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olloidal semiconductor nanocryst-

als attract worldwide scientific and

technological interest due the abil-
ity to engineer their optical properties by
the variation of size, shape, and surface
properties.! 3 Recent studies revealed new
strategies related to composition control of
the properties, including alloying,*~” dop-
ing, and in particular the formation of core/
shell heterostructures.”~ ' The concept of
heterostructuring has been known for years
in the field of epitaxial quantum wells and
superlattices, rendering direct manipulation
of electronic structure by varying the struc-
tural subunit’s width and composition."
This concept was adapted to the field of col-
loidal quantum dots (CQDs) more than a de-
cade ago.’~'* A typical approach at that
time utilized a wide-gap semiconductor
that epitaxially covered a narrow-gap semi-
conductor to form the so-called core/shell
structure, which chemically passivates
surface-related trapping sites. Moreover,
the existence of a wide-gap semiconductor
shell enables electronic wrapping of the
core’s band edges by those of the exterior
shells, which further confines the electron
and hole into the core regime (type-l elec-
tronic alignment), leading to a substantial
improvement in the emission quantum
yield (QY). Advances in the colloidal chemis-
try procedures led to a later development
of type-ll core/shell quantum dots' '3 and
quantum rods,’'% in which the electronic
alignment throughout the core/shell struc-
ture causes spatial separation of the elec-
trons and holes between the two regimes,
or the formation of a quasi-type-Il behavior
in which only one of the carriers is delocal-
ized over the entire core/shell structure.'"'2
Type-ll and quasi-type-Il heterostructures
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ABSTRACT (Colloidal quantum dots (CQDs) attract worldwide scientific and technological attention due to the
ability to engineer their optical properties by the variation of their size. However, several important applications,
such as biological tagging and photovoltaic cells, impose a limit on their size yet demand tunability and thermal
stability of the optical band edge. This work introduces a new class of heterostructures, composed of PbSe or
PbSe,S;_, cores, coated by PbS or PhSe,S;_, shells, with different core-radius/shell-width division, with a radial
gradient composition (with 0 < y < 1,0 < x < 1), which offer a control of the band edge properties by varying
the CQDs’ composition. Continuous-wave and transient photoluminescence measurements over a wide
temperature range (1.4—300 K) revealed a distinct behavior of the heterostructures with respect to that of pure
PhSe cores: (i) increase of the emission quantum yield; (ii) red-shift of the absorption edge but a decrease of the
emission Stokes shift; (iii) alleviation of a dark exciton recombination, viz., a reduction of an exchange interaction;
(iv) tuning of the radiative lifetime with shell width and composition; (v) reduction of the band edge temperature
coefficient, d£/dT, viz., induction of thermal stability. The k - p envelope function calculation, considering abrupt
or smooth alloying continuation of the potential at the core —shell interface, revealed a delocalization of the hole
wave function over the entire volume of the (QDs, as a partial explanation for the marked tunability, nonetheless

preserving a desired size.
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provide interesting opportunities for tun-
ing the electronic band gap,'” luminescence
lifetime,'® and carrier—carrier interactions."®

Whereas major effort has been devoted
to the development of II—VI core/shell
structures,'?~ " there are only a few reports
concerning the heterostructures of IV—VI
CQDs. The pioneering work of Sashchiuk et
al?® and Brumer et al.?' showed the synthe-
sis of PbSe/PbS core/shell CQDs revealing a
chemical stability of the heterostructures
over months at ambient conditions, with a
shell width >2 monolayers (with monolayer
width of 0.6 nm) when stored in a powder
form and photostability under visible and/or
near-infrared excitation (avoiding a UV
pumping under oxygen environment).?2%3
This innovative work was followed by a
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few successful efforts in the formation of PbSe/PbS CQDs
at a low temperature and pressure and growth of a PbS
shell by successive ion layer adsorption and reaction (SI-
LAR) method.?* Recent studies showed the synthesis of
PbSe/CdSe and PbSe/CdSe/ZnSe core/shell heterostruc-
tures, using an ion exchange chemical procedure for the
shell formation.?® The IV—VI heterostructures mentioned,
with band edge tunability in the near-infrared, could be
used in gain devices, 2>’ photovoltaic cells, 2734
spintronics,>>3 and biological labeling.3~3°

