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ABSTRACT

We investigate the buildup of strain in InP quantum dots with the addition of shells of the lower-lattice constant materials ZnSe and ZnS
by Raman spectroscopy. Both materials induce compressive strain in the core, which increases with increasing shell volume. We observe a
difference in the shell behavior between the two materials: the thickness-dependence points toward an influence of the material stiffness. ZnS
has a larger Young’s modulus and requires less material to develop stress on the InP lattice at the interface, while ZnSe requires several layers
to form a stress-inducing lattice at the interface. This hints at the material stiffness being an additional parameter of relevance for designing

strained core/shell quantum dots.

Published under license by AIP Publishing. littps://doi.org/10:1063/1.5124674

I. INTRODUCTION

Most photonic applications of colloidal semiconductor quan-
tum dots (QDs) employ core/shell nanocrystals.H The shell pas-
sivates the sensitive core, allows circumventing QD blinking,
and generally improves the QD’s optical properties.” Among
the potential II-VI aand III-V compound semiconductor mate-
rials for QDs, InP offers a broad emission wavelength range,
robust synthesis protocols, and high stability.” Core/shell InP/ZnSe
and InP/ZnS QDs display favorable photoluminescence proper-
ties in combination with a lower toxicity than for Cd-based
QDs.””’

In most cases, core/shell QDs are strained materials because of
surface reconstruction compensating the lattice mismatch between
the core and the shell'’ The strain can lead to the forma-
tion of defects that give rise to localized electronic states in the
bandgap, increasing the rate of nonradiative recombinations and,
by that, the quantum yield. However, strain can also be used as an

additional parameter to tune light emission by QDs.'' "’ The control
and optimization of the core/shell strain is therefore of general inter-
est. Changing the lattice constants allows us to engineer the strain,
for example, by using quaternary solid solutions such as Zn, Cd and
S, Se.! "

In addition to the mismatch between the two lattices, the
core size and the shell dimensions are relevant parameters for the
induced strain.'”"” In general, smaller cores and shells are more
strained, where larger structures have more possibilities to relax
strain within the material. This leads to complex dependencies, com-
plicating the minimization of strain or the use of strain for material
engineering.

Raman spectroscopy is a powerful tool to investigate strain
in QDs. It is a nondestructive, room-temperature experiment that
requires only a small sample amount. Regarding strain, Raman spec-
troscopy does not suffer from the limited element sensitivity of
transmission electron microscopy (TEM) and has a higher sensi-
tivity than powder X-ray diffraction. In most cases, it can address
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the core and shell simultaneously and also delivers information on
alloying and further structural properties."”*’

In the present study, we focus on InP core/shell QDs and
investigate the interplay between strain and the shell thickness
and lattice mismatch for the two most established shell materi-
als, ZnS and ZnSe. For both shells, the lattice mismatch leads
to compressive strain in the core. However, a monolayer of ZnS
already shows a strong impact, whereas ZnSe shells only induce
a more drastic strain buildup with increasing shell thickness.
This difference in the thickness dependence can be understood
when considering the material stiffness as a relevant parameter
in addition to the previously mentioned lattice mismatch and
sizes.

Il. METHODS
A. Synthesis

The synthesis protocol for InP/ZnSe QDs was reported ear-
lier.”" For bare InP QDs and the InP/ZnS QDs, we employed a
protocol modified by us.”” We used InP QDs with 3.2 nm diame-
ter as cores. The core diameter was estimated using a combination of
bright field transmission electron microscopy (TEM) and absorption
spectroscopy, as described in the supplementary material. Aliquots
were taken during different steps of the shell growth for obtaining
different shell thicknesses. ZnSe shells with 2, 5, 9, and 13 mono-
layers were synthesized. In addition, InP/ZnS QDs with 1, 2, and
3 shell monolayers were prepared. TEM images were taken using
a JEOL 2200 FS microscope, and absorption spectra were taken
using a Perkin Elmer Lambda 950 spectrometer. Assuming negli-
gible changes in the core diameter, the shell thicknesses were cal-
culated from statistical TEM analyses of the full QD sizes. As an
additional measure, sizes were calculated from the expected reaction
yield.

B. Raman spectroscopy

The QD solutions were drop-casted on silicon wafers. All
spectra were recorded in a confocal backscattering geometry.
A 514 nm ArKr ion laser (Coherent) served as an excita-
tion source, and a HORIBA LabRAM HR Raman microscope
equipped with a 1800 grooves/mm grating and a Peltier-cooled

