 eV, 200 fs pulses (the color change from red to blue corresponds to the increase in the PL intensity, and the black

line marks the position of the PL spectral maximum). Insets: instantaneous emission spectra (synibel8)(kft) and 1 ns (right). Thé =0
spectrum is deconvoluted into the single-exciton (X) and the biexciton (XX) bands (lines in the left inset).

plot of room-temperature, time-resolved photoluminescence (PL) spectral separation between the X and XX bands, we can
of these NCsR ~ 1.6 nm,H ~ 2 nm) taken using a time-  determine the strength of XX repulsion, which is 106 meV
correlated photon counting system (time resolutie80 ps). for the sample in Figure 4. This value is in good agreement
The sample was excited with 200 fs pulses at 3 eV using a with our calculations that predict the interaction energy-60
pump fluence, which corresponded to approximately 1.5 exci- meV for NCs studied here. Further, the energy of-X
tons per NC on average. According to the phase diagram in repulsion is greater than the width of the single-exciton emission
Figure 2C, these NCs are in the type-Il region and, hence, theyline (I' ~ 80 meV, as derived from a Gaussian fit) indicating
are expected to produce significant-X repulsion. Indeed, this  the feasibility of significant suppression of absorption in singly
effect is apparent in spectrally resolved dynamics in Figure 4. excited NCs at the emission wavelength throughXinterac-
On the basis of the excitation fluence used in these measure-ions.
ments, we estimate that nearly half (or more) of the photons We also observe a similar effect of strong-X repulsion in
emitted at early times after photoexcitation are due to biexcitons type-Il hetero-NCs of a different composition [ZnTe (core)/CdSe
and, therefore, the initial part of the PL spectrum is significantly (shell)] with emission in the near-infrared (770 nm) region. This
weighted toward the biexciton emission maximum. Following combination of materials provides the type-1l energy offsets in
fast decay of biexcitons via Auger recombination, the PL the bulk form (Figure 5A). Therefore, appropriately engineered
maximum eventually approaches the position of the single- NCs also show a regime of true type-II localization, for which
exciton band (ca. 300 ps after excitation for the sample in Figure electrons reside in the shell and holes are in the core. This type
4). Therefore, the direction and the magnitude of the shift of of spatial separation is opposite to that observed in CdS (core)/
the PL maximum in time-resolved spectra provide direct ZnSe (shell) nanostructures, where electrons are core localized
information on the sign and the strength of the-X interac- while holes are localized in the shell. In Figure 5B, we show a
tions. comparison of shortt & 0) and long-timet(= 5 ns) PL spectra

In type-1 NCs, in which the XX interaction is attractive, of ZnTe/CdSe NCs taken faNof ~2.5. Thet = 0 spectrum
the biexciton band is red-shifted with regard to the single-exciton can be deconvoluted into a single-exciton band at 1.586 eV and
emission* The data in Figure 4 show the opposite shift, namely a blue-shifted biexciton band at 1.667 eV. From the positions
the biexcitonic emission observed at short time after excitation of these bands, we can infer the-X repulsion energy 0f80
is blue-shifted with regard to single-exciton emission measured meV. Recently, a similar effect of XX repulsion Axx up to
at later times. This result is indicative of>X repulsion. To 30 meV) was also reported for type-Il CdTe/CdSe NCAll
quantify the energy of XX interaction, we compare two of these results point toward the generality of large positive
instantaneous PL spectra obtained by “slicing” the data in Figure X—X interaction energies in strongly confined type-Il colloidal
4 at timest = 0 and 1 ns. The long-time spectrum (red solid nanoparticles.
circles in the right inset of Figure 4) is identical to the steady-  Comparison of Optical-Gain Properties of Type-Il and
state PL spectrum measured at low excitation fluenddis< < Type-I NCs. To study the effect of X X interactions on optical
1), which confirms that it is primarily due to emission of single gain, we perform comparative studies of optical-gain perfor-
excitons Ex = 2.054 eV). Tha = 0 PL (blue open squares in  mance of type-1l CdS/ZnSe NCs with that of traditional type-I
the left inset of Figure 4) indicates the presence of an additional CdSe NCs with similar emission wavelengths. To measure
high-energy, short-lived band at 2.160 eV, which is due to optical gain, we use an ultrafast transient absorption (TA)
emission from biexcitons. This band (XX feature) can be experiment, in which the absorption changexj induced in
extracted from thet = O spectrum by subtracting an ap- the sample by a 100 fs pump pulse at 3 eV is probed with a
propriately scaled longer time spectrum (X feature). From the variably delayed, broad-band pulse of a femtosecond white-
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A In the type-Il sample, the gain first develops near the center
of the PL band and then extends to higher spectral energies at

