
lable at ScienceDirect

Composites Part B 120 (2017) 54e62
Contents lists avai
Composites Part B

journal homepage: www.elsevier .com/locate/compositesb
Deformation-induced blueshift in emission spectrum of CdTe
quantum dot composites

Pan Xiao a, c, Fujiu Ke b, Yilong Bai a, Min Zhou c, *

a LNM, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China
b School of Physics and Nuclear Energy Engineering, Beihang University, Beijing 100191, China
c George W. Woodruff School of Mechanical Engineering, School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, GA 30332-
0405, USA
a r t i c l e i n f o

Article history:
Received 14 November 2016
Received in revised form
28 March 2017
Accepted 30 March 2017
Available online 31 March 2017

Keywords:
CdTe quantum dot
Band gap
Empirical tight binding
Molecular dynamics
Finite element method
Pressure sensor
Laser-driven shock compression
* Corresponding author.
E-mail address: min.zhou@gatech.edu (M. Zhou).

http://dx.doi.org/10.1016/j.compositesb.2017.03.067
1359-8368/© 2017 Published by Elsevier Ltd.
a b s t r a c t

Polymer or glass films impregnated with quantum dots (QDs) have potential applications for mesoscale
stress/strain sensing in the interior of materials under mechanical loading. One requirement in the
development of such nanocomposite sensor materials is the establishment of calibrated relations be-
tween shifts in the emission spectrum of QD systems and the input stress/strain on the composites. Here,
we use a multiscale computational framework to quantify the strain-dependent blueshift in the emission
spectrum of CdTe QDs uniformly distributed in a matrix material under loading of a range of strain
triaxiality. The framework, which combines the finite element method, molecular dynamics simulations
and the empirical tight-binding method, captures the QD/matrix interactions, possible deformation-
induced phase transformations and strain-dependent band structures of the QDs. Calculations reveal
that the response of the QDs is strongly dependent on state of input strain. Under hydrostatic
compression, the blueshift increases monotonically with strain. Under compression with lateral/axial
strain ratios between 0.0 and 0.5, the blueshift initially increases, reaches a peak at an intermediate
strain, and subsequently decreases with strain. This trend reflects a competition between increases in the
energy levels associated with the conduction and valence bands of the QDs. The deformation-induced
blueshift is also found to be dependent on QD orientations. The averaged blueshift over all orienta-
tions for the composite under uniaxial strain condition explains the blueshift variation trend observed in
laser-driven shock compression experiments. Based on the simulation result, guidelines for developing
QD composites as stress/strain sensing materials are discussed.

© 2017 Published by Elsevier Ltd.
1. Introduction

Laser-driven shock compression (LSC) is a commonly used
experimental technique to examine materials under loadings at
extremely high strain rates (e.g., up to 108 s�1) [1e5]. The LSC of
microstructurally heterogeneous materials (materials composed of
dissimilar constituents or materials containing geometric discon-
tinuities such as voids, microcracks, interfaces or grain boundaries)
usually results in highly inhomogeneous dynamic responses
dominated by mesoscale processes in the interior of the materials
whichmanifest on times scales of tens or hundreds of nanoseconds.
Particle-level stress/strain measurement in the interior of materials
under such extreme conditions requires special stress/strain
sensing materials (SSM) that are small in size and fast in response.
Specifically, the SSM should possess stress-dependent physical
properties (e.g., optical properties) whose signal(s) can be captured
and recorded in real time to achieve temporal resolutions of
nanoseconds. Additionally, calibrated relations between the input
stress/strain and the output optical responses of the SSM should be
well established theoretically, computationally, and/or experi-
mentally. Recently, a pressure-sensitive paint consisting of rhoda-
mine 6G dye in poly-methylacryate (PMMA) polymer was found to
be able to function as a recorder of the density profile under shock
conditions with nanosecond resolutions [6,7]. However, due to the
complex configuration of polymer, it is difficult to improve sensing
accuracy via molecular design [7].

Quantum dots (QDs), with diameters of several nm, exhibit
unique optical properties due to the quantum confinement effect

mailto:min.zhou@gatech.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2017.03.067&domain=pdf
www.sciencedirect.com/science/journal/13598368
www.elsevier.com/locate/compositesb
http://dx.doi.org/10.1016/j.compositesb.2017.03.067
http://dx.doi.org/10.1016/j.compositesb.2017.03.067
http://dx.doi.org/10.1016/j.compositesb.2017.03.067


P. Xiao et al. / Composites Part B 120 (2017) 54e62 55
[8]. They have been widely used as nanoscale electronic [9], pho-
toluminescence [10,11], electrochemical [12] and temperature
sensors [13]. QDs can also be used as pressure sensors and is po-
tential candidates for stress/strain sensing. In particular, pressure-
and strain-dependent optical properties have been reported for
several types of QDs [14e16]. Compared polymer-based shock
sensors (e.g., rhodamine 6G dye [7] and polyvinylidene fluoride
polymer [17]) which are relatively large, QDs can be well controlled
in experiments in terms of both size and shape. Since, QDs can be
embedded in materials and optical emissions are used for mea-
surement, techniques based on QDs are non-intrusive. Moreover,
the optical responses of QDs under different loading conditions can
be more precisely determined through theoretical analysis or nu-
merical calculations [18].