Band gap tunability can also be gained in homo-
geneous alloyed materials, such as Culn,Ga;_,Se,*
CdE',E"";_, (E" and E"" are two different
chalcogenes),*#? Cd,Hg;—,Te,** Cd,Zn;_,S(Se),** and
PbSe,S;-, all obeying Vegard’s law change in the crys-
tallographic parameters and corresponding tuning of
the band gap. However, these nanocrystals do not of-
fer tunability of carrier localization, often crucial in tech-
nological devices. Thus, currently the most sophisti-
cated structures involve the integration of a core/shell
heterostructure with a potential interface, combined
with an alloy composition of either the core or the shell
(or both), such as PbSe/PbSe,S; _,,'* Cd,Zn;_,Se/ZnS-
e(S),* CulnS,/ZnS,* and CdTe/CdTe,Se;_,,**® allowing
a gradient composition (when 0 < x < 1) from the cen-
ter to the exterior surface. For example, PbSe/PbSe,S;
and CdTe/CdTe,Se;— core/alloyed-shell CQDs showed
an emission QY up to ~90% and exceptional chemical
stability.2234547 Recent studies**° involving the investi-
gation of CdTe/CdTe,Se;_, and Cd,Zn;_,Se/ZnSe(S),
having a quasi-type-Il configuration, offered the ability
to suppress interrupting Auger relaxation, thus stabiliz-
ing emission intensity (blinking free behavior) and ex-
tending the lifetime of multiple excitons to a nanosec-
ond regime, phenomena with valuable benefits in using
the CQDs in gain devices?*?” and photovoltaic cells.?834

On the basis of the information given, a combined
strategy between core/shell heterostructuring and al-
loying should offer tunability of the core/shell inter-
face’s strain,'®*° band edge offset or/and warping, '~ 2
and delocalization of carriers.>' While several reports ex-
press the merits of this combination in 1I—VI
CQDs,""1217 there is little work on IV—VI based CQDs.
Considering the significant potential of the IV—VI
heterostructures in several of the applications men-
tioned, the present work describes the structural and
optical characterization of PbSe/PbS core/shell (c/sh),
PbSe/PbSe,S;_, core/alloyed-shell (c/a-sh), and newly
prepared PbSe,S, ,/PbSe,S; , alloyed-core/alloyed-
shell (a-c/a-sh) CQDs, with variable internal diameters
and a radial gradient composition (when 0 < x < 1,0
<y < 1). A thorough investigation of the optical prop-
erties was performed by following the variable temper-
ature continuous-wave (cw) and transient photolumi-
nescence (PL) spectra, exploring energy shift, band
edge temperature coefficient, alleviation of a
dark—bright splitting (or exchange interaction),
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Figure 1. Representative HR-TEM image of (a) single
PbSe(5S0.5/PbSeg ;5073 alloyed-core/alloyed-shell CQD with
an overall radius (ria) of 2.0 nm and (b) PbSe/PbSe core/
shell CQD with a core radius (rer) of 2.5 nm and overall ra-
dius of 5 nm. (c) TEM image of an ensemble of CQDs shown
in panel a. (d) SAED image of the CQDs in panel c. () Absorp-
tion (dashed lines) and emission (solid lines) spectra of PbSe
core (bottom and top curves), PbSe/PbS core/shell, PbSe/
PbseO,Gsso;},z COre/a"Oyed'ShE", and Pbseo‘550.5/Pb590.2750‘73
alloyed-core/alloyed-shell CQDs with overall radius, rioa), as
labeled in panel e and measured at room temperature. The
core radii of the heterostructures presented in panel e are in
accordance with Table 1.

valley—valley interaction, emission quantum yield, and
radiative lifetime of the heterostructures, in comparison
with the existing properties of the primary PbSe core
CQDs.*? The results reflect the uniqueness of the elec-
tronic properties of the heterostructures, controlled by
shell width and alloyed composition.

RESULTS AND DISCUSSION

The investigated CQDs were prepared by colloidal
chemistry, according to the short description given be-
low in Methods and a detailed procedure reported in ref
21. The structure and composition of the CQDs were
characterized by the use of high-resolution transmis-
sion electron microscopy (HR-TEM), selected area elec-
tron diffraction (SAED), energy-dispersive analysis of
X-ray (EDAX), inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES,) and X-ray photoelectron
spectroscopy (XPS). Figure 1 represents HR-TEM images
of PbSeq5S05/PbSeq275073 (@) and PbSe/PbS (b) CQDs.
These images reveal distinguished crystal planes, sup-
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TABLE 1. Relevant Parameters® of the Investigated CQDs

molecular formula of CQDs Pb [%] Se [%] S [%] Teore [NM]
PhSe 515 485 0.0 1.5
PbSe 54.0 46.0 0.0 24
PbSe/PbS 55.2 171 21.7 1.5
PhSe/PbS 53.8 13.5 32.7 1.5
PhSe/PhSeq 65032 50.0 40.0 10.0 1.5
PbSegsSos 50.8 25.1 242 1.6
PbSeq sSo.s/PbSeq 245076 49.2 203 30.5 1.6
PhSeqsS0.5/PhSeq 275073 48.8 17.5 337 1.6

Ttotal [NM] E;exp. [eV] E, calc. [eV] Qv [%] Trad [15] E, [meV]

15 1.17 48 2.99 12
24 0.93 1.16 83 1.23 34
21 1.03 1.10 65 2.62 55
23 0.98 0.95 88 1.72 53
21 1.00 1.14 68 221 75
1.6 1.18 27 5.50 103
1.9 1.09 1.40 46 237 73
24 1.02 0.97 65 1.96 45

