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ABSTRACT
We study inverted core/shell nanocrystals (NCs) in which a core of a wide gap semiconductor (ZnSe) is overcoated with a shell of a semiconductor
of a narrower gap (CdSe). By monitoring radiative recombination lifetimes for a series of these NCs with a fixed core radius and progressively
increasing shell thickness, we observe a continuous transition from Type-I (both electron and hole wave functions are distributed over the
entire NC) to Type-Il (electron and hole are spatially separated between the shell and the core) and back to Type-I (both electron and hole
primarily reside in the shell) localization regimes. These observations are in good agreement with the calculated dependence of the electron—
hole overlap integral on shell thickness.

The use of multicomponent semiconductor heterostructures Here we report inverted ZnSe/CdSe hetero-NCs, in which
provides an interesting opportunity for designing electronic a wide-gap semiconductor core is overcoated with a shell
properties of materials via engineered spatial distributions of a narrower gap material. We show that while CdSe and
of electron and hole wave functioh#n addition to a “trivial” ZnSe are characterized by Type-I energy offsets in the bulk
control of confinement energies, such structures can allow form, ZnSe/CdSe core/shell structures can exhibit either
one to control the dynamics of both single and multiexciton Type-I or Type-ll behaviors, depending on the core radius
states by engineering the electrdmole (e-h) wave function and the shell thickness. To detect changes in carrier localiza-
overlag—2 and the strength of Coulomb exciteexciton tion, we perform measurements of radiative lifetimes that
interactions® Wave function engineering has been exten- provide direct information on the-eh overlap integral. Our
sively explored using epitaxial quantum-well heterostruc- studies of a series of NC samples with a fixed average core
tures! In the case of semiconductor nanocrystals (NCs), the radius and progressively increasing shell thickness indicate
concept of combining different materials in a single nano- that localization continuously changes from Type-I (electron
particle has been mainly studied in the context of core/shell and hole are delocalized over the entire NC) to Type-ll (the
NCs, in which the shell material has a considerably wider electron is localized primarily in the shell while the hole
gap than the material of the coté. In this approach, the  wave function is still distributed over the entire NC, but with
electron and hole experience a confinement potential that tendsmuch greater probability in the core than in the shell) and
to localize both of the carriers in the NC core (Type-I locali- then back to Type-I (both electron and hole are primarily
zation), which reduces their interactions with surface trap localized in the shell).

states and improves the NC emission quantum yields. Core/ In the case of bulk ZnSe/CdSe interfaces, the ZnSe
shell NCs can also provide “spatially indirect” states, in valence-band edge is lower than that in CdSe (energy offset
which electrons and holes are spatially separated between thmg = 0.14 eV), while the conduction-band edge is lower in
core and the shell (Type-ll localizatiofj Type-Il CdSe/CdTe CdSe U; = 0.86 eV) (Figure 1a). Such energy alignment
NCs have demonstrated emission at energies smaller than theominally corresponds to the Type-I regime, in which both
band gap of either the core or the shell material as a resultcarriers (electron and hole) tend to be co-located in CdSe to
of spatially indirect transitiondBecause of the reduced-a produce an excitation with the lowest total energy. The
wave function overlap, these structures show extended exci-situation, however, can change in the case of nanostructures,
ton lifetimes, useful, e.g., in photovoltaics and photocatalysis. in which the alignment of quantized energy states is
Recently, it was also demonstrated that Type-II structures determined not only by bulk energy offsets but also confine-
can show a regime of repulsive exciteexciton interactions  ment energies determined by the heterostructure dimensions.
that can be used to considerably reduce the lasing thresholds To analyze the spatial distributions of electron and hole

for NCs in the green-blue range of emission cofors. wave functions in inverted ZnSe/CdSe NCs as a function of
the core radiusR;) and the shell thicknessl), we apply the
* Corresponding author. E-mail: klimov@Ilanl.gov. two-band, effective-mass approximation using a spherically
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NC radius (A) Figure 2. (a) Contour plot of the calculated wavelength of the

lowest optical transition in inverted ZnSe/CdSe NCs as a function
Figure 1. (a) Schematic representation of the conduction (right) of core radius and shell thickness. Two gray lines mark the
and valence (left) band energy diagram at the ZnSe/CdSe interfaceboundaries between the Type-I and Type-Il localization regimes.
and the radial distribution of electron and hole density functions (b) Electror-hole overlap integra®? as a function of NC emission
calculated for an inverted ZnSe/CdSe core/shell NC with a core wavelength. Since different combinationsRfandd can produce
radius of 15 A core and a shell width of 14 A. These dimensions the same emission wavelength, there is no unique correspondence
correspond to Type-Il localization, for which the hole wave function between the emission wavelength and theheoverlap integral;
is delocalized over the entire volume of the hetero-NC, while the instead we observe variations @7 for any given wavelength.
electron resides primarily in the shell. (b) False-image plot of the

