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Abstract

CdSe/CdS dot-in-dot nanocrystals (NCs) have proven potential foralpctronic appli-
cations. Depending on the synthetic procedure, it is possible to obtain NiCpwve wurtzite
(W2Z) phase, pure zinc-blende (ZB) phase, or a polytypic form wkiezeCdSe core has ZB
phase and the CdS shell WZ phase. Here we show theoretically that ttremilestructure of
polytypic CdSe/CdS NCs closely resembles that of their WZ counterparemt@u confine-
ment, strain and built-in electric fields are comparable, which results in elelstieroverlap
having similar dependence on the core size and shell thickness. Thisnex@eent experi-
ments showing close exciton lifetimes in both structures. We also investigate ol{Zs
where both core and shell are made of CdSe, albeit with ZB and WZ steyctspectively.
In this case, spontaneous polarization has a drastic influence, indusivagtransition from
type-I to type-Il regime with increasing shell thickness. This provideseastarg opportunities

for tuning carrier-carrier interactions.



Introduction

Colloidal NCs with a CdSe core embedded in a thick CdS shell h&enta leading position in
the research of semiconductor nanostructures for optret@c applications owing to their high
luminescence quantum yield, narrow emission linewidthraadiced blinkingt In bulk CdSe and
CdS crystals, WZ phase is more stable than ZB one. However,nig\e difference is small,
< 1.4 meV/atom? As a consequence, in NCs —where the surface to volume ratiiglis- tone
can grow either phase through appropriate choice of syinttenperature or ligand$.’ In the
last years, this has made possible the synthesis of CdSe/Cd®/iOsure WZ phasé; 12 pure
ZB phas@310r a polytypic form where the CdSe core has ZB phase and the GelSV¥A
one 16-18

Several spectroscopic studies have analyzed the neardufyedluminescence of such sys-
tems. In all instances, a pronounced dependence of theiem&sergy on the core and shell size
was observed, consistent with a quasi-type-Il band aligrimbere holes are localized inside the
core and electrons delocalized over the entire NC. The sthdaative lifetime however reveals
significant differences between WZ and ZB crystal structurésr thick shells, pure WZ NCs
display lifetimes of up to 600 n&} about one order of magnitude longer than those of pure ZB
NCs.1415Even though the multi-exponential photoluminescenceyleE&/Z CdSe/CdS quantum
dots makes the exact determination of their lifetimes potaitic1® the large variation evidences
fundamental differences between the two systems.

Theoretical studies have provided accurate descriptibttsecband structure of both 73821
and WZ2? CdSe/CdS NCs. With unstrained band-offsets being simildereifices arise from the
different impact of strain and built-in electric fields. Thaestion follows of whether polytypic
NCs inherit the behavior of ZB or WZ structures. Because exaiemombination takes place
in the core, one might guess that ZB behavior prevails. Hewdueng radiative lifetimes of up
to 300 ns have been experimentally reporté@nd a direct comparison with WZ NCs recently
showed very similar single exciton lifetimes in both systemhis suggests that the band profiles

is actually close to that of pure WZ pha$&The aim of the present work is to provide a theoretical
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description of the band structure of polytypic CdSe/CdS betgstals, explaining the similarities
with respect to the better-known case of WZ NCs, and analyhieglifferences.

Our calculations, based ongktheory, confirm that the electronic structure of polytyNiCs
resembles that of their WZ counterparts. Hydrostatic stieads to a substantial decrease of the
conduction band offset —thus stimulating electron deiaatibn— and built-in electric fields arising
from the WZ shell are felt inside the ZB core. Consequenthgtete-hole wave functions show
guantitatively similar dependence on the core and shetlssiZ’he main distinction arises from
spontaneous polarization, which is weaker than in pure W&@h& his should lead to shorter
radiative lifetimes for large core sizes. The presence lofyatl ZB interlayers, which are often
found in polytypic NCs2 barely changes this picture.

We further investigate polytypic NCs made of CdSe only, bubwlifferent crystal structure in
the core (ZB) and shell (WZ). These turn out to be strain-fresgesys with type-Il band profile and
a strong permanent dipole moment arising from spontaneolasipation. These features render
polytypic CdSe NCs appealing for applications requiring Béicontrol of electron-hole charge

separation.

