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ABSTRACT

We study theoretically two electron —hole pair states (biexcitons) in core/shell hetero-nanocrystals with type Il alignment of energy states,
which promotes spatial separation of electrons and holes. To describe Coulomb interactions in these structures, we apply first-order perturbation

theory, in which we use an explicit form of the Coulomb-coupling operator that takes into account interface-polarization effects. This formalism

is used to analyze the exciton —exciton interaction energy as a function of the core and shell sizes and their dielectric properties. Our analysis
shows that the combined contributions from quantum and dielectric confinement can result in strong exciton —exciton repulsion with giant
interaction energies on the order of 100 meV. Potential applications of strongly interacting biexciton states include such areas as lasing,
nonlinear optics, and quantum information.

Introduction. The use of semiconductor hetero-nanostruc- Further, type Il NCs can be engineered to emit at energies
tures opens interesting opportunities for controlling materials’ that are lower than the band gap of either semiconductor
properties via direct manipulation of electronic wavefunc- comprising a heterostructure, which is a useful capability
tions. This concept of “wavefunction engineering” has been for the development of, e.g., new infrared-emitting chro-
extensively explored in the case of epitaxial quantum wells mophores.

and superlattices. Heterostructuring is also becoming more  Type || structures also provide interesting opportunities
common in the field of chemically synthesized semiconductor o tyning carrier-carrier interactions in NCs, which is an
nanocrystals (NCs) or nanocrystal quantum dots. One typica'important capability for such applications as lasih&
approach in this case is the use of a wide-gap semiconductor, ;njinear opticd314 and photodetectors and photovoltaic
for overcoating a core made of a narrower-gap material, .o 15 ytilizing carrier multiplicatiort®2® For example, a
which allows one to significantly improve emission quantum  ge o5 complication for lasing applications of NCs arises

yields by reducing surface-related nonradiative carrier ldsges. from nonradiative multiparticle Auger recombination, which
In such NCs, both an electron and a hole reside in the SaMea4ds to short picosecond lifetimes of optical geitf

foa;:]gf ttheehle rgggﬁtzr;t?;%r?ét?rigc core), which correspondsRecemly we experimentally demonstrated that using ZnSe-
yp gime. (core)/CdSe(shell) NCs tunable between type | and type I
There are also several recent examples of type Il core/ " . L
localization regimes we could control Auger recombination

shell NCs, in which the alignment of energy states at the 18 o -

. . ._ rates!® Specifically, we observed suppression of Auger decay
interface between two semiconductors promotes Spatlalin the case of shell localization of electrons, which resulted
separation of electrons and holes between the core and the ’

shells-1 The type Il regime provides new means for tuning in decreased Coulomb coupling between photoexcited car-

both spectral and dynamical responses of NCs. Specifically, """

in this case one can control radiative decay by tuning the Another strategy forimproving the lasing performance of

overlap between the electron and hole wavefunctions. NCs involves realization of strong exciteexciton (X—X)

repulsion, which can be utilized for displacing an “absorbing”
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simply inactive. This concept, however, cannot be realized line widths of NC samples indicate the feasibility of single-
using traditional type | NCs, in which the-XX interaction exciton NC lasing using XX repulsion.

is attractive (as shown, e.g., experimentg)lynd hence the Description of the Model. In this work, we study small-
interaction energy/xx) is negative. On the other hand, by size semiconductor NCs, for which carrier confinement
separating electrons and holes spatially, one can increase thgkinetic) energies are much greater than Coulomb interaction
repulsive component of the interaction energy, which can energies, which hence can be treated using perturbation
reverse the sign ohxx as was previously demonstrated for approache& 27 In our calculations, we first evaluate wave-
type Il double quantum-well structuréIn the case of  functions of an electron and a hole without taking into
strongly confined type Il NCs, this strategy can lead not only account Coulomb effects. Then, we calculate the Coulomb
to overall X=X repulsion but also to large magnitudes of correction to the energy of a single electrdrole pair state
interaction energies, which can be produced because of very(single-exciton state) using the first-order perturbation term,
small separation between interacting charges. Large valuesyhich accounts for the electrethole interaction. Finally,

of Axx are important for practical realization of the concept we compute the %X interaction energy by applying first-

of single-exciton lasing, because in order to eliminate order perturbation theory to the lowest-energy biexciton,
interference from the “absorbing” transition its Coulomb shift which comprises two ground-state electrons and two ground-
(determined byAxx) should be comparable to or greater than state holes. In our calculations of both single- and biexciton
the transition line width. The latter is on the order of 100 energies, we explicitly account for dielectric-confinement
meV even in the best highly monodisperse NC samples. effects interpreted using the image-charge approach.