radial distribution of the electron (right) and the hole (left) density - . .
functions for a variable shell thicknesgs(the core radius is fixed operator accounts for the variation of the dielectric constant

at 15 A). This plot indicates three possible localization regimes, at the core/shell interface and at the hetero-NC surface and

which occur for different shell thicknesses. For thin shedls<(11 includes both directeh interactions as well as electrostatic
A), both the electron and the hole are delocalized over the entire image effects.
NC (Type-| regime). For intermediate shells (11Ad < 16 A), The false-color image in Figure 1b displays the calculated

the hole wave function is still distributed over the entire NC, while . . . ) .
the electron resides primarily in the shell (Type-Il regime). For spatial distribution of the density functions for electron (right

thick shells @ > 16 A), both the electron and the hole are localized Side) and hole (left side) ground states in ZnSe/CdSe NCs

primarily in the shell (Type-I regime). with a fixed core radius of 15 A and a variable shell thickness
d (0 to 30 A). Despite the fact that the bulk band alignment
symmetric potentialJ(r), of the following form: U(r) = favors the localization of both carriers in CdSe, hetero-NCs

UM foro <r <R, U(r)=0forR. < r < (R + d) and with thin CdSe shellsd < 11 A) do not provide any electron
U(r) = +o for r = (R + d) (Figure 1a). The solutions of  or hole shell-localized states and corresponding ground-state
the Schidinger equation are found using the standard energies lie above the band edge of ZnSe. In this regime,
boundary conditions at the origim & 0), the core-shell both the electron and the hole are delocalized over the entire
interface ( = R;), and the hetero-NC surface€ R; + d). NC and the maxima of their density functions occur in the
We restrict our consideration to zero angular-momentum, ZnSe core. In the opposite limit of thick shelts ¥ 16 A),
S-symmetry states, which can be described by angle-the ground conduction and valence band states are below
independent wave functiongi(r) (@=e h; n=1, 2, ...) the ZnSe band edge, which implies the localization of both
with corresponding eigenenergi& (measured with re-  carriers (electron and hole) in the shell. The critical thickness,
spect to the bulk CdSe band edges). The energy of the opticaWhich corresponds to the transition to shell-localized states,
transition that couples thehole to then-electron statef,) is determined by the effective masses and the energy band
can be found as the sum of the energy of the noninteractingoffsets at the heterointerface. In ZnSe/CdSe structures, the
e—h pair,E9 = E° + E" + E, (E is the CdSe energy gap), conduction band energy offset is much larger than that of

_ hy
and the e-h Coulomb interaction energfg®. The latter s~ the valence bandUg = 6Ug). Therefore, the electron

(de =11 A) than that required to localize the hotl & 16

A). In the ranged. < d < dy, the carriers are spatially
separated between the shell and the core, which corresponds
to a spatially indirect, Type-Il exciton. The above consid-
where r, is electron/hole radial coordinatea (= e,h), erations show that ZnSe/CdSe NCs can allow one to switch
pa(ra) = |yi(r)|? is the electron/hole density function, and between different localization regimes by simply varying the
U©Xr,ry) is the e-h Coulomb interaction operator averaged CdSe shell thickness.

over the angular coordinates and obtained by solving the In Figure 2a we show the calculated wavelength of the
Poisson equation for a point charge located in either the corelowest emitting hetero-NC optical transitioly (= hdE;) as

or the shell taking into account the boundary conditions. This a function of R. and d presented using contour equal-

EO = [ 2y [ 2 dry pS(r U T el

n 0 e

B Nano Lett.



0.06 B @) 24 < ) 6 per pulse on average, which gllows usto neglec_t multiexciton
S o effects. The NC photoluminescence (PL) is spectrally
" < o dispersed using a monochromator and detected with a cooled
0.05r= S30F ¢ E multichannel plate photomultiplier tube. When combined
E '.,. § o —4"’% with a time-correlated single photon counting system, this
LT L S E = setup provides a time resolution of 70 ps. In our studies we
g el L IR S only use high (66-80%) PL quantum yield NCs, for which
T 0.03}e - ', 3 A\ % e—h recombination is dominated by radiative processes.
k- ......:!: ::::... gzz | 125 Furthermore, to make sure that our results are not affected
O .';. *el5 o| 2 by fast surface/interface trapping processes, we derive time
0.023 * e :lﬂ}‘ § o« | T constants from the data toward the end of the decay, in the
o33008 "31513- ‘. range of 56-140 ns. All measurements are performed at
0.01 b ———t—— L L y—— room temperature on solutions of ZnSe/CdSe NCs in hexane.
440 480 520 560 600 440 480 520 560 600 i i
Wavelength (nm) Wavelength (nm) As an experimental measure of theteoverlap integral,

