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Mn2" as a Radial Pressure Gauge in Colloidal Core/Shell Nanocrystals
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The fluorescence of Mn?" doped in the shell of CdS/ZnS core/shell nanocrystals at radially controlled
position is used as a local probe of pressure in the nanocrystal shell. The redshift of the fluorescence with
increasing shell thickness indicates a pressure of more than 4 GPa for 7.5 monolayers of ZnS. The radial
dependence and magnitude of the pressure derived from the Mn>* fluorescence shift are in good
agreement with the spherically symmetric elastic continuum model and the 7% misfit between the core

and the epitaxial shell.
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Colloidal semiconductor Quantum Dots (QD) are a
growing class of materials which offer tunable optical
and electronic properties [1]. In particular, luminescent
and stable core/shell nanocrystals, such as CdSe/ZnS [2]
and other combinations, have facilitated the multifaceted
applications of these materials. While lattice mismatch and
band offsets have provided a rough design guideline for
colloidal heterostructures, there has been little discussion
of strain, unlike for planar heterostructures which have
long been studied [3]. In principle, the finite interfacial
area of nanostructures guarantees that lattice mismatch can
be accommodated; however, strain may still be large
enough to generate dislocations. For example, a few ZnS
layers can be grown epitaxially on CdSe nanocrystals, but
defects are introduced when more ZnS is deposited [4].
Understanding the physical consequences of lattice mis-
match may help in designing better core/shell structures.
Yet, local strain within colloidal nanostructures has not
been measured because of the lack of appropriate tech-
nique. High resolution Transmission Electron Microscopy
(TEM) can hardly resolve local lattice changes of a few
percent, while x-ray diffraction only provides volume
averaged values. In this Letter, in analogy with the Ruby
fluorescence used in high pressure experiments [5], the
fluorescence of the Mn?" dopant placed at a well defined
position in a core/shell system provides a first view of the
radial pressure distribution. The observations are then
validated by the predictions of a simple elastic continuum
model.

The system studied is the CdS/ZnS core/shell nano-
crystals where the Mn?* radial position is precisely con-
trolled within the shell, a system recently developed by
Cao and co-workers [6]. All samples used the same CdS
cores [7] that were grown for 10 min. at 240 °C. The cores
have a narrow exciton emission peak at ~420 nm and a
zinc-blend crystal structure. Their diameter is ~3.3 nm
using the relations established by Peng and co-workers
[8]. The ZnS shell was grown monolayer by monolayer
(ML), by alternate injections of Zinc-stearate solution
(0.1M) in octadecene (ODE) and sulfur in ODE (0.1M)

0031-9007/07/99(26)/265501(4)

265501-1

PACS numbers: 61.46.Df, 71.20.Nr, 71.55.Gs, 73.21.La

in a reaction mixture with the host particle (CdS or
CdS/ZnS) dispersed in 3.6 ml of ODE and 1.2 ml of
Oleylamine. One monolayer is taken to correspond to a
radius increase of a/2 where a is the lattice constant of
ZnS (a = 0.542 nm). The synthesis consists of first the
growth of x ML of ZnS. Then, Mn?" is incorporated by
injecting 0.28 ml of a Manganese acetate solution in
Oleylamine (0.5 mM). The amount is equivalent to
13 atoms of manganese per dots. However, the insertion
yield is only 30% so that there should be about 4 Mn?* per
nanoparticles [6]. The particles are then precipitated to
eliminate unreacted Mn precursors. Afterwards, the dots
are added to a growth mixture to finish the deposition of the
7 ML of ZnS. A final injection of Zinc-stearate provides
the last % ML. The samples are indexed by the number of
ZnS ML between Mn?* and the CdS cores, varying from 0
to 6, corresponding to a Mn?" radial position varying
between 1.65 and 3.3 nm.

Aliquots were extracted from the reaction mixture after
each ZnS layer over the Mn?" layer. TEM confirmed the
increase radii as the layers are deposited. The final dots are
rather spherical with a diameter very close to the expected
7.45 nm. They remain monodispersed (<10%) with a
narrow photoluminescence from the CdS, ~19 nm full-
width half maximum, and single crystalline as shown in
Fig. 1. UV-visible absorption and fluorescence excitation
spectra also show the increasing contribution from the ZnS
absorption. The Electron Paramagnetic Resonance (EPR)
of the Mn?" ions confirmed the tetrahedral bonding of
Mn?*. There is a small systematic increase of the hyper-
fine splitting from A;, = (68.3 = 0.05) X 10~* cm™! to
Ao = (68.5 = 0.05) X 107* cm™! from 0 to 6 ML, re-
spectively. The EPR spectrum shows narrow hyperfine
lines and no broad background which would be due to
Mn-Mn interactions, confirming that the Mn is dilute [9].

The main result analyzed here is the smooth shift of the
Mn?* PL as more ZnS layers are deposited. For the 0 ML
sample where Mn?" is at the CdS/ZnS interface, the Mn>*
PL peak varies incrementally from ~2.09 to 1.96 eV as the
ZnS shell increases to 7.5 ML. Similarly, for the fixed
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FIG. 1.