Methods

The excitonic electron and hole states are calculated wationians of the form:
Hj =HI"+ V) + Ve, (1)

where j = e h stands for electron or holeiewlj'-‘in is the kinetic energy ternV; the single-particle
confinement potential andf“h is Coulomb attraction exerted upon carrjey the other carrier.
The single-particle confinement can be split into severahse

Vi =V VR v PP, 2)



whererConf

the confining potential defined by the band offsets betwedn®dSe and CdSljStlr
the strain induced deformation potentk,s’a]-lffZ the strain induced piezoelectric potential alfd’ the
spontaneous polarization potential.

Strain maps are calculated in the continuous medium modeilibiymizing the elastic energy.
The boundary conditions are zero normal stress for the frface?* The strain tensor elements,
ensuing piezoelectric polarization vector and potential@btained using the multiphysics mode
of Comsol 4.2 software. For electron staﬂd#‘,” is a 3D single-band effective mass Hamiltonian.
For hole states, it is a 3D six-band Hamiltonian for eithek1[tgrown zinc-blende or wurtzite
including A-band,B-band andC-band with spin-orbit interaction, as well as position degent
mass (Burt-Foreman-likeé)? The strain-induced deformation potential tewﬁt,r, is isomorphic to
the kinetic energy termi® while the piezoelectric and spontaneous polarizationmitzts,V,” and
VjSp, are dia\gonal.\/je‘h is obtained by iterative resolution of the SchrodingersBon equation,

within a self-consistent Hartree procedure, taking intocant the dielectric mismatch with the

dielectric surroundings of the NC. Material parameters arergin the Supporting Information.

Results and discussion

We will compare three different models of CdSe/CdS dot-iredothe first one is a WZ/WZ
core/shell NC with abrupt interface, see Figure 1(a). Thmid one is a ZB/WZ (polytypic)
NC also with abrupt interface, Figure 1(b). The third one aRB/NC but including a 2-nm thick
diffusion layer in between the core and the shell, Figurég. I{be interlayer, which accounts for the
usual alloying observed in standard polytype dSthas ZB structure and Cdg®_, composition,
with x varying exponentially from the core interface=£ 1) to the shell interfacex(= 0).

Figure 1(d-f) shows the corresponding conduction and e&dand-edge profiles along the
c-axis of the WZ phase, which we assume aligned with the [111]d#Bction. Dashed lines
represent the unstrained band-offset confinement polxek{;?a“f, while solid lines are used for

full potential of non-interacting carriergj, including strain deformation potential, piezoelectyici



and spontaneous polarization. By comparing panels (d) gndrfe immediately realizes that the
band profile is very similar in WZ/WZ and ZB/WZ NCs with abrupt irfeere. Strain deformation
potential pushes up conduction band and heavy hole banda@)b and built-in electric fields
are formed due to strain-induced piezoelectricity togethigh spontaneous polarization arising
in the WZ phase. As a result, the conduction band offset desessia about 40% with respect to
the unstrained band-offset. For WZ/WZ (ZB/WZ) NCs, the effecbemd-offset decreases from
0.34 eV to~ 0.20 eV (from 0435 eV to~ 0.25 eV). Hence, both systems show strain-enhanced

electron delocalization into the shell.

Figure 1: (a-c) Schematic of the CdSe/CdS NCs under stilis the core radius anHi the
shell thickness. In (c), we include a 2-nm-thick alloyedentdyer with exponential change of
composition between core and shell. (d-f) Correspondinglsiparticle potential profiles along

c axis. Dashed line is used to show unstrained confining rjaieiﬁonf, solid lines for complete

potential excluding only electron-hole interactiof), Different colors are used for conduction
band (black), A-band (red), B-band (green) and C-band (blme{d-f), the core ha®k = 1.5 nm
radius and the shell =5 nm.

Another important observation is that significant builtelectric fields are felt inside the core
both in WZ/WZ and ZB/WZ NCs. For pure WZ NCs, the lattice mismatch leetwCdSe core
and CdS shell is 3%. This leads to sizable strain-induced piezoelectt®ét@imilar piezoelec-
tric fields build up in polytypic NCs, because the lattice masoh between [111]-grown ZB CdSe
and WZ CdS is alse- 3.9% (see lattice parameters in Supporting Information). ndther
hand, the electric field induced by spontaneous polarizasiproportional to the polarization mis-
match at the core/shell interface. For WZ/WZ heterocrysiff§>e= —6 mC/n? andP5IS= —2
mC/n?.27-28 For ZB/WZ heterocrystals, instead, the polarization vargshside the core because
of the cubic lattice symmetrngdse: 0 mC/n¥. Therefore, the polarization mismatch is larger for
WZ/WZ interfaces than for ZB/WZ ones. Since the resulting fieldsadp to piezoelectricity, the
total electric field inside the core is slightly stronger in YMZ NCs, 32 mV/nm vs. 16 mV/nm
in Figure 1(d) and (e), respectively. The fact that polytjyés exhibit internal fields of tens of