Recently, LSC experiments on nanocomposite films on CdTe QDs
dispersed in a soft polyvinyl alcohol (PVA) polymer matrix and in a
hard inorganic sodium silicate glass matrix were carried out to
study their suitability as internal SSM for LSC experiments [19,20].
Particle-level stress sensing with a temporal resolution of 0.5 ns
was obtained in the experiments. The result points out that the
wavelength blueshift history of QDs is deformation-dependent and
can be used as an indicator and measure for internal stress during
shock loading. It is found that the blueshift observed from LSC
experiments first increases with pressure to a maximum and sub-
sequently decreases with pressure. The trend is different from the
monotonic increase of blueshift with pressure observed under
conditions of quasistatic hydrostatic compression. Additionally, the
blueshift in the LSC experiments is smaller than that in hydrostatic
experiments at the same pressure levels. The difference highlights
the need to delineate and understand the mechanism underlying
the loading condition-dependent blueshift. The mulitscale nature
of the structure of the QD composites and the coupling between the
mechanical and optical properties necessitate a systematic analysis.
Specifically, proper understanding and quantification of relations
for the CdTe nanocomposite system should consider the deforma-
tion of the QDs in the matrix materials, the different stress/strain
states in the constituents of the composite, the possibility of stress-
induced phase transformations and the deformation-dependent
nature of the band structures of the QDs. In the present work, a
multiscale computational framework combining the empirical
tight binding (ETB) method, molecular dynamics (MD) simulations
and the finite element method (FEM) is employed to address this
challenge.

CdTe is a direct band gap semiconductor and the emission
wavelengths of CdTe QDs are determined by their band structures.
To calculate the band structure of a specific CdTe QD under a spe-
cific strain state, a quantum theory-based method is required.
Several methods, such as the empirical pseudo-potential method
[21,22], ETB [23e25] and density functional theory [26] have been
applied to calculate the strain-dependent band structures of QDs.
The ETB method is used here due to its high efficiency and reli-
ability [27]. Since phase transitionwas reported in bulk CdTe under
high pressures [28e30], MD simulations are performed here to
investigate the possibility of structure transformations of QDs un-
der the conditions of interest. Our approach entails the use of top-
down multiscale simulations. First, FEM simulations with explicit
account of the QDs/matrix nanocomposite structure are carried out
to quantify the stress/strain states of the QDs in the overall nano-
composite. The stress states so obtained are used as input boundary
conditions for subsequent MD simulations. Finally, ETB calculations
are used to calculate the band structures of the QDs which are in
turn used to evaluate the emission spectrum and blueshift under
given loading on the overall nanocomposite.

In experiments like those reported in Ref. [19] the effects of
many factors, including stress-induced bandgap change,
temperature, viscosity of the matrix materials, and charge of li-
gands at the QD/matrix interfaces, are at work. These effects cannot
be experimentally isolated. Computational analyses can be used to
isolate and analyze these effects. Such a task is carried out in this
paper. Specifically, we focus on the effect of stress on the blueshift.
Therefore, the band gap and blueshift of the QDs under loading of a
range of strain triaxiality for the nanocomposite are considered.
Since the QDs are distributed randomly in the matrix and the
response of the QDs are orientation-dependent, the blueshift-strain
relations for QDs in all possible spatial directions are used to
evaluate the response of the QD ensemble as a whole under the
conditions of different load triaxialities (or different stress states) of
the overall nanocomposite. The results allow the differences in the
trends of blueshift observed from the LSC and hydrostatic
compression experiments to be explained. We conclude with
considerations and guidelines for the development of CdTe QD
nanocomposites as SSM in experiments.
2. Computational framework