Previous theoretical studies of X interactions in To describe quantum states in a spherically symmetric type
strongly confined quantum dots have focused exclusively on || core/shell NC (Figure 1) characterized by the core radius
type | nanostructured:-2¢ One significant complication in R and the shell widthH, we use the effective mass
this case is the difficulty in applying standard perturbation approximation. We assume the existence of single energy
approaches. Specifically, because of almost identical spatialbands for both electrons and holes. This assumption repre-
distributions of electron and hole wavefunctions that are sents a simplification compared to multiband models that
obtained in the single-electron- and single-hole-band model explicitly take into account mixing between, e.g., different
(referred below as the two-band model), the effective charge valence sub-band$However, this simplified approach still
density associated with a single exciton state is nearly zero,allows us to capture the essential trends of core- and shell-
which leads to a nearly zero value of the first-order size dependences of exciton and biexciton energies. To find
contribution to the XX interaction energy. Therefore, electron and hole eigenstates and eigenvalues, we solve the
perturbative treatment in this case requires the use of moreenvelope-function Schdinger equation using a spherically
complex computational schemes that account for higher-ordersymmetric confinement potential energy operator, which only
perturbation terms. depends on the radial coordinaté”-?® In our calculations,

One approach to overcome this problem is the use of awe consider type Il core/shell NCs of two different geom-
variational ansat® However, for small-radius dots it predicts ~ etries illustrated in parts A and B of Figure 1. One geometry
positive values of the ¥ X interaction energy (i.e., effective  (Figure 1A, referred to below as the e/h structure) corre-
X—X repulsion) for both single and multiple hole barfés>2¢ sponds to the situation for which an electron is localized in
On the other hand, an asymptotic analysis using second-ordethe core while a hole is in the shell. In the other geometry
perturbation theod? as well as experimental resudftshow (Figure 1B, the h/e structure), the electron and the hole switch
that even for small quantum dofsxx is negative, which the regions of their localization. For the e/h structure, the
corresponds to XX attraction. Because of these complica- €lectron {%(r)) and the hole {"(r)) confinement operators
tions, theoretical treatment of XX interactions in type | can be presented as follows (Figure 1AJ%(r) = 0 for 0 <
strongly confined NCs still represents a significant challenge. r < R, U%(r) = U§ for R < r < R+ H, andUe(r) = o for
Paradoxically, this problem is less challenging in the caser = R+ H; Uh(r) = U0 forO0<r <R Un(r)=0forR <
of type Il NCs despite their more complex multicomponent r < R+ H, andUN(r) = » for r = R+ H. Corresponding
structure. In this case, spatial separation of electrons andoperators for the h/e structures have the following form
holes significantly distorts charge quasi-neutrality existing (Figure 1B): Ue(r) =UgforO<r <R Ue(r) =0forR=
in type | systems and allows one to accurately evaluatXX r <R+ H, andUe(r) =oforr > R+ H; Uh(r) =0for0
interaction energies within first-order perturbation theory. <r <R, Uh(r) = U0 for R<r < R+ H, andU"(r) = « for