TEM image of the CdS/ZnS; 5 yy, doped with manga-
nese. The inset shows the lattice resolution throughout the
nanocrystal. The scale bar is 5 nm. The growth scheme is shown.

7.5 ML ZnS shell, the Mn>* PL peak tunes strongly with
depth, from 2.11 to 1.96 eV for the 6 to the 0 ML samples,
respectively. The normalized Mn?>* PL at the different
depths are shown in Fig. 2.

Figure 3(a) shows the Mn’>* PL peak values for the
seven radial positions of the Mn?* ions, as a function of
shell thickness. There is a systematic trend in these data,
where more overlayers of ZnS lead to a redder emission
and where the tuning is largest as the Mn?" is closer to the
interface. In the bulk, Mn?>" fluoresces orange, and the
most documented value given for ZnS is 2.12 eV [10].
The peak emission of Mn?* is however sensitive to the next
nearest neighbors and the distortion from the tetrahedral
sites. It could therefore be that each of the different values

1.0 -

0.8 -

0.6 -

0.4 -

0.2 -

Photoluminescence (arbitrary units)

0.0 4

1.8 2.0 2.2 2.4 3.0 3.2 3.4
Energy (eV)

FIG. 2. Left: blueshift of the Mn?" PL for CdS/ZnS,y./
Mn/ZnS 7 5y With x increasing from 0 to 6. Right: emission
of undoped CdS/ZnS(7.5 ML).

measured corresponds to small differences in local
environment.

On the other hand, it seems likely that after the first ML
of ZnS is deposited on the Mn2*, the local environment is
set, and that the tuning with thicker overlayers reflects a
longer range effect, of which pressure is a likely candidate.
In bulk ZnS, the Mn?>* emission tunes with pressure at a
rate &« ~ —30.4 meV/GPa [11]. The redshift of 127 meV
observed here for the 0 ML sample as the ZnS shell
increases from 1 to 7.5 ML, and therefore corresponds to
a very large pressure increase of 4.2 GPa.

Surface tension in spherical particles gives rise to the
Laplace pressure P = 27y/R, where R is the particle radius
and vy is the surface tension. For the ZnS surface passivated
with the organic ligands, y is not known. However, for
CdSe nanocrystals also passivated but with different or-
ganic ligands, a size-dependent y was reported as y =
0.34 + 0.84/R?> (nm)N/m [12]. Using this value as a
guideline, the Laplace pressure decreases by 0.3 GPa as
the ZnS shell increases from 1 to 7.5 ML. Therefore,
surface tension is of opposite trend to the experimental
observation, but it accounts for less than 10% of the
observed effect and it is neglected.

There must also be a pressure due to the 7% lattice
mismatch between the CdS core and the ZnS shell [13].
If epitaxy is maintained, without the incorporation of misfit
dislocations, the ZnS lattice must extend and compress the
core. To calculate the pressure, we use an isotropic model
and continuum elasticity [14]. With spherical symmetry,
the displacement u is only radial, such that u, satisfies
Vzup = (. Therefore, in the core of radius R <R,
ug,(R) = AR, while in the shell u; ,(R) = BR + C/R*
where the indices O and 1 refer to the core and shell,
respectively. To determine A, B, and C, the three boundary
conditions are zero pressure at the outside radius Rj,
P(R;) = 0, continuous pressure at the interface, and the
mismatch & of the lattice constants at R, imposes (1, —
uy,) = &Ry. For CdS and ZnS, & = +0.07. The pressure
as a function of radial position R is then given by

— 3
pop LR e
[1 = (Ri/Ro)’]
and P=P, forR=R, (1)

where the interfacial pressure Py is Py = 2EyE e[R}/R} —
1ARE (1 = 2v0) + Eo(1 + w1) RS /RY — 2[E (1 = 2w) —
Eo(1=2v)]}

E and v are the Young’s modulus and Poisson ratios for
core (0) and shell (1). The Young’s modulus and Poisson
ratio are taken from the Reuss-Voigt-Hill average of the
cubic lattice elastic constants [15]. For cubic ZnS, ex-
perimental data [16] give E = 86 GPa and v = (.32.
Theoretical values for cubic CdS are E = 68 GPaand v =
0.34 [17] while values derived from Wurtzite data [18] are
E = 46 GPa and v = 0.37. Results from Eq. (1) are calcu-
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FIG. 3 (color online). Mn?" PL peak as a function of nanoparticle size for CdS/ZnS ;. /Mn/ ZnS (7 5 ymL- (a) Experimental results.
(b) Theoretical results from the elasticity model using a fixed 2.12 eV for the zero-pressure Mn>" emission.

lated with the values given above for ZnS and the average
of the two theoretical CdS values. The model shows that
the interfacial pressure builds up as the shell thickness
increases, saturating to a value that depends on the material
properties but not on the initial radius. Using (1), the
interfacial pressure saturates to Py = 5.5 GPa, indeed
within the range of the maximum experimental value
reported above.