A higher pump fluences (Figure 6B). The development of gain

occurs approximately linearly with the pump fluence (Figure
6D, open and solid red circles). The gain threshold is reduced
compared to that in type-I NCs and is ca. 0.8, which is close to
the theoretical value of 0.66 expected for the single-exciton
Eyp regime in the case of the 2-fold degenerate emitting states. All
of these observations are consistent with the fact that optical

amplification observed in these experiments is due to single

Energy
mgTT‘I
«—>
Jn
]

®
g

ZnTe CdSe excitons. Further, thAdo growth at the center of the PL band
Core | Shell | can be closely described by the dependencéNl s predicated
R R+ H: by eq 4 for the single-exciton gain mechanism for the case of

y = 2. The broadening of the gain band toward higher energies
observed at high pump levels is likely to due the contribution
from “repulsive” biexcitons.

A distinct difference between optical-gain regimes in type-I
and type-ll structures is also evident from thet dynamics
measured at the onset of optical gain for CdSe NCs (inset of
Figure 6C) and CdS/ZnSe NCs (inset of Figure 6D). These data
indicate that the relaxation time constant is longer by more than
a factor of 50 in type-1l NCs compared to that in type-l NCs
(1700 vs 30 ps). The fast decay in CdSe NCs is due to Auger
recombination of multiexcitons that provide a significant
contribution to TA signals at the onset of the optical-gain regime.
On the other hand, the contribution from multiexcitonsAia
_ _ ) at the gain threshold in CdS/ZnSe NCs is not large, and
Figure 5. (A) Electronic structure of the type-Il ZnTe/CdSe interface therefore, the observed relaxation is primarily due to decay of
(_Egi 342'26_ eV.Ep =1.74 €V,U. = 1.22 eV,Uy = 0.7 eV, andEg1, singly excited NCs. The PL quantum yield of core/shell samples
= 1.04 eV;T = 300 K). (B) Comparison of shortt & 0 ns) and ; . .
long-time ¢ = 5 ns) PL spectra of ZnTe (core)/CdSe (shell) NCs (300 Studied here did not exceed 25%, and therefore, the exciton
K), which indicates the XX repulsion with the energy 080 meV. relaxation was dominated not by radiative decay but more likely

by surface trapping (see ref 37 for the analysis of the effect of
various NC surface- and core/shell-interface-treatment proce-
dures on PL efficiencies of hetero-NCs). The improvement in
the sample quality should allow for the increase of the single-
> 1. In this case, the absorption coefficient of the excited sample ex‘?“‘“? lifetime potentially to the radigtive.recombination limit,
(@ = 0o + Ad) is negative:Aa < O. which is~100 ns for samples used in this work.