In this Letter, we analyze theoretically-XX interactions I = R + H. Both structures exhibit a “spatially indirect”
in type Il core/shell NCs within the two-band model and energy gapiy), whichis determined by the separation between
using first-order perturbation theory to account for both the bottom of the conduction band of one semiconductor
quantum and dielectric confinement. The latter effect is due comprising a hetero-NC and the top of the valence bands of

to discontinuity of the dielectric constant at the coshell the other semiconductor.
interface, and we treat it within the image-charge approach. First, we find solutions of the envelope-function Schro
Our modeling indicates that in type Il hetero-NCs the X dinger equation for noninteracting electrons and holes using

interaction is indeed repulsive and can be characterized byboundary conditions according to which the radial wave-
giant interaction energies up to ca. 100 meV. Large function is finite at the center of the core and is zero outside
magnitudes ofAxx that are comparable to typical transition the shell. An additional boundary condition is imposed by
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B andnt (a = e, h) are carrier effective masses for the core
(index c) and the shell (index s), aBf is the electrond =

&, £, €) or hole @ = h) energy. For h/e nanostructures, the electron
and hole wavevectors can be obtained by switchingethe
andh superscripts in the above expressions. The 1S eigenen-

RiH ergy E3, can be obtained as the lowest root of the following
Yo° 3 equatior®
IE
[1 - KRcotR)] mi/mi =1+ ¢’Reot@®H) (2)
Vv 1 Uoh
e/h h/e

In our modeling we use an energy criterion for defining
the boundaries between various localization regimes. Specif-
ically, in the case of the e/h structures (Figure 1A), we
assume that an electron is primarily localized in the core if
its lowest-energy level is located below the conduction band
offset at the interface given byg. On the other hand, a
hole is shell-localized iE" < U;, Similar conditions can be
obtained for the h/e structure (Figure 1B) to define regimes
that correspond to shell localization of electrons and core
localization of holes. Using the above considerations, we can
obtain the following equation for determining the minimum
core radiusR; for which the electron (hole) becomeesre-
localizedin the e/h (h/e) structure for a given shell width

Figure 1. Schematics of type Il core/shell NCs along with typical

profiles of the valance (labeled V) and conduction (labeled C) band r‘n"c"/mgl R,
confinement potentials. (A) The e/h nanostructure in which an H=- — , a=eh (3
electron is localized in the core and a hole in the shell. (B) The h/e 1—mg/mg+ kiaRcl COt(kiaRcl)

nanostructure, in which the electron and the hole switch regions of

localization. (C) Biexciton state in h/e nanostructure comprising Ay a1 .

two electrons, gand e, and two holes, hand b. The core-shell Herek® = (2mf U9)¥h andx, < KR < 7, wherex, is the
interface polarization can be described in terms of additional fields first root of the equatiomcot(x) + mé/m¢ = 1. According to
generated by the images of these four charges labeled,as'e eq 3, the 1S level is below the shell step poteﬂﬂ@for R

h,', and R'. Arrows show different components of the Coulomb - . .
interaction between the carriers that contribute to theXX g RC'(H_)' Slmllarly_, the minimum yalue of the shell width,
interaction energy (see text for details). Hs, which results inshell localizationof the 1S state for a

given radiusk can be derived from the following equation

the requirement of continuity of the current at the core

shell interface, which translates into the requirements for R= —tan@H.)q’, a=eh (4)
continuity of both the radial wavefunctions and their effec-

tive-mass-weighted derivatives at the heterointerfateour a Ay e a

calculations, we only consider the lowest-energy, zero- Where a = (2mUg)"®h and #/2 < gt < x. The
angular-momentum, conduction- and valence-band 1S statesCONdition H > Hs(R) corresponds to shell localization of

The solution of the Scfichnger equation that satisfies the holes @ = h) n e/h structures or shell localization of
above boundary conditions is electrons & = €) in h/e structures.
As a quantitative measure of the spatial separation between

electrons and holes in a hetero-NC, we use an overlap integral

Rr) = Na—Si,n(kar) foro<r <R (1) between electron and hole wavefunctions defined as
r sin(’R)
i RtH 2 e Shyn 2
) sin@®R+H—r 0= drre o2%(r) #"(r 5
%a(r)=Nal(Q( ) forR=r<R+H o P A0 ®)

r sin@*H)