To compare to the experimental data in more detail, one
needs the zero-pressure Mn?>* emission peak as a refer-
ence. In Fig. 3(b), we used a fixed value of 2.12 eV which
provides good agreement with increasing shell thickness
but with vertical offsets. This is because the Mn?" emis-
sion is sensitive to the local environment. In Mn:CdS
nanoparticles, the emission is at 2.16 eV [19] compared
to 2.12 eV for bulk ZnS. The data show also that the
interfacial Mn?" at 2.09 eV is redshifted from both CdS
and ZnS bulk values. The peak emission is due to the
crystal field, including the metal ions which are the next-
nearest neighbors and the local strain. While it is conceiv-
able that future studies could directly analyze the value of
the emission peak, this is not possible at the moment.

In this Letter, we propose however that the shift of the
emission as shells are built up is simply proportional to the
pressure, independently of the local environment. Using
the shift instead of the absolute values thus allows a direct
comparison between the different positions of Mn’*.
Figure 4 shows AP = a(E(final) — E(R,)) for a given
radial position of Mn?>* where E(final) is the peak energy
when R; = 3.7 nm (7.5 ML of ZnS) as a function of the
nanoparticle size R;. This is then compared to the theo-
retical AP = P(final) — P(R,) where similarly, P(final) is
for Ry = 3.7 nm.

The agreement is excellent with no adjustable parame-
ters. Additional experiments have also been done for Mn?*
doped inside CdS cores. The delayed Mn?>* phosphores-
cence peak is observed at 2.162 eV in agreement with
previous reports [17] and it redshifts as the ZnS shell is
grown. Starting with CdS cores of 3.4 = 0.4 nm diameter
(the size is determined by TEM and the error is the stan-

dard deviation on 50 particles) and growing the ZnS shell
to a final size of 5.7 = 0.8 nm diameter, the phosphores-
cence shifts to 2.031 eV. This corresponds to a core pres-
sure of 4.3 GPa, again in close agreement with the model
which gives 4.6 GPa.

The agreement between the Mn>* observations and the
continuum elastic model suggests that the model is useful
to understand stress in composite structures at the nm
scale. For example, for the ZnS shell on CdSe, the lattice
mismatch is & = (0.12. Experimentally, the shell grows
smoothly for a couple ML [2], but thick shells are rough
[4]. From the expression above, the pressure induced by a
hypothetical thick and epitaxial ZnS shell on CdSe would
be ~10 GPa. The strain is thus likely to exceed the thresh-
old for creation of misfit dislocations. On the other hand,
for CdSe/CdS and CdSe/ZnSe with smaller mismatch, the
maximum interfacial pressure remains smaller, possibly
allowing unlimited thick shells.
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FIG. 4 (color online). Pressure difference between the final
shell of 7.5 ML of ZnS and intermediate shell deposition. The
symbols are the measured values for Mn?* located at x = 0 to 6
ZnS ML from the CdS core as 1 to 7.5 —x ML ZnS are
deposited. The horizontal error bars are estimated to be
<1 ML (0.27 nm) and the vertical error bars are the symbol
size. The bold line is the result from the spherical continuum
elastic model.
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It is also interesting to compare the core/shell pressure to
pressures associated with phase transitions in the materials.
For bulk ZnS, the zinc-blend—rocksalt transition pressure
is 15 GPa, with a hysteresis of 5 GPa [20], therefore well
beyond the range discussed here. However, for bulk CdS or
CdSe, the conversion from wurtzite—zinc-blend to rocksalt
occurs around 2 GPa with a hysteresis width of also
~2 GPa [21]. This is within the regime considered here.
With small particles, the hysteresis is broadened, and the
pressure of the phase transition is raised [12]. This may
explain why CdS/ZnS retains the zinc-blend structure in
spite of the high pressures. On the other hand, for larger
mismatch, one possible failure of the core/shell growth
could be distortions of the core or shell lattice associated
with a phase transition of the materials.

The spherical model suggests that epitaxial growth of a
fixed shell thickness leads to lower pressures on larger
cores and that it should be easier. Yet, it is known that
the ZnS shell does not grow better on larger CdSe cores.
This discrepancy may arise because the model does not
account for crystal anisotropy and the faceting that occurs
for larger cores. It should also be noted that the integrated
elastic strain energy, for a fixed shell thickness, still grows
with core size and that creation of dislocation may simply
be energetically favorable.

Lastly, the exciton PL peak of undoped core/shell
exhibits a ~0.1 eV blueshift with increasing ZnS layers
from 1 to 7.5 ML. This is in rough accordance with the CdS
bandgap increase with pressure [19]. However, a determi-
nation of the internal pressure based on this observation is
not precise since the exciton shift is also related to quantum
confinement.

In summary, the emission of Mn?" is sensitive to the
local environment but its tuning with shell thickness ap-
pears to be an excellent local pressure probe. Using bulk
pressure tuning values, the redshift of the Mn?" emission
in colloidal CdS/ZnS indicates a pressure increase in ex-
cess of 4 GPa as shells are built up. By controlling the
Mn?" position and ZnS shell thickness, the radial depen-
dence and magnitude of the pressure were determined. The
observations are in good agreement with the simple spheri-

cally symmetric elastic continuum model and are attrib-
uted to the 7% misfit between the core and the epitaxial
shell.
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