a b
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- InP/ZnSe 5ML
3
O
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‘B
c
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£
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CCD was used to acquire the Raman spectra. The laser power
was kept at a few hundred microwatts on a diffraction lim-
ited spot to avoid sample heating or destruction. Reference spec-
tra were taken from several sample spots, showing no signifi-
cant degradation. Each set of spectra‘was calibrated using neon
lines.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1(a) summarizes the optical properties of the core/shell
QDs studied here. An exemplary TEM image is displayed in
Fig. 1(b). The QDs are of uniform size and can be well-resolved by
TEM, but the limited element contrast does not permit to differ-
entiate between core and shell. This is possible with Raman spec-
troscopy. The different reduced masses of the ions contributing to
the phonon vibrations result in different frequencies of the corre-
sponding Raman bands. Figure 2 displays exemplary Raman spec-
tra of the three systems, plain InP QDs, InP/ZnSe core/shell QDs,
and InP/ZnS core/shell QDs. The Raman spectrum of the plain
InP QDs consists of two sub-bands centered around 300 cm™!
and 340 cm™'. The two bands are commonly assigned to the lon-
gitudinal optical phonon (LO) and the transverse optical phonon
(TO) of InP."* In the case of InP/ZnSe QDs, the lighter InP lat-
tice has its Raman-active LO mode at higher frequencies than
ZnSe. In the Raman spectra, the ZnSe shell reflects as a broad
Rarragm band around 210 cm™" and can be assigned to the ZnSe
LO."”

In the case of InP/ZnS QDs, the situation is different because
the ZnS LO and the InP LO have frequencies in a similar regime,
leading to a broad Raman band around 350 cm™".”* All observed
LO frequencies of core/shell QDs differ from the plain core and
bulk values because of strain due to lattice reconstruction. A com-
pression of the lattice results in a shift to higher frequencies, while
tensile strain lowers the frequency. Monitoring the evolution of the
LO frequency with increasing shell dimensions gives direct access
to the mismatch-induced strain. Figure 3 summarizes the evolution
of the Raman spectra of InP/ZnSe QDs with increasing shell thick-
nesses. The Raman bands shift to higher frequencies with increasing
thickness of the ZnSe shell. In addition, the shell-related Raman
band gains in relative intensity and narrows. Starting from thick-
nesses of 5 monolayers and above, two modes can be resolved

FIG. 1. (a) Absorption spectra of InP QDs
with 3 monolayer ZnS and 5 monolayer
ZnSe shells. The InP absorption peaks
around 600 nm and the wide-bandgap
ZnSe or ZnS absorb at shorter wave-
lengths. (b) TEM image of InP/ZnSe
core/shell QDs with a shell thickness of
13 monolayers, resulting in a total diam-
eter of ~11 nm.
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FIG. 2. Top: Raman spectrum of plain InP QDs. The bold gray line is a best
fit of the intensity to a sum of two Lorentzian functions. The black solid lines
are the individual Lorentzian functions used for the fit, offset for clarity. Mid-
dle: Raman spectrum of InP QDs with a 2 monolayer ZnSe shell. The red line
is a best fit of the intensity to a sum of three Lorentzian functions. The black
solid lines are the individual Lorentzian functions used for the fit, offset for clar-
ity. Bottom: Raman spectrum of InP QDs with a monolayer ZnS shell. The bold
black line is a best fit of the intensity to a sum of two Lorentzian functions. The
black solid lines are the individual Lorentzian functions used for the fit, offset for
clarity.

within the shell-related band. The more prominent band can be
assigned to the ZnSe LO and the low-frequency shoulder to the
ZnSe TO™ (see the supplementary material for more details). For
a more quantitative discussion, the widths and center frequencies of
the LO bands can be determined by fitting Lorentzian functions to
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FIG. 3. Raman spectra of InP/ZnSe core/shell QDs with different amounts of
shell layers as indicated by the figure legend. The data were normalized to
the intensity in the frequency region of the InP LO band. Solid lines are fits to
the data, and the InP LO frequency of plain InP QDs is shown as a dashed
line.

the spectra. For samples with shell thicknesses above 2 monolayers,
each Raman band was fitted with the sum of two Lorentzian func-
tions, and Fig. 4 displays the results for the core- and shell-related
LO Raman bands. Included in the figure are the LO frequencies
of bulk ZnSe of 250 cm™! and of plain InP QDs.””** In the case
of the InP core, the LO shift to higher frequencies is a shift away
from the plain QD reference value, while the shell’s LO frequency
approaches the bulk value for increasing layer numbers. The fre-
quency shifts %“) can be related to relative lattice constant changes

S by
A
—w:(1+
w

Here, y is the Griineisen parameter, which describes the hydrostatic
component of strain y = — 211:113) where V is the crystal volume.”*
For InP, the mode Griineisen parameter for the LO is yi,p = 1.24 and
Yznse = 0.85 for ZnSe.””*" The outcome of the evaluation of Eq. (1) is
summarized in Fig. 5 and shows a behavior very similar to the more
established material combination CdSe/CdS."”*"~"" The smaller lat-
tice constant of ZnSe (5.62 A™) relative to InP (5.87 A™) leads to
compressive strain in the core and tensile strain in the shell mate-
rial. For the core, the strain builds up with increasing shell thickness
and then begins to saturate. This is especially important when aim-
ing at investigating fundamental material differences.” For the shell,
the initial layer is heavily strained and more shell material allows
the strain to relax, leading to a reduction of the relative amount of
strain within the lattice. The increase of shell lattice homogeneity
is also reflected in the reduction of the ZnSe LO Raman bandwidth
[Fig. 3(a)].