mV/nm inside the core is remarkable. It was not trivial thmaspite of the cubic symmetry of the

core lattice, such magnitude could be achieved. In facfjéads are strong enough to open venues
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for exciton wave function modulation via internal fields,as recently suggested for pure WZ
NCs.2?

The presence of an alloyed interlayer does not substantitathnge the above picture. As
shown in Figure 1(f), the interlayer introduces a smoothfioement potential between core and
shell. However, the strain reduction of the effective dffsetween core and shell and the built-in
field inside the core are similar to those in abrupt interfd€e This is because the compressive
strain inside the core remains the same with or without liayer (see Supporting Information),
as it is ultimately set by the lattice mismatch with the th@@S shell. The moderate influence of
alloyed interlayers on the electronic structure is comsisivith similar findings in pure ZB NC&°

We next illustrate the exciton wave function dependencéiakishell polytypic NCs on the
core size. Figure 2 shows the squared electron-hole ovéstaportional to radiative lifetimes)
of ZB/WZ NCs with abrupt interface, alloyed interlayer, andr-domparison— that of a pure WZ
NC. In all cases the pattern is similar. At first, increasingecsize leads to larger overlap. This is
the typical behavior of quasi-type-Il systerhsThe hole ground state is confined inside the core
for any size, because of the large valence band offset. Byasinthe electron sees a shallow
potential barrier. Hence, when the core is small, the edaaground state spreads into the shell to
minimize kinetic energy, but as the core becomes largeatgglly localizes inside the core well.
For larger cores (e.dq? > 2 nm for WZ NCs), however, the electron-hole overlap decreagas.
This is because the effect of the built-in fields scales whith ¢ore size, which enables a gradual
transition towards type-Il excitons, with well separatéeceon and hole, potentially leading to
long radiative lifetimes’?

We note that this behavior is shared by pure WZ and polytypic,N@sit is absent in pure
ZB NCs where no internal fields appe@rThe resulting electron-hole overlaps are similar for
WZ and polytypic NCs, consistent with experiments showingilsiniifetimes 11-17-23However,
the transition towards type-Il exciton takes place fasbermpiure WZ NCs than for ZB/WZ ones
owing to the stronger internal field. We then predict rasi@tifetimes of polytypic NCs should

be systematically shorter than those of WZ NCs when the coggel The seemingly different



behavior of alloyed NCs in Figure 2 is simply because in ourmuition the interlayer increases
the effective size of the core.

Maybe we should add ZB/ZB calculation in figure and see if overlaps larger, for H=5 nm

Figure 2: Electron-hole overlap as a function of core sizdlie three models of CdSe/CdS NCs.
In every case, for large enough radius the internal fieldsentlaé overlap decreases. Solid black
line: ZB/WZ NC, abrupt interface. Dashed black line: ZB/WZ NC wéttoyed ZB interlayer.
Dotted blue line: WZ/WZ NC, abrupt interface. In all NEs=5 nm. For the alloyed NC, the
interlayer is 2 nm thick.

Figure 3 compares the electron and hole charge densitiesféa low lying exciton states in
the three prototypical CdSe/CdS NCs we consider. The waveifumictcalization is similar for
polytypic and pure WZ structures. For a typical core radiuR ef 1.5 nm,!’ the electron ground
state is largely confined inside the core, but the excitegst@ready occupy the shell. The hole,

instead, remains in the core owing to the large band-offset.

Figure 3: Excitonic electron and hole charge density in tired models of CdSe/CdS NCs,
WZ/WZ (top panels), ZB/WZ (mid panels) and ZB/WZ with alloying (twoh panels). The charge
densities are similar for polytypic and WZ heterocrystatsall casesk = 1.5 nm andH = 5 nm.