This quantity also relates to imbalance between negative and
wherea = g, h for electrons and holes, respectively, &ifds positive charges in the NC, and as shown below, the changes
the normalization constant derived from the condition that the in © directly correlate with changes . Another meaning
integral of 2%(r) over the hetero-NC volume is unity. In  of the overlap integral is that it determines the strength of
the case of the e/h nanostructure, the electron wavevectothe interband 1S1S optical transition.

components ard® = (2mEYA?)Y2 and ¢ = (2m{(E® — On the basis of the conditions given by eqgs 3 and 4, we
Ug)/h?)Y2, whereas the hole wavevector componentskre  can map the regions ofR(H)-space that correspond to
= (2m(E" — UDHK?)Y2 and g" = (2mENA2)Y2, wherenf different localization regimes, which results in the localiza-
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Figure 2. (A) A three-dimensional plot of the overlap integi@l (eq 5) as a function of the core radilsand shell widthH in the e/h

structure. (B) A reduced-scale contour plot of the electioole overlap integral and the localization phase diagram that shows the regions

of (RH)-space that correspond to different localization regimes in e/h hetero-NCs. The black solid line, which goes from top to bottom,
represents the boundary between regimes for which the electron either is delocalized over the entire hetero-NC volume (left of the line) or
is core-localized (right of the line). This line is derived from eq 3Ryt The dashed vertical line is the asymptotic, laHydimit of R,.

The black solid line, which goes from left to right, separates the regimes for which the hole either is delocalized over the entire hetero-NC
volume (below the line) or is shell localized (above the line). This line is derived from eq M foThe dashed horizontal line is the
asymptotic, largeR limit of Hg.

100 100

tion phase diagram displayed in Figure 2B. To illustrate the |n the above expressiongi(r,) = |723(r)|2 is the electron
effect of changes in carrier localization on the electron  or hole density andy, b = e, h or h, € W(ra,rb) is the
hole overlap integral, in the same figure we also indicate spherically symmetric component of the point charges direct
the ® values as a function dfl andR. In the type | regime, Coulomb interaction operator, anﬁ(ra,rb) is the same
which occurs foR < Ry andH < Hg, both an electron and  component of the polarization energy operator. To obtain
a hole are delocalized over the entire hetero-NC volume. In the explicit form of these operators, we solve analytically
the type Il regimeR > R andH > Hq), electrons and holes  the Poisson equation for a potential due to a point charge in
are localized in the core and the shell, respectively. In the core/shell structure with the standard boundary conditions
addition to regions with well-defined type | and type Il that account for discontinuity of the dielectric constant at
regimes, the localization phase diagram also shows two areaseterointerface® As a result, we obtain the following
that correspond to partial separation between electron andsolutions

hole wavefunctions. This regime (labeled in Figure 2B as

quasi-type Il) occurs foR > R; andH < Hg (the electron . e

is core-localized but the hole is delocalized over the entire W(r,r) =60(R—r)0(R—r,) ar

NC) orR < Ry andH > Hg (the hole is shell-localized but -

the electron is delocalized over the entire NC). 6, — R + 6(ry — R)] G20 (®)
Next, we calculate the leading contribution to the Coulomb 2eyr .

corrections to the single-exciton energy. In a heterostructure
with dielectric interfaces the carriecarrier interaction
operator has two components (see the diagram in Figure 1C,
which illustrates the different types of Coulomb interaction Qu0p(€les — 1)
terms in a core/shell NC). One of them is due to direct T
. . . ; . e(R+ H)

Coulomb coupling screened by a dielectric medium, and it
can be represented as

N €le, — 1
0ar) = 0GR - rgo(R— 1y B2

9)

wherer- = max(afy); 0 < (rals) < R+ H; €1, €2, andes
WP = OR+H dr, 12 OR+H dr, r20%(r) W(r 1) 0%, (6) are the dielectric constants of the core, the shell, and the
environment, respectively; an@é(x) is the Heaviside step