we use the rate of the radiative decy,which is directly

e e amsommaanon PropCtional (1 10):In Figure 3, we show the po
ZnSe (blue squares), and CdSe (red squares) NCs. (b) Sr.)tandar(?f the radiative dec_ay rates vs emission wavelength derl\{ed
deviation of decay rates measured for a given wavelength (black 'om the PL dynamics of a series of core/shell samples with
circles) in comparison to standard deviation of the calculated e a fixed average core radius (15 A) and several different shell
overlap integral. Both sets of data show maximum in the range of thicknesses. Depending on the shell thickness, the emission
Type-Il localization. wavelength of the NC samples varies from 430 to 600 nm.
According to our theoretical modeling, this range spans all
possible localization regimes, from the confinement of
electron and hole primarily in the core to the confinement
of both carriers in the shell. The relaxation data shown as

observation is that a given emission wavelength cannot bec'_rCIeS in Figure 3a summarize the _results obtained for
different core/shell samples in the series. For each sample

uniquely related to a pair of the NC geometrical parameters . : )
R. and d, because the same emission wavelengths can hele derived several time constants for different wavelengths

produced by different combinations B andd. Furthermore, within the inhomogeneously broadened emission line. Be-

the same emission wavelength can correspond to differentcauseI of :Ee d|s.pe.r5|ontof l?oth core Iandtihell stl)zes 'r('j ourd
localization regimes. To illustrate this point we calculate the sampies, the emission at a given wavelength can be produce

e—h overall integral©2 = | "<, for different combina- by NCs with different combinations of core and shell radii,
tions of R, andd and plot it in Fig'ure 2b as a function of which can correspond to different localization regimes. Thus,

emission wavelength (different points at the same wavelengthwe obtain several different time constants for each measured

A in Figure 2b correspond to different combinationsRaf wavelength. For comparison, In Figure 3a we also plot
andd that produce emission ). Spatial separation of an spectrally resolved relaxation rates measured for monocom-

electron and a hole in the Type-Il regime should produce a ponent ZnSe (blue squares) and CdSe (red squares) NCs.

reduced overlap integral. The latter quantity can, therefore, The data set shown for CdSe NCs spans almost the same
be used to detect changes in the spatial distributions of thespectral range as that studied for core/shell structures. In this
electron and hole wave functions. The plot in Figure 2b range, CdSe NCs do not show any significant dependence
indicates quite strong variations@? for a given wavelength, ~ ©f decay rates on the emission wavelength, which is a result
indicating a variety of confinement regimes that produce ©Of nearly size-independent radiative lifetime in CdSe nano-
emission with the same Spectra| energy. The important partiClesj.'l In contrast to this behaVior, the hetero-NCs show
observation, however, is that while the overlap integral itself Strong spectral variations in decay rates. One trend is the
cannot be uniquely related to a certain emission wavelength,reduction in the recombination rate in the range fre#80
its variation (calculated in terms of a standard devia@is?) nm to~490 nm, consistent with the expected transition from
is a “unique” function ofl. (line in Figure 3b). Furthermore, ~ Type-I (both carriers primarily in the core) to Type-lI
502 shows a well-pronounced maximum in the wavelength (carriers spatially separated between core and shell) localiza-
range in which hetero-NCs exhibit the Type-II localization. tion. The rates observed on the blue end of this range (thin
On the basis of these considerations, in our experimentalshells) are~0.04 ns* (the respective recombination time is
analysis below, we use the variation in the overlap integral ~25 ns). This value is close to rates measured at the same
as a probe of the localization regime. spectral energies for purely ZnSe NCs (blue squares),
In our experimenta| studies we use ZnSe/CdSe COfe/she”COﬂﬁrming that in hetero-NCs with thin shells both electron
NCs fabricated via a controlled deposition of CdSe onto pre- and hole reside primarily in the core.
formed ZnSe seed particlesThe NCs are excited at 402 While some general trends associated with the effect of
nm with 50 ps pulses from a pulsed diode laser at low pump carrier localization on recombination dynamics can be seen
intensities of <0.5 uJ/cnt/pulse. These pump levels cor- in the plot in Figure 3a, the analysis of rate vs. wavelength
respond to the excitation of less than 0.01hepairs per dot data is significantly complicated by a wide spread of

wavelength lines. Two gray lines in this plot indicate the

boundaries of the Type-Il localization regime. FRw= 15

A, the emission wavelengths corresponding to this regime
are approximately from 460 to 530 nm. One interesting
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relaxation rates observed for any given detection wavelength.regimes (and hence different-t overlap integrals). Further,

As already mentioned, this spread results from both samplewe have demonstrated that the variation in relaxation rates

polydispersity and the intrinsic property of ZnSe/CdSe exhibit a well defined maximum in the spectral range of

hetero-NCs to produce the same emission wavelengths forType-Il localization. We applied the analysis of the variation

different combinations oR. andd. However, as indicated in recombination rates to experimentally detect the transition

by our theoretical modeling, the variation of relaxation rates between different localization regimes.

can provide useful information on changes in the localization
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