Having studied polytypic CdSe/CdS NCs, we now turn to the cagena CdSe polytypes. It
is known that CdSe dots with ZB phase become unstable witkeasing size:® In what follows
we consider a colloidal CdSe dot with ZB phase, which at a revi@ume starts growing in WZ
phase, thus forming a fully CdSe yet polytypic core/shell N8e Tesulting band profile, shown
in Figure 4(a), is quite peculiar. Neglecting built-in fisl@dashed line), the band alignment is
staggered, with the bottom of the conduction band in the aackthe top of the valence band in
the shell. Notice however that the band-offsets are smalh{@V for the conduction ban& X X
for the valence band). The NC is strain free (as mentionedrbethe lattice constants of CdSe in
[111]-grown ZB and in WZ are nearly identical), so there is mezpelectricity. Yet, if the crystal
growth is ordered, spontaneous polarization should beepte#n fact, the polarization mismatch

between the WZ shell, = —6 mC/n¥) and the ZB coreR&'S= 0 mC/n?) is largest than in



CdSe/CdS heterocrystals. Consequently, strong internas ficeldid up ¢ 20 mV/nm in the core,
~ 50 mV/nm in the shell).

The band profile described above makes the electronic gteiof CdSe polytype NCs very
sensitive to the geometry. To illustrate this point, in Fegd(b) we show the excitonic electron and
hole charge densities in a NC with thin (left column) andki{raght column) shell. When the shell
is thin, electron and hole are largely localized inside thieecbut when the shell becomes thicker
the potential drop along the-axis becomes very large (tenths of V) and charges move tsvar
opposite sides of the shell. The charge separation leadarkoedcitons for much thinner shells
than in CdSe/CdS, as one can notice by comparing Figure 4(c)Rigure 2.

Figure 4: Band structure of polytypic CdSe-only NCs with ZB cand WZ shell. (a) Band profile.
Solid (dashed) lines are used when including (neglectipghtneous polarization. Notice the
type-1l band alignment, with strong built-in electric fisld(b) Exciton’s electron (top row) and
hole (bottom row) charge densities, for a NC wiRh= 1.5 nm and thinid = 1 nm, left column)
or thick (H = 3 nm, right column) shell. If the shell is thick, the strongeimal field separates
electron and hole completely. (c) Electron-hole overla@ dsnction of NC shell thickness for
several radii. The exciton becomes dark rapidly.

Figure 4 evidences that polytypic CdSe are potentially @gting structures for tuning carrier-
carrier interactions, which is an important capability $everal opto-electronic applicatioh§2°
The combination of low band offsets and strong built-in feeldlows for an efficient yet con-
trollable exciton lifetime through the core and shell timeks. The polytypic nature may make
polarization effects more robust than in WZ CdSe dots. In ttterlgtructures, permanent dipole
moments have been reported and often ascribed to spontapelauizatior?’-3%-31The polariza-
tion strength is however believed to be quenched by sever@ce effects, including screening by
passivating ligands, surface reconstruction and relaxgfi non-stochiometric cation termination
of the NCs33 and migration of mobile surface charg¥&sin polytypical structures, the internal
field inside the core is related to the polarization mismaiticthe core/shell interface, which is far
from the external surface and hence less sensitive to stettet>36 On the other hand, as com-
pared to CdSe/CdS heterostructures, the low band offsets a#-Gal$ polytypes should imply

weaker Auger recombinatiotl,38which is convenient for several optical applications.
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Conclusions

We have studied the influence of polytypism in ZB/WZ core/siNgls using kp theory. In
CdSe/CdS heterocrystals, we find quantum confinement, strainiraernal electric fields are
comparable to those of pure WZ NCs. Interfase alloying softeasconfinement potential, but
leaves strain and built-in fields essentially unaltered. aA®sult, low-energy excitons of poly-
typic NCs have quantitatively similar properties to their Watinterparts, which is consistent with
experiments. We predict however that spontaneous polemizes less pronounced than in WZ
heterocrystals, which should translate into shorter tadidifetimes when cores are large.

In CdSe/CdSe NCs, polytypism leads to a core/shell structuite laiv band offsets and no
strain. Spontaneous polarization emerges as a leadiry f@etermining the electronic structure.
If the total volume of the NC is small, quantum confinement@odlomb interaction keep electron
and hole close to each other, but with increasing volumettbag internal fields (tens of mV/nm)
lead to a fast transition towards a type-Il system, with \gelbarated electron and hole charges.
The high sensitivity of the exciton wave function to the NQuroe suggests these could be advan-
tadgeous structures for opto-electronic applicationsreviigning of carrier-carrier interactions is

required, such as lasing, non-linear optics, photodeteatod photovoltaic cell$?
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