The other component is due to the interface polarization function. o
energy, which we describe by interactions between charges 1h€ remaining contribution to the net Coulomb energy

and their images excluding the interaction between a charge(not shown in Figure 1C) comes from the self-interaction of
and its own image each charge with its own image, which is the so-called

dielectric solvation energ\Wt, a = e, h). As we demonstrate
R+H below, this quantity does not affect the-X interaction

ab _ 2 (RH 2 a 9 b
UT= [y drarg fo  drprpei(ry) U(rary) p°(ry) (7) energy; therefore, we do not provide an explicit expression
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for it. Taking into account all relevant Coulomb terms, we  Within the two-band model considered here, there is no
can write the following expression for the energy of the 1S spatial separation between the electron and the hole charge
single-exciton state that comprises the 1S electron and thedensities in type | NCs. In this case, the first-order contribu-
1S hole tion to Axx vanishes; therefore, calculations of the-X
interaction energy require the use of higher-order perturbation
Ex=E,+E°+ E"+ W+ U+ Ve + V' (10) terms. The situation is, however, different in type Il core/
shell NCs, in which electrons and holes are spatially

Next, we consider the lowest-energy biexciton state, which sgparated a_md, hence, the Ioca_tl charge density is nonzero. In
is composed of two 1S excitons. It is natural to describe it this case, first-order perturbation theory can be applied to

in terms of a product of wavefunctions of two 1S electrons accurately evaluatéxx.
and two 1S holes: Wx(Fe,fe lhilh) = S#(re)#%(re,) Numerical Results and DiscussionEquations 1214

x #N(rn) #"(r,). Further, using first-order perturbation indicate thatin a core/shell NC, the-X interaction energy
theory we can obtain the following expression for the total depends on both the spatial distribution of charges within

biexciton energy the nanostructure and dielectric properties of the core and

the shell. To study the main trends in the dependence of

B = 26, + OE® + 2EN + Wee+ uee Axx on the geometr!cal aljd dlel_ectrlc parameters of the NC,
N . W o \h we perform numerical simulations using eqs—12 for

+A4W"+ U h) + U2V 2 (11) calculating interaction energies and egs 1 and 2 for calculat-

] ) ing eigenstates and eigenenergies. We further use the criteria
Here, the first three fcerms on the rlght_ are due to t_he bulk given by egs 3 and 4 for distinguishing between different
energy gap and carrier confinement (kinetic) energies. The |5calization regimes. The overlap integral given by eq 5 is

rest of the terms are due to the Coulomb interactions seq for quantifying the degree of spatial separation between
described by eqs-69 and the carrier dielectric-solvation  gjectron and hole wavefunctions.

energies. In this case, eqs 7 and 8 are used to calculate both
the electror-hole interaction energies\¢"andU¢" and the
energies of interaction between charges of the same\ijn (
and U2, wherea = ¢, h).

Using eqs 10 and 11, we can calculate theXXinteraction
energy a?\xx = Exx — 2Ex. Note that the X-X interaction
energyAxx defined in this way has the same amplitude but
the opposite sign compared to thiexciton binding energy
which is often introduced in studies of XX interactions.
This expression indicates that the confinement and the
dielectric solvation energy terms that enfigik are canceled
by identical terms in Ex. The surviving contribution téxx
is

In our numerical modeling, we use material parameters
that are close to those of “real” semiconductors (e.g., ZnSe,
ZnTe, CdSe, and CdS). The core radiiand the shell width

H are varied between 2 and 100 A. In both e/h and h/e
nanostructure cases, the energy offset at the heterointerface
(US and U) is assumed to be identical for both the
conduction and the valence band and is set to 0.5 eV. The
electron and hole effective masses used in these calculations
are 0.In, and 0.6n. (M. is the free electron mass), respec-
tively, and they are assumed to be the same for the core and
the shell. The cores() and shell §) dielectric constants are
varied in the range between 4 and 8. Within the adopted
formalism, the X-X interaction energy does not depend on
the band gajk, and the dielectric constant of the surrounding
medium €3).