“band gap energy (£,), quantum yield (QY), radiative lifetime (7,,4) and Stokes shift (E;), all at room temperature.

porting high crystallinity of the a-c/a-sh CQDs. In most
cases the core—shell interface is indistinguishable in
PbSeq5Sos/PbSeq 275073 CQD (panel a) because of the
close proximity of the crystallographic components of
PbSe and PbS semiconductors. However, a boundary is
noted in PbSe/PbS CQD with a shell width >3 nm
(panel b). A representative TEM image of CQDs shown
in panel a is presented in panel ¢, exhibiting a size uni-
formity of ~5%. A representative SAED of CQDs shown
in panel c is shown in panel d, confirming a rock-salt
crystallographic structure (Fm3m space group). Similar
rock-salt structures appeared in all of the investigated
samples. The Pb/S/Se atomic ratios within the hetero-
structures, as measured by EDAX, ICP-AES, or/and XPS
analysis of the investigated samples with different size
and composition, core radius, r.o., and overall core/
shell radius, riota, are listed in Table 1. Representative
EDAX and XPS spectra are supplied in the Supporting
Information, Figure S1.

Representative absorption (dashed lines) and cw-PL
(solid lines) spectra of a few samples with various com-
position and size, measured at room temperature (RT),
are shown in Figure Te. The bottom and top curves cor-
respond to the spectra of PbSe core CQDs with aver-
age radius of reore = 1.5 and 2.4 nm, respectively. The
middle curves represent different heterostructures
(c/sh, c/a-sh, and a-c/a-sh), with composition and size
as labeled in the panel, when ree = 1.5 nm and rig is
up to 2.4 nm. These sets of curves suggest the occur-
rence of a red-shift of the absorption and emission
spectra of the heterostructures with respect to those
of the primary cores with ree = 1.5 nm, but they are
blue-shifted with respect to that of pure PbSe cores
with reore = 2.4 nm. This midway shift is related to a
quantum size effect combined with a composition tun-
ing of the band edge energy. The experimental band
gap energy, estimated by the first excitonic absorption
band, and the corresponding calculated values (dis-
cussed below) of the studied materials are listed in
Table 1. The table also designates the PL QY of a few se-
lected samples. The determination of the QY is given
in detail in the Supporting Information. Systematic im-
provement (up to 88%) of the QY was found in c/sh, c/a-
sh, and a-c/a-sh CQDs versus the primary core CQDs.
The relatively high QY might be related to the improved
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quality of surfaces, e.g., close crystallographic match be-
tween PbSe core and PbS or PbSe,S;_, shell, as well as
the increase of the S% at the exterior surface, with a
lower oxidation outcome. The cw-PL spectra shown in
Figure 1e were pumped by a nonresonant excitation
(1.54 eV), showing an asymmetric or a split band, Stokes
shifted with respect to the first absorption band by an
energy, E;, as listed in Table 1, and Figure S2 in the Sup-
porting Information. The nonresonant Stokes shift has
an interesting behavior: (i) a reduction of £ in ¢/sh
heterostructures with respect to their primary cores.
The Stokes shift is related to a total growth of rio, with
respect to rere, as well as to the generation of an exciton
fine-structure by valley—valley and electron—hole ex-
change interactions. These interactions may be reduced
in ¢/sh structures as the result of a quasi-type-Il band
alignment, as will be discussed below; (ii) £ in c/a-sh
and a-c/a-sh CQDs is smaller than in the correspond-
ing cores but larger than that in core or c/sh CQDs of
an equivalent size (see Table 1). Similar increase of E in
alloyed CQDs (in comparison with pure cores) was ob-
served before in [I=VI>*>* and Ill—V>® quantum dots and
was associated with a nonlinear effect such as optical
bowing, induced by a lattice constant deformation or
different carriers’ distribution in alloyed materials.>*
Figure 2 illustrates the evolution of the cw-PL spec-
tra of a few samples, excited at 1.54 eV and recorded
at different temperatures from 1.4 to 300 K as shown
by the ruler in the figure. Panels a and e represent the
spectra of reference PbSe cores, with an average radius,
Ieore = 1.5 and 2.4 nm, respectively. The cw-PL spectra
correspond to a band edge exciton recombination
emission at the L-point of the Brillouin zone of a PbSe
semiconductor. Panels b and ¢ show the spectra of Pb-
Se/PbS ¢/sh and PbSe/PbSeq¢sS032 ¢/a-sh CQDs, respec-
tively, both with reore = 1.5 nm and rigras = 2.1 nm. Panel
d exhibits the spectra of PbSeqsSos/PbSeq27S073 a-¢/
a-sh CQDs with ryr = 2.4 nm. Once again, at all tem-
peratures the emission energy of the heterostructures
shows a midway shift between the emission energy of
small and large reference cores (panels a and e). The
cw-PL spectra of the smallest PbSe core CQDs are domi-
nated by a single exciton band over the entire temper-
ature range, similar to the observation found in ref 52.
However, the emission spectra of the larger PbSe cores
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Figure 2. cw-PL spectra of PbSe core CQDs with core radius
of (a) reore = 1.5 nm and (e) reore = 2.4 Nnm. cw-PL spectra of
(b) PbSe/PbS core/shell and (c) PbSe/PbSe(¢sSo.3. core/
alloyed-shell CQDs, both with rce = 1.5 nm and riora) = 2.1
nm. (d) cw-PL spectra of PbSesSo.5/PbSeq ;5073 alloyed-
core/alloyed-shell CQDs with rcore = 1.6 Nm and rypea = 2.4
nm. The data were recorded at various temperatures shown
by the ruler. (* indicates that the PL intensity was multi-
plied by a factor of 3 at RT).