Figure 6 shows PL and pump_intensity_dependent absorption To further confirm thatAo. at the position of the PL X feature
spectra of traditional core-only CdSe NCs (A) and type-Il CdS/ does not have an appreciable contribution from multiexcitons,
ZnSe NCs (B) The type-” coreshell samp|e is prepared asa Wwecompare the dynamiCS shown in the inset of Figure 6D with
hexane solution, while CdSe is dissolved in trioctylphosphine those of Auger decay of the biexcitons. To measure the biexciton
(TOP), which is one of the solvents used for growing CdSe Auger lifetime ) of core/shell samples, we monitor pump-
NCs. The use of TOP instead of hexane allows us to reduceintensity-dependent TA dynamics near the position of the XX
interference from photoinduced absorption, which competes with PL feature (Figure 6E). The corresponding excitation densities
optical gain in NC solution samples and is presumably due to (INCfrom 0.06 to 0.6) are in the range where photoexcited NCs
NC interface state® The effect of the photoinduced absorption are primarily either in a single-exciton or in a biexciton state.
at the position of the gain band was not significant in type-Il The recorded time transients can be fit to a double-exponential
samples. decay A exp(—t/ts) + As exp(—t/ts), whereAs(ts) and Ag(ts)

Both CdSe and CdSe/zZnSe samples show the developmengre the amplitudes (time constants) of the fast and the slow decay
of optical gain (negativex) at high pump fluences. Optical- components, respectively) using a single fast time constant of
gain properties of these two types of samples, however, are210 ps and a slow decay constant-e4—20 ns, which we
distinctly different. In type-1 CdSe NCs, the gain band is red- attribute to relaxation of biexcitons and single excitons,
shifted with regard to the center of the PL band (Figure 6A) respectively. This assignment is consistent with the pump
and its initial growth is nearly quadratic in pump fluence (Figure intensity dependence of amplitudaésandAs (Figure 6F). The
6C, open and solid blue squares). Both of these observationsAs amplitude shows sublinear growth that can be described by
are consistent with the fact that optical gain occurs primarily the Poissonian probabilityp:, for absorbing a single photon
due to doubly excited NCs (biexcitons). The number of these per NC;p. = INOexp(—IN} (we neglect a small contribution
NCs scales as the pump fluence squared, and their emission igrom “secondary” excitons generated via decay of biexcitons).
red-shifted with respect to the single-exciton band because of On the other hand, th& amplitude shows superlinear growth,

o o o ©
o o o =
R @ [ o

PL intensity (arb. units)
S

o
=)
S

1.5 1.6 1.7 1.8 1.9

Photon energy (eV)

light continuum?! Optical gain corresponds to the situation for
which the absorption bleaching\¢c < 0) is greater than the
absorption coefficient of the unexcited sampleg){ —Aa/op

X—X attraction in type-l structure®.3* We observe that the
gain threshold is higher than a theoretical valueldfl= 1
expected for the biexcitonic mechanism, which is likely because
of the competing contribution from photoinduced absorgfion
and losses due to light scattering.

which is consistent with théN[Edependent variation of the
Poissonian probabilityp,, for absorbing two photons per NC;

p2 = 0.5(ND? exp(—ND). The biexciton life time derived from
these measurements (210 ps) is significantly shorter than the
decay time constant in the inset of Figure 6D, which indicates
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Figure 6. (A,B) Absorption spectra of unexcited) and excited ) samples of type-l CdSe NCs wiR= 2.3 nm (in A) and type-Il CdS/ZnSe

NCs (in B, the same sample as in Figure 4) in comparison to their emission bands. The specare ¢dken using pump fluences that increase

from the upper to the lower spectrum (6.2 mJ cn? (A) and 0.2-5 mJ cn1? (B)). In both cases, we observe the development of optical gain,
which corresponds to. < 0 (the area shown in gray). (C,D) The dependence of normalized absorption bleaching in type-1 (open and solid blue
squares in C) and type-Il (open and solid red circles in D) NCs as a functiddl@f comparison to linear (red straight line) and quadratic (blue
straight line) growth. The area shown in gray corresponds to optical gaiw (oo > 1). Red open circles are the data derived from spectra of the
type-Il sample in panel B, while red solid circles are independent measurements for a different type-Il sample with a similar emission wavelength.
Blue open squares are from pump-fluence-dependent spectra of CdSe NCs in a TOP solution, while blue solid squares are the independent
measurements for a solid-state film of CdSe NCs. Insets: TA dynamics at the optical-gain onset measured for the type-l (C) and type-Il (D)
samples. (E) TA dynamics (symbols) measured at 2.12 eV for different pump fluences (corresponding vallieseindicated in the figure);