We first consider the e/h geometry (Figure 1A). To
examine the effect of the geometrical parameters on the
electror-hole overlap integral and the -XX interaction
energy, we fix the dielectric constants, & 4.0 ande, =

Axx = Wy + Uxx (12)

The first term on the right is direct Coulomb coupling, which
can be represented as

R+H R+H
Wi = [ dryrg [ dr, r3[p%(ry) — p"(ry)] 6.0) and vary the core radius and the shell thickness. Figure
« W(fl,rz) [p5(r) — ph(rz)] (13) 2A showsO as a function oR andH. The general trend is

that the increase iR for a fixedH leads to a rapid decrease
of ©® indicating a progressive increase in separation of
electron and hole wavefunctions. Comparison of the overlap
integral and the phase diagram for type | and Il localization
regimes in Figure 2B indicates that for core reRliz 20 A,
one can reach a true type Il regime with a relatively thin
shell Hy ~ 6 A). For example, withR = 25 A, one can
obtain® < 0.5 using a shell wittd = 8 A. This is important
) from the practical perspective because fabrication of core/

Usn = (i _ 1) Ye (P°— P2 (14) shell NCs with thinner shells is less challenging synthetically.

XX € ] R c [¢ .
2 €y Figure 3A shows thdr and H dependence of thiVx
component of the XX interaction energy, which is due to

Here, PS = fg dr, rg p3(r,) denotes the probabilities of direct Coulomb coupling between charges (eqs 8 and 13).
finding an electrond = €) or a hole & = h) in the core. For small radii and small shell thickness& H < 10 A),

This term depends on the local differences between the
electron and hole densities (local charge imbalance) and on
the Coulomb operatoM(ry,r2) (eq 8), in which we set, =

b = Qe (bare electron charge). The second contribution to

Axx comes from the coreshell interface polarization, which

is given by
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Figure 3. A three-dimensional plot of dependencies on the core radiaisd shell widthH for (A) the direct Coulomb couplingVxx (eq
13), (B) the core-shell interface polarization enerdyxx (eq 14), and (C) the biexciton interaction eneryyy (eq 12) (calculated foe;
= 4.0 ande; = 6.0).

© = 1 (type | localization). In this cas#Vyy is nearly zero 1.0 1.0

as expected for our approach, which does not account for_ 0.8 0.8

higher-order perturbation terms. In the range of lafgend g '

H (= 10 A), for which® decreasesixx rapidly increases E 0.6 0.6

and ultimately reaches values that are as large as 100 meVg | 04

Further, we observe that the sign\bkx is always positive, 5 '

which indicates that spatial separation between negative ancd o2 0.2

positive charges during the transition to the type Il regime

leads to the development of strong-X repulsion which 00— % a0 6 e "% %0 4 6 &

dominates over attractive interactions. R/A H/A

The contribution toAxx associated with the coreshell e 4 Th lap integral (€q B (One for the efh (he)
; g ; g ; igure 4. The overlap integral (eq e (One) for the e e
interface pOIa.nzatlomJXX is shown in Flgurg 3B. Accordlng . nanostructure, as (A) a function of core radRior a fixed shell
to eq 14, its sign solely depends on the sign of the dielectric (H = 20 A) and (B) a function oH for a fixed core radius

constant prefactoref ™! — €,7!) and is negative (attractive  (R=20 A). The point of intersection ®e, andOye approximately
interaction) ife, > €3, which corresponds to the situation corresponds tdR; (panel A) andHg (panel B) calculated for

considered here. The scaling Okx with respect toR and electrons.

H is determined by the interplay between thR fdultiplier

and the charge-imbalance fact® (— PE)Z. In the range of  we analyze slices of the dependendis= ©(RH) (Figure

R, H < 10 A (type | localization), where the overlap integral 4) andAxx = Axx(RH) (Figure 5) by fixing eitheiH or R.