occasionally exhibit a split band at elevated tempera-
tures. The cw-PL spectra of the various heterostructures
show an asymmetric or a split shape at all tempera-
tures, presumably consisting of two overlapping emis-
sion bands, where the energy split is of the order 30—55
meV, decreasing with the increase of the shell width
and the S/Se ratio (see Supporting Information, Figure
S3). Interestingly, the split energy closely retains its
value upon the increase in temperature, although the
high energy component is gaining intensity with the in-
crease in temperature. The splitting might be related
to the occurrence of a recombination emission from
two low lying excited states based on the following
grounds: (i) a break of the 4-fold degeneracy at the Bril-
louin L-point minima in IV—VI rock-salt structures, by
confinement or valley—valley interaction. Indeed,
valley—valley interaction, previously reported,”® > sug-
gested a split of the band edge into two manifolds,
each composed of bright and dark states induced by ex-
change interaction. The valley—valley split energy is in
the range of 20—60 meV, increasing with the decrease
of the CQDs’ size, close to the experimental values at-
tained in this work, which also increased with the reduc-
tion of ryy (ii) simultaneous emission from both dark
and bright states, if a Boltzmann distribution at the
cryogenic temperatures permits a heavy population of
the higher energy bright state. This case is less prob-
able, since the observed split of a few tenths of meV is
substantially larger than a theoretical reported value for
an exchange splitting between dark and bright states
in pure PbSe cores; (i) two emission processes can be
related to parallel radiative recombination of a type-|
and quasi-type-Il transitions, overlapping in an en-
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Figure 3. (a) Plot of the low cw-PL band emission peak en-
ergy relative to that at 1.4 K (Ep (T) — Ep(1.4 K)) versus the
temperature T of the samples mentioned in the legend. The
symbols designate the experimental points, and the solid
lines are the best fit curves. (b) Plot of the integrated PL in-
tensity versus 100/T of the samples presented in panel a. The
solid lines here are drawn to guide the eye.

semble of CQDs. Presumably, such a case can be ex-
cluded, based on the observed uniformity, size and
composition; (iv) occurrence of energy transfer be-
tween subgroups of small and large CQDs. The exam-
ined CQDs were dissolved in glass solutions, with a rela-
tively low concentration, minimizing the energy
transfer process. Thus, valley—valley interaction is the
most probable mechanism for a split emission band.
Figure 3a displays the temperature variation of the
peak emission of the low energy cw-PL band of a few
heterostructures, large core and small reference core, as
given in the legend. The figure demonstrates the peak
energy at a temperature, T, relative to that at 1.4 K
(Ep(T) — Ep (1.4 K)) versus a temperature, T. The plots
disclose a blue-shift of the emission energy with the in-
crease in T, which is the biggest for the PbSe cores;
however, they illustrate a moderate change in the
heterostructures. The symbols designate the experi-
mental points, and the solid lines are best fitted curves.
A tangent line to the fitted curve evaluates the slope, re-
vealing the temperature coefficient, dE/dT. This coeffi-
cient is most commonly derived from the temperature
dependence of the first excitonic transition energy, us-
ing Varshni relation;*%® however, if the emission Stokes
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TABLE 2. Energy Band-Gap Temperature Coefficient and
Thermal Activation Energy of IV—VI CQDs’

Heterostructures?

molecular formula of (QDs Ttotal [NM] dE/dT [meV/K] AE, [meV]
PbSe 15 032 15.51
PhSe/PbS 2.1 0.17 17.23
PbSe/PhSeq 5032 2.1 0.15 15.51
PbSeqsSo.5/PbSeq 25073 24 0.06

PbSe 24 0.48 21.54
bulk material dEy/dT [meV/K]
PbSe 0.519

PbS 0.52¢2

“Energy band gap temperature coefficient,d£/dT; thermal activation energy, A£,.

shift is invariant under the temperature, the coefficient
derived in the present case should be relatively close to
the band edge value, dE,/dT. The best fitted coeffi-
cients of a few samples are listed in Table 2, indicating
an increase of dE/dT with an increase in size®' approach-
ing the bulk value of dEy/dT. Also, those coefficients of
the heterostructures are reduced with respect to pure
cores of equivalent ri, Which is most pronounced in
a-c/a-sh CQDs. The temperature dependence of the co-
efficient dE,/dT has dominant contributions from crys-
tal dilation and electron—phonon interactions, as well
as minor contributions from mechanical strain and ther-
mal expansion of the wave function envelope.®' Be-
cause the thermal expansion coefficients of bulk PbSe
and PbS are almost identical,%? it is expected that the
electron—phonon coupling is the dominating effect re-
sponsible for the reduction of dEy/dT in alloyed CQDs.
A minor contribution might be also assigned to a reduc-
tion of a core/shell interface strain by a better crystallo-
graphic match. In any event, the low value of dE/dT in
the alloyed CQDs suggests a thermal stability of the
band edge properties, with a significant importance in
various applications and in particular in solar energy
panels.