Raman spectra of InP/ZnS QDs with gradually increasing shell
thickness are displayed in Fig. 6. The lighter sulfur in comparison
to selenium leads to higher ZnS LO frequencies; the bulk value is
reported at 350 cm™" in the range of the InP LO.”” This results in
mixed Raman bands even for thick shells. Owing to this uncertainty,
the shell-related LO cannot be discussed. To estimate the InP LO

3%)_Y -1 (1)
a
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FIG. 4. Lorentzian functions used to fit
the LO bands in the data presented in
Fig. 3 in the frequency of (a) the ZnSe
shell and (b) the InP core. The LO fre-
quencies of bulk ZnSe and plain InP QDs
are indicated as dashed lines.
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frequencies, the fundamental Raman band can be fitted with the
sum of three Lorentzian functions. Restricting the free parameters
to reasonable values led to robust values for the InP LO frequency.
Details are presented in the supplementary material. The Lorentzian
functions used to fit the InP LO band are displayed in Fig. 7(a).
The evolution of the corresponding strain in the InP core is dis-
played in Fig. 7(b). ZnS also has a smaller lattice constant than
InP (azns = 5.4 A).”" As for ZnSe, the addition of ZnS$ layers com-
pressively strains the InP core and the amount of strain increases
with increasing shell dimensions. The strong impact on the core
could be attributed to the larger lattice mismatch. However, sig-
nificant general differences are observed for the shell: even 5 and
9 monolayers of ZnSe are strained above 1% (Fig. 5), while even
the smallest volumes of ZnS are strained below 0.5%, following
an evaluation of Eq. (1) with yzps = 0.95”" and the potential LO
frequency range. However, note that the assignment of the ZnS-
related strain values is less accurate than for the ZnSe shells, as
the fit of the fundamental Raman band with three Lorentzian func-
tions is less robust. Still, the order of magnitude is valid. Regarding
the core, the strain buildup with increasing shell volumes differs
between the materials. Even monolayer ZnS shells induce mea-
surable strain, and the buildup is more drastic than with ZnSe
shells.

2 6
|
10 7 / 7
|
g / | 4 >
= a —m— strain in core n\)
S
s —m— strain in shell in\
© -0.54 . X
g — 124
\-
0.0 L . | — 0
2 5 9 13

# shell layers

FIG. 5. Strain in the core and shell of InP/ZnSe QDs vs amount of shell layers
from evaluating Eq. (1), with the frequency shifts obtained from the fits presented
in Fig. 3. Note the different sign for core and shell.

T
340

T
360 380

Raman shift (cm™)

The observed difference can be qualitatively explained by the
mechanical properties of the materials. In the linear regime, the rela-
tion between stress at the interface and the deformation of the lattice
is given by the material’s Young’s modulus.”*"” The stiffness of Zn$S
is higher than that of ZnSe (9.7 - 10" Nm~2 and 7.4 - 10'° Nm~?,
respectively).”””® Assuming comparable stress from the reconstruc-
tion of the InP lattice, this results in a higher relative stress on the
InP core. Because of the higher Young’s modulus, small amounts of
ZnS deform less than those of ZnSe at the interface with InP. The
softer ZnSe requires more material to develop from a quasiamor-
phous layer to a more uniform lattice. Comparable effects can be
expected for other material combinations, too. However, as numer-
ical studies are missing, a quantitative comparison with the more
established CdSe-based QDs is problematic. CdSe has a much lower
Young’s modulus than InP (5.1 - 10"° Nm~2vs 7.1-10" Nm_z), and
the exact impact is hard to estimate.”” A comparison of CdSe/CdS
core/shell QDs with CdSe/ZnSe QDs and the InP-based counter-
parts with focus on both components would be very interesting.
There, similar trends for the buildup and relaxation of strain in core
and shell could be observed. Also, computational studies are highly
encouraged.
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FIG. 6. Raman spectra of InP/ZnS core/shell QDs with increasing shell thickness
as indicated by the figure legend. The solid lines are fits to the data, and the InP
LO frequency of plain InP QDs is shown as a dashed line.
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FIG. 7. (a) Lorentzian functions used to
= fit the InP LO component of the data pre-
sented in Fig. 6. The InP LO frequency of
plain InP QDs is indicated as a dashed
line. (b) Resulting strain values for the
InP core vs Zn§ shell layer number.
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IV. CONCLUSION

We have investigated the evolution of lattice-mismatch induced
strain with the addition of ZnS and ZnSe shells on InP QDs. The
lattice mismatch leads to compressive strain in the InP core and
tensile strain in the shell material. Larger shell volumes allow the
shell to grow more homogeneously and relax strain across the lat-
tice, increasing the effect on the core. Despite comparable lattice
constants, ZnS and ZnSe behave systematically different. The larger
Young’s modulus of ZnS makes the material requiring less volume to
build up stress on the core, where ZnSe requires at least two mono-
layers to develop a crystalline lattice and a significant effect on the
core. This effect will also be of relevance for other material combina-
tions and makes the material stiffness another parameter to consider
when optimizing core/shell QDs for strain.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the nanocrys-
tal size determination, the fitting procedure, and additional Raman
spectra.
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