® =1 (Figure 3A,B), the polarization contribution vanishes We perform calculations for both the e/h and the h/e
because of a nearly zero charge-imbalance factor. In thenanostructures with; ande; varied from 4 to 8.

region of 10=< (R, H) < 20 A (transition from type I to Il In Figure 4, we show the behavior of the overall integral
localization) where® becomes smaller than unity and, O for fixed values of the core radiuR(= 20 A; panel A)
consequentlyRZ — PE)Z, significantly deviates from zero, and the shell thicknes#(= 20 A, panel B). From Figure
the polarization term depends on b&tandH. Finally, for 4A, we can see that the initial increase®from 0 to Ry

R, H = 30 A (type Il localization) where® =~ 0 and the (electron core localization radius) induces a faster drop in
charge-imbalance factor approaches its maximum value of ® in h/e structures compared to that in e/h structuf@ge(

1, Uxx becomes independent Bifand scales as R/ In this < Ogy). This behavior reflects the fact that heavier particles
region, the magnitude of the polarization contribution reaches (holes in our case) localize more readily within a potential
its maximum value 030 meV. well (i.e., localization is produced by a “shallower” well)

The total interaction energyxx (Figure 3C), isasumof  than lighter particles (electrons). When both particles are
Wyx andUxx (eq 12) and is mainly determined by a positive already localizedR > Ry), a further increase iR then has
contribution fromWyx while Uxx provides a relatively small ~ an opposite effect. In this range of core radii, the electron
negative correction which does not exceed-30% of Wx. hole overlap is primarily due to penetration of the tail of a
As indicated by our numerical modeling the dependence of wavefunction of a shell-localized carrier into the core.
Axx onRandH is qualitatively similar to that in Figure 3C  Therefore, the drop i® in the range oR > R occurs faster
for the whole range of dielectric constants from 4 to 8 studied in e/h structures (shell-localized holes) than in h/e structures
here. In the case afy = ¢, the contribution from interface  (shell-localized electrons). The trends observed in Figure 4B
polarization is zeroWxx = 0). Fore; > €5, Uxx changes (R is fixed andH is varied) can be explained by similar
sign but is still only 26-30% of the total value of oAxx. arguments applied to the case of a varied shell-confinement
For the entire parameter space investigated here, the sign opotential.

Axx is positive indicating that excitons tend to repel each  As evident from Figures 2 and 3 the strength of X
other in the core/shell nanostructures studied in this work. repulsion (i.e., the X X interaction energy) can be enhanced

To gain a better understanding of the effect of the spatial by providing better electronhole spatial separation. There-
distribution of charges and dielectric confinement &gy, fore, the e/h nanostructures that show faster initial drop of
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Figure 5. The X—X interaction energy\xx plotted for different
values of dielectric constants (coded by line type) ane, (coded
by line color): ¢; = 4 (solid lines),e; = 6 (dashed linesk; = 8
(dotted lines);e, = 4 (black),e, = 6 (red), ande, = 8 (green).
Panels A and B showxx as a function of core radiuR for a
fixed shell width @ = 20 A) for e/h and h/e nanostructures,
respectively. Panels C and D shawy as a function o for a
fixed core radius R = 20 A) for e/h and h/e nanostructures,
respectively.

©® with increasingR should also show a faster initial increase

(attractive) contribution from the coreshell interface po-
larization Uxx), and the second term is a positive contribu-
tion from the repulsive Coulomb interaction between the
same type of particles (two electrons or two holes) localized
in the core. TheA\'Z; component in eq 15 can be calculated
as

q Rt+H p(r)
AZ=g [y dri==
S, r S, r
I (23 RR+H dr, ri RR+H dr rZP( Do (ry) (17)

272 max(,r,)

where p® is the density of shell-localized charge, which is
an electron in the h/e structures and a hole in the e/h
structures. Here, the first term is the contribution from the
interface polarization, which has a positive sign (repulsive
interaction). The second term is a negative (attractive)
contribution due to direct Coulomb coupling between
electrons and holes separated between the core and the shell.
Finally, the third term is a positive (repulsive) energy due

to the Coulomb interaction between the same sign particles
that reside in the shell region.