Figure 3b demonstrates plots of the PL integrated
intensity of the low energy cw-PL band versus 100/T.
The plots show a similar tendency, including a plateau
at the temperature range >10 to ~150 K, followed by
low quenching of the intensity by an exciton—phonon
interaction at higher temperatures, a typical behavior of
a direct band gap semiconductor.®* However, the trend
is interrupted in two distinct points: (i) occurrence of
an unusual climax in the intensity profile at a tempera-
ture between 150 and 250 K, appearing at higher tem-
perature in ¢/sh and c/a-sh, compared with that of the
primary cores, but with a very small effect in a-c/a-sh
CQDs (see Supporting Information, Table S3). This ab-
normal climax was previously explained® as a thermal
activation between dark and bright states, with activa-
tion energy (AE,) close to the LO phonon energy
(LOppsey = 16.8 meV, LOprs) = 26 meV). The values of
AE, of the investigated samples are listed in Table 2,
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spanning a range that is in close agreement to the sug-
gested theoretical values of the dark—bright splitting
in pure PbSe cores; (ii) an unexplained minor decrease
of the intensity <10 K with an activation energy ~0.4
meV, way below the acoustic phonon energy (LA, TA
~4—6 meV).5 It is worth noting that the best fit shown
in panel a also shows some deviation from perfection
at >150 K, in correlation with the abrupt climax shown
in panel b, due to a change in the emission mecha-
nism from a dark to a bright state emission.

The transient PL spectra were measured by exciting
the sample with 1.17 eV and following the decay time
(Tdecay) Of the emission intensity. Figure 4a displays de-
cay curves of the samples given in the legend, meas-
ured at RT, monitoring the low energy PL component.
Predominantly, the curves exhibit a single exponent be-
havior, where the value of T4,y decreases upon the
growth of a core radius from reoe = 1.5 to 2.4 nm. How-
ever, the Tqecay Of the ¢/sh CQDs is longer than that of
the primary PbSe cores. Plots of the values of Tqecay
measured at various temperatures (as indicated by the
arrow), monitored across the PL spectrum of PbSe cores
and PbSe/PbS c/sh CQDs, are shown in the inset of Fig-
ure 4a. The symbols are the experimental points, and
the solid lines are to guide the eye. It shows that the
Tecay Of the core CQDs is approximately invariant across
the PL spectrum. However, there is a pronounced de-
crease of the Tqecay When moving from the red to the
blue side of a PL spectra of a ¢/sh sample, mainly pro-
nounced at low T but becoming insensitive to the de-
tection energy at RT. The variation of Tqec,y across the PL
band supports the existence of emission of at least
two manifold of states in the PL spectrum of the hetero-
structures, involving different radiative transitions, each
of which having a distinct dependence on the
temperature.

Tdecay IS correlated to the PL radiative lifetime (7;,q)
by the relation, Trag = Taecay/QY (QY values are given in
Table 1). Considering this relation, Figure 4b represents
plots of T,.q versus the measured T of the samples given
in the legend of panel a, monitored only on the low en-
ergy PL component. These plots reveal a drastic de-
crease of T,,9 With the increase in T in core and c¢/sh
CQDs, related to a dark exciton emission® but only a
minor change in c/a-sh and a-c/a-sh CQDs. The small
variation of 7,4 in the later CQDs is also related to the di-
minished climax in the PL intensity versus 1/T (see Fig-
ure 3b). Both effects suggests elevation of the dark ex-
citon characteristic in alloyed CQDs. Figure 4c compares
plots of 7.4 Versus ry of core and c¢/sh CQDs at three
different T (5, 100, and 300 K). These curves reflect a
common behavior, characterized by a reduction that is
turned into an extension of 7,4 with the increase in ryo-
wl (called bowing effect). The turning points are mainly
pronounced when measured at low T. It is important to
note that the decay processes in c/a-sh samples re-
semble those of the c¢/sh materials (not shown), but
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Figure 4. (a) Representative PL decay curves of the
samples listed in the legend at RT. The inset in panel a
presents plots of the measured decay time, Tyecay, Versus
the detection energy across the PL spectrum of core and
core/shell CQDs, measured at different temperatures
(5—300 K) as indicated by the arrow. (b) Variation of the
radiative lifetime versus the temperature of the samples
listed in panel a. (c) Plots of the radiative lifetime versus
the radius (ra)) of cores (solid line) and the correspond-
ing core/shell (dashed line) CQDs, measured at the vari-
ous temperatures as indicated in the figure.