lines are double-exponential fits. (F) The pump dependence of the amplitudes of th&)fastd( slow f) decay components (symbols) derived

from fits to data in panel E in comparison to Poissonian probabiliiiesnd p, (see text for details).

that Aa. at the position of the single-exciton emission band is CdSe NC<? Theoretical understanding of the effect ofle

not significantly contributed by biexcitons (at least near the spatial separation on Auger recombination is still lacking.

optical-gain threshold). Recently, Oron et al. suggested that the rate of Auger decay in
The 7, constant of the core/shell samples studied is ap- type-lIl NCs should be affected by the reduction in thehe

proximately twice as long as that of traditional type-I CdSe NCs overlap integral, which could result in significant extension (up

emitting at a similar wavelengf4. Analogous lengthening of  to nanoseconds) of Auger lifetimé&Specifically, they proposed

Auger time constants was also observed for quasi-type-Il ZnSe/that the biexciton Auger decay time in type-Il heterostructures
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should scale as the product of the NC volumg and the decay of optical gain is dominated by Auger recombination,
radiative lifetime ¢, it is inversely proportional to the-eh which limits its lifetime to picosecond timescal®By imple-
overlap integral), which was a generalization of thel V menting single-exciton gain strategies, one can change the nature
scaling previously established for the traditional type-I N€s.  of the optical-gain relaxation process from Auger recombination
While e—h overlap may indeed affect the rates of Auger decay, of multiexcitons to radiative decay of single excitons. In type-I
the overall effect of eh spatial separation on Auger rates is NCs of II-VI compounds, for example, radiative recombination
likely more complex than is suggested by scaling from ref 40. is characterized by time scales of tens of nanosectifds.
Specifically, this scaling does not account for factors, such as Because of reduced-é overlap, the time constants are expected
a significant increase in the strength of-X coupling upon to be even longer in type-Il structurés?®-46This should allow
spatial separation of positive and negative charges, which shouldfor significant extension of optical-gain lifetimes (potentially,
affect the Auger decay rate. For example, as indicated by theby orders of magnitude). The latter should simplify realization
results of our modeling in Figure 3, the reduction in thehe of lasing under steady-state excitation using optical and perhaps
overlap integral directly correlates with the increase in thexX electrical pumping.

interaction energy; the resulting changes in the Auger recom-  The impact of this work can be can be particularly significant
bination rate will dependent upon interplay between these two in the case of NCs with highly degenerate emitting states. In

competing trends. PbSe NCs, for example, the lowest energy electron and hole
Using the TA results, we can estimate a maximum value of states are 8-fold degenerate, which leads to high optical-gain
the optical-gain cross section of the hetero-N&g.(The pump- threshold of four excitons per NC on aver&geThis high
intensity-dependent data in Figure 6D indicate thAn(| exciton multiplicity further results in very short gain lifetimes
measured at the position of the single-exciton transitie.(05 because of rapid shortening of the Auger time constants with
eV) attains saturation at a value of approximatelyod, 5vhich the number of excitons. Using single-exciton gain regime one

corresponds to the optical-gain coefficient of @5The latter can reduce the gain threshold to below unity and simultaneously

quantity is consistent with the maximum gain expected for the greatly increase optical-gain lifetimes.

single-exciton regime (eq %, = 2). We further estimate that

the single-exciton gain cross section is ca. .3.0717 cn? Acknowledgment. This work was supported by the Chemi-
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