A numerical analysis of eqs 16 and 17 indicates that both
AY) and AR are always positive. Therefore, the decrease
in either of the dielectric constants, or e, results in
increasing values ofxx. Furthermore, we find thar$}) is
significantly greater than'?} (AG/AY < 0.2). This result
implies that for the structures considered here the dielectric

in Axx compared to the h/e structures. This trend is clearly parameter that affects the—XX interaction in the largest
seen in parts A and B of Figure 5. More complex trends are degree is the dielectric constant of the core as also seen in

observed for larger core radii for which the magnitude of

Axx is determined by the interplay between the electron
hole spatial separation (increasAsx) and the effective

reduction in the density of interacting charges (decreases

Axx). This interplay produces a faster decreasar with

increasingR in the case of the h/e structures compared to
that in the e/h structures. Analogous considerations can be
applied in the analysis of correlations between behaviors of

Axx (Figure 5C,D) and® (Figure 4B) for the case whef
is fixed andH is varied.
In order to better understand the dependenca,gf on

the dielectric parameters of NCs, we rewrite the expression
for the X—X interaction energy (eq 12) by separating the

€1- and e,-dependent contributions

1

€1

1
Axx A§<1>)< + 6_2 A§<2>)< (15)

Figure 5.

Conclusions.In conclusion, we have performed analytical
and numerical analysis of XX interactions in type Il core/
shell NCs. These nanostructures can provide almost complete
spatial separation between electron and hole wavefunctions,
which leads to a significant nonzero local charge density
associated with a single electrehole (exciton) state. Under
this condition, the X-X interactions can be accurately treated
using first-order perturbation theory, while this approach is
not appropriate in the case of type | structures, in which
nearly identical spatial distributions of electron and hole
wavefunctions leads to local charge quasi-neutrality.

In our modeling, we account for contributions from both
the direct Coulomb coupling between charge carriers and
the interface polarization. Both of these contributions vary
in correlation with the electronhole overlap integra®, and
specifically, they increase a® decreases. This result
indicates enhancement in the-X Coulomb interaction with

Assuming that the carriers are completely separated betweenncreasing degree of spatial separation between electrons and

the core and the shell, we can pres as
2 C C
Je R R p(r)e(ry)
AD =~ rh G [y dryrf [dryrs maxtary) (16)

holes. We observe that direct Coulomb coupling in the case
of charge-separated states always leads to strorgK X
repulsion.

On the other hand, the contribution from interface polar-
ization can be either repulsive or attractive depending on
the relationship between the core and the shell dielectric

where p° is the electron (e/h structures) or the hole (h/e constants. However, the latter only provides a relatively small
structures) density. In eq 16, the first term is a negative (<30%) correction to the total XX interaction energy.
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Therefore, the sign ofAxx is always positive indicating

overall X—X repulsion. Further, our calculations show that
the X—X interaction in these structures can be characterized

(8) Kim, S.; Fisher, B.; Eisler, H. J.; Bawendi, M. Am. Chem. Soc.
2003 125, 11466.

(9) Balet, L. P.; Ivanov, S. A.; Piryatinski, A.; Achermann, M.; Klimov,
V. I. Nano Lett.2004 4, 1485.

by giant energies on the order of 100 meV. These values (10) Ivanov, S. A.; Nanda, J.; Piryatinski, A.; Achermann, M.; Balet, L.

are comparable to or greater than typical transition line widths
in NC samples, indicating the feasibility of the situation for

which the Coulomb shift of optical transitions in singly

P.; Bezel, I. V.; Anikeeva, P. O.; Tretiak, S.; Klimov, V.J. Phys.
Chem. B2004 108 10625.

(11) Yu, K.; Zaman, B.; Romanova, S.; Wang, D. S.; Ripmeester, J. A.
Small2005 1, 332.

excited NCs almost completely suppresses absorption at the (12) Kiimov, V. I.; Mikhailovsky, A. A.; Xu, S.; Malko, A.; Hollingsworth,

emission wavelength. Under these conditions optical ampli-
fication in NCs can be achieved in the single-exciton regime,
which should allow one to eliminate the complication

J. A.; Leatherdale, C. A.; Eisler, H. J.; Bawendi, M. &ience2000Q
290, 314.

(13) Kraabel, B.; Malko, A.; Hollingsworth, J.; Klimov, V. Appl. Phys.
Lett. 2001, 78, 1814.

associated with ultrafast optical gain decay induced by (14) Petruska, M. A.; Malko, A. V.; Voyles, P. M.; Klimov, V. Adv.

multiparticle Auger recombination.
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