the turning points in ¢/sh and c/a-sh CQDs occur at a
smaller ryr than that of cores of equivalent size. In fact,
a turning point in the variation of 1.4 with size was al-
ready reported in PbSe core CQDs at RT for samples
With reoe between 2 to 10 nm.>6~% Currently the mech-
anism of this behavior is not clearly understood; how-
ever it was previously suggested® that the initial reduc-
tion of 7,4 with increasing size could be attributed to

NJ() VvoL.4 = NO.11 + MAIKOV ET AL

the size-dependence of the matrix element for sponta-
neous emission |(Ui4P[s)|* that governs the recombina-
tion rate up to i =~ 2 NM.% For larger sizes, how-
ever, the matrix element is expected to become size-
independent, so T,,g becomes proportional to the
wavelength of emitted radiation, which is consistent
with the trend observed in Figure 4c.

The electronic structure of PbSe/PbS ¢/sh and PbSe/
PbSe,S;_x c/a-sh CQDs was calculated using the k - p en-
velope function method using a four-band bulk Hamil-
tonian and band edge Bloch functions.®” The
Hamiltonian was adjusted to the discontinuity at the
PbSe/PbS interface by the appropriate choice of the ki-
netic energy term, ensuring probability current conser-
vation and continuity of the envelope functions (see
Supporting Information). In addition, the Hamiltonian
potential energy term included the heterostructure
band offset, abrupt for the c/sh structure but consid-
ered as a smooth function for the c/a-sh CQDs.%® Pre-
sumably, the smooth potential profile reflects the na-
ture of the interface region in alloyed materials with
gradient composition, being an extension of the stan-
dard treatment for semiconductor heterostructures.
The overall band offset was chosen as that of the corre-
sponding bulk PbSe and PbS materials (where the va-
lence band maximum of bulk PbS lies 0.025 eV above
that of PbSe, while the conduction band minimum lies
0.155 eV above that of PbSe).>"¥” Diagonalization of the
envelope function Hamiltonian yielded the electron
and hole wave functions, as well as a good approxima-
tion of the energy values of the conduction and
valence-band’s states. Representative radial distribu-
tion functions, [{s(r)|*r?, of the holes and electrons of a
few samples are shown in Supporting Information, Fig-
ure S3. Three-dimensional plots of the electron and hole
distribution functions on (111) cut-plane for a pure
core (panel a), c/sh CQDs (panels b and ¢), and c/a-sh
(panels d and e) of equivalent ry, are shown in Figure
5. Panels f and g show the electron and the hole distri-
bution for a c/a-sh with reoe = 3 Nm and rio = 5 NM.
In the case of a pure core structure, the distribution of
electron and hole is virtually identical, and thus panel a
describes either one of the carriers. The choice of the
(111) plane is made for the calculation convenience
only and is equivalent to choosing any other crystallo-
graphic plane for the distribution representation, since
the ground state wave functions are spherically sym-
metric. These plots reveal a distinct trend, in which the
lowest energy hole state, [1/2, 1) (1/2 denotes the total
angular momentum j of the state, and *1 corresponds
to the parity ), is more delocalized with respect to its
counter partner, the lowest energy electron state |1/2,
—1), in ¢/sh and c/a-sh CQDs, characteristic of quasi-
type-Il configuration at the band edge. This electronic
distribution explains the experimental observations of
the gradual red-shift of the absorption spectra with the
increase of the shell width. The electron and hole spa-
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Figure 5. Probability density on the (111) cut-plane for electron and hole in (a) PbSe CQDs, riora) = 2.4 nm. (b) Electron and (c)
hole in PbSe/PbS CQDs, reore = 1.5 NM, s = 2.3 nm. (d) Electron and (e) hole in ¢/a-sh CQDs, feore = 1.6 NM, Figrar = 2.4 nm. (f) Elec-
tron and (g) hole in c/a-sh CQDs, rcoe = 3 NM, Iiora) = 5 Nm (Both dashed circles, outer and inner, represent the external particle
boundary and the core/shell interface location, respectively.) The insets marked VB (valence band) and CB (conduction band)
schematically represent the radial potential energy profile used in the calculation in each case. (h) Energy as a function of rioa
of two lowest states of electron and hole in PbSe core and PbSe/PbS core/shell CQDs with riptai/fcore = 3/2.

tial distribution functions in ¢/sh CQDs shown in Fig-
ure 5, panels b and c suggest that the distribution of
both carriers is similar to that of a c/a-sh structure (Fig-
ure 5, panels d and e); however, the distribution differs
from the case of a simple core CQD of comparable total
size (Figure 5a). The calculations show that for hetero-
structured particles with rre < 3 Nnm the energies of the
lowest lying electron levels exceed the potential bar-
rier height (either abrupt or gradual), located at the in-
terface between the core and the shell, thus signifi-
cantly reducing the effect of quantum confinement
induced by the shell layer. On the other hand, in the
case of larger c/sh or c/a-sh particles the electron en-
ergy is lower than the barrier height, thus enforcing the
confinement (and subsequently the localization) of the
electron in the core region (cf. Figure 5, panels b and f).
However, the energy difference between the valence
band edges of PbSe and PbS is almost an order of mag-
nitude smaller than that between the conduction band
edges, and hence the hole distribution is influenced

by the shell to a much lesser extent (cf. Figure 5, pan-
els cand g).