The composite film consisting of matrix material and uniformly
distributed CdTe QDs is illustrated in Fig. 1(a). An illustration of a
unit cell of the nanocomposite film is given in Fig. 1(b). The FEM
model with element discretization for the unit cell used in the
computations is shown in Fig. 1(c). Compression under conditions
of uniaxial strain due to impact loading is in the vertical direction in
Fig. 1(bec). External pressure (Pz) is applied on the top surface of
the unit cell, with fixed constrains on the bottom surface. The
lateral surfaces of the unit cell are constrained in the horizontal
direction to effect the overall uniaxial state of strain under normal
impact loading [20]. The silica glass [31] as used in experiments is
the matrix material. To simplify the analysis, both CdTe and the
glass matrix are assumed to be linear elastic. The specific material
parameters are Young's modulus (E), Poisson's ratio (n) and mass
density (r), as listed in Table 1. In the experiments [20,32], the
concentration xQD of QDs in the matrix is approximately 0.15% by
weight. For xQD < <1, the separation between QDs or the dimen-
sion of the unit cell (L) can be estimated as

Lz
�

prCdTe
6rmxQD

�1=3
d; (1)

where rm and rCdTe are densities of the matrix and CdTe, respec-
tively, and d is the QD diameter. For QDs with diameters of 4.5 and
6.5 nm, the estimated L is about 43.9 and 63.4 nm (or 9.8d),
respectively.

The materials are represented by nodes and elements in FEM
and by atoms in MD. In order to pass strain and deformation state
information from FEM to MD, the MD simulations in the CdTe QD
region of the unit cell uses a displacement boundary condition
extracted from the FEM model. The implementation uses spatial
interpolation of the displacement field at each atomic site, as
illustrated in Fig. 2(c). After the application of the boundary
displacement field, the deformed atomic configuration of the entire
QD is relaxed with the surface atoms constrained via an equili-
bration MD calculation in order to ascertain if the applied defor-
mation would lead to phase transformation in the QD. No phase
transition is observed. A Stillinger-Weber (SW) type potential is
used to describe the interatomic interactions in the CdTe atomic
system [33]. The SW potential is known to provide reasonable
tracking of different phases of CdTe [34]. Recently, a new analytical
bond-order potential (BOP) was proposed for CdTe which gives
some structural and properties trends close to those observed in
experiments and quantum-mechanical calculations [34]. However,



Fig. 1. (a) Unit cell in a CdTe QD nanocomposite film; (b) loading and boundary conditions of the unit cell; (c) finite element discretization of the unit cell (L ¼ 64.3 nm).

Table 1
Material parameters for glass matrix and CdTe QDs.

Material E (GPa) n r (kg/m3)

CdTe 52.0 0.41 5.86
glass 69.3 0.17 2.20
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a good lattice constant is important for band structure calculations
using the ETB method. Compared to the lattice constant of 6.48 Å
for the zinc-blende (ZB) structure of bulk CdTe measured in ex-
periments, the lattice constant calculated from the BOP is 6.83 Å
which is not as good as the 6.51 Å calculated from the SW potential.
All the MD simulations are performed with LAMMPS [35], a mo-
lecular dynamics package developed by Sandia National
Laboratories.

Since in MD and ETB methods the QD structure is represented
by atoms, the relaxed atomic configuration of the CdTe QD at
different strain states obtained from the MD calculations is used as
input to the ETB method. In the ETB calculations, atomic positions
are fixed to calculate band structures. The calculation of band
structures is based on the empirical sp3s* model [36] including the
spin-orbit interaction with parameters from Ref. [37]. With the
same model and parameters, P�erez-Conde et al. [38] reported that
the calculated size dependence of CdTe QD's energy gap shows
reasonable agreement with available experimental data. The open
source NEMO 3-D tool [27] which includes atomic strain effect due
to its fundamental atomistic representations is employed to
perform the ETB calculations. This tool has been widely used to
calculate band structures of several types of QDs with different
shapes under different strain conditions [39], especially for large-
scale systems with millions of atoms.

The as-synthesized, spherically-shaped CdTe QDs are prepared
by truncating the bulk ZB structure with the lattice constant
a ¼ 6.48 Å, as illustrated in Fig. 2(a). Surface atoms with single
bonds are removed to avoid singularity. To study the size effects,
two samples with QD diameters of 4.5 nm and 6.5 nm are
considered. These diameters are smaller than the exciton Bohr
radius of CdTe (7.3 nm), as shown in Fig. 2(b). Since CdTe is a direct
band gap semiconductor, the band gap energy (Eg) of a QD is
calculated from the energy difference between the lowest unoc-
cupied (LU) state of conduction bands and the highest occupied
(HO) state of the valence bands, i.e., Eg ¼ ELU � EHO. The calculated
Eg values are 1.85 and 1.74 eV for relaxed 4.5 nm and 6.5 nm
samples, respectively. These results agree well with available
experimental data [38].

During experiments, the time stream of QD emission spectra is
recorded [6,20]