Figure 5h displays the calculated energy of two low-
est energy states versus the ri, of core and c/sh CQDs
With riotal/feore = 3/2. This figure reveals a pronounced
influence of the shell on the energy levels of the carri-
ers. In the case of a ¢/sh structure, both the electron and
hole levels are lowered in energy relative to a core
structure of the same size, with a larger influence on

www.acsnano.org

the hole levels. In the framework of this model the en-
ergy levels of c/a-sh structures are almost identical to
those of ¢/sh and hence are not shown here. This find-
ing is consistent with the experimental observation of
the red-shift in the emission energy of the c¢/sh and
c/a-sh heterostructures, relative to the cores of corre-
sponding size. The theoretical [1/2, 1) —|1/2, —1) tran-
sition energies (which is the first excitonic transition) are
listed in Table 1 and are compared with the experimen-
tal absorption band edge energies, with a close agree-
ment for CQDs with rio, > 1.5 nm (Apparently, the ac-
curacy of the model is not satisfactory for very small
sizes due to the breakdown of the major assumption
that the envelope function is slowly varying on the scale
of the unit cell). The model reproduced the band edge
energies of the CQDs with relatively close agreement
with the experiment, as well as predicted varying delo-
calization extent of the electrons in the lowest conduc-
tion band. The explanation of the reported variation of
various physical properties of ¢/sh and c/a-sh hetero-
structures would demand further theoretical consider-
ations (e.g., mass anisotropy, exchange interactions),
which are beyond the scope of the discussed model but
will be done in the future.

CONCLUSION

In conclusion, the current work investigated the op-
tical properties of PbSe/PbS c/sh, PbSe/PbSe,S; - c/a-
sh, and PbSe,S;_,/PbSe,S;, a-c/a-sh CQDs over a wide
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range of temperatures. The investigated heterostruc-
tures have distinguished properties in comparison with
those of pure PbSe core CQDs with equivalent overall
size (rora) and identical core radius (reore): (i) increase of
the PL QY at RT with respect to their primary core CQDs;
(ii) red-shift of the emission energy with respect to pri-
mary cores, but a blue-shift in comparison with a simple
core of similar overall size, revealing composition-
tunable band gap energy; (iii) split of the PL exciton
band, at all temperatures, presumably due to a
valley—valley interaction, when the split energy is re-
duced with the increase of the shell width (or ra); (iv)
smaller band edge temperature coefficient (especially
at alloyed CQDs) with respect to the primary cores, sug-
gesting a thermal stability; (v) drastic change in life-
time between low and high temperatures in c/sh CQDs,
but only a minor change in the alloyed CQDs. This in-
variant lifetime is also correlated with a minor
dark—bright thermal activation process in the alloyed
heterostructures, both properties suggesting elevation
of the dark characteristic upon the induction of gradi-
ent composition with a soft core—shell interface;

(vi) bowing variation of the radiative lifetime with the

METHODS

The synthesis of PbSe cores, PbSe/PbS c/sh, PbSe/PbSe,S; -«
core/a-sh, and PbSe,S;_,/PbSe,S; -, (0< x, y <1) a-c/a-sh CQDs,
all coated with oleic acid ligands, is described in detail
elsewhere.?’?2 However, for completeness of presentation, a
brief description is given here. PbSe CQDs were formed by injec-
tion of Pb and Se precursors, Pb(acetate), and TOP:Se, into a pre-
heated mother solution, composed of oleic acid (OA), trioctyl
phosphine (TOP), and phenyl-ether. It should be noted that alter-
native precursors were tried, including PbO as the lead ion
source and octadecene® as a noncoordinating solvent; how-
ever, these starting materials led to a faster reaction, eliminat-
ing attaining small CQDs, so the alternative precursors were not
used in the current study. The PbSe/PbS core/shell CQDs were
prepared in two pots, starting with a preliminary synthesis of
PbSe cores, their separation from the original pot and resuspen-
sion in a Se free solution. The following stage involves an epitax-
ial coating of PbS shells in a second pot, by the injection of the
stoichiometric amounts of Pb and S ions into the core solution.
PbSe/PbSe,S; - and PbSe,S;,/PbSe,S;-, CQDs are produced in
one pot by simultaneous injections of Pb, Se, and S precursors,
Pb(acetate),, TOP:Se and TOP:S, into the preliminary mother so-
lution. Examination of intermediate aliquots by EDAX, ICP-AES,
or/and XPS revealed the creation of embryonic PbSe or PbSe,S; -,
nuclei (measured <0.5 min after the injection) and a delayed
precipitation of PbSe,S;—, shells. A preliminary injection of Pb/
Se/S ions ratio of 1/1/0.5 led to the nucleation of a pure PbSe
core due to the faster reactivity of the Se precursors at the nucle-
ation stage.?’ However, the increase of the S/Se ratio (S/Se >
1.5/1) enabled an immediate integration of both elements with
the nuclei (monitored already in the first aliquot). Further ali-
quots revealed a gradient increase of the S/Se ratio when mov-
ing from the interface toward the exterior surface. For simplicity,
the samples were labeled as PbSe,S; -,/PbSe,S; .

The oleate-capped PbSe CQDs were stored either in a chlo-
roform solution or as a dry powder in air or in nitrogen ambi-
ent. The stability of these CQDs was examined over a period of
time by recording the absorption spectra and following the con-
sistency of the low exciton energy. Plots of this exciton energy
versus time suggest that the exciton energy in the core samples
is blue-shifted by ~400 meV over a period of days for the CQDs

overall size, row, With a turn point that deviates from
that of a simple cores of equivalent size. The unique be-
havior of the c/sh, c/a-sh, and a-c/a-sh are related to
the relatively good crystal match between the core and
shell constituents, the specific composition, and the
partial delocalization of at least one of the carriers (in
the framework of this investigation, the delocalization
of the hole) over the entire structure. A smooth poten-
tial at the core—shell interface was applied here, for the
first time, for the determination of the electronic struc-
ture of alloyed IV—VI CQDs, showing similar behavior
for the electron and hole wave function in c/a-sh and
¢/sh heterostructures. The explanation for the reported
variation of various physical properties of c¢/sh and
c/a-sh heterostructures would demand further theoreti-
cal considerations that are beyond the scope of the dis-
cussed model and will be done in the future. The
heterostructuring and composition control of the dis-
cussed samples could be of significant importance in
applications where the CQDs' size is restricted, e.g., bio-
logical markers or self-assembled CQDs in opto-
electronic devices, while at the same time there are
stringent demands regarding the optical tunability.

kept in a chloroform solution. Such a blue-shift, however, oc-
curs over months for the samples kept as dry powders. On the
other hand, the energy shift is smaller for the PbSe/PbS c/sh
samples and even nearly disappeared for the CQDs coated with
three PbS shell monolayers. It is presumed that the exciton en-
ergy blue-shift is due to oxidation of the surface and a decrease
of the effective size of the core.???* Obviously, the penetration of
oxygen through the PbS shell is reduced with the growth of
the shell width. Furthermore, storage of the CQDs in a nitrogen
environment nearly eliminates any spectral drift over a period of
months, even extending to 2—3 years. Also, the studied samples
showed photostability when exposed to visible (514.5 nm Ar+
or 800 nm Ti:sapphire lasers) and near-infrared (1400—1500 nm
diode laser) radiation over weeks. It should be noted that most of
the optical measurements were carried out at cryogenic temper-
atures (see below), inducing a He gas environment around the
samples. Unpublished results determined degradation of the
samples when exposed to intense pulsed UV radiation, which is
avoided completely in the current study.

The morphology and crystallography of the colloidal CQDs
were examined by X-ray diffraction, transmission electron
microscopy (TEM model Tecnai T20), high-resolution TEM
(HR-TEM), and selected area electron diffraction (JEOL 3010).
The TEM specimens were prepared by injecting small liquid
droplets of the solution on a copper grid (300 mesh) coated
with amorphous carbon film and then dried at room
temperature.

The absorption spectra of the samples were recorded on a
JASCO V-570 UV—vis—NIR spectrometer. The cw-PL spectra
were obtained by exciting the samples with a tunable Ti:sap-
phire laser, Coherent 890 (Exc = 1.48—1.80 eV). The PL spectra
of the materials studied were recorded at a temperature range of
1.4—300 K, while immersing the samples in a variable tempera-
ture Janis cryostat and detecting the emission with an Acton
Spectrapro 2300i monochromator, which was equipped with a
cooled InGaAs CCD. The PL decay curves were recorded by excit-
ing the samples with a Nd:YAG laser, Continum Minilite Il
(Eexc = 1.17 V). The measurements utilized a laser flux <0.1 mJ/
cm?, corresponding to a photon fluence of j, ~ 10" photons/
cm? per pulse. Considering the absorption cross-section of oy ~
107"* cm?, measured in ref 16, the number of photogenerated
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excitons is given by (No) = j,00, and estimated to be 1074 << 1,
ensuring the generation of single excitons. The cw-PL and
transient-PL curves were monitored by a photon multiplier tube,
Hamamatsu NIR-PMT H10330-75. The PL QY was measured uti-
lizing integrating sphere technique described by Friend et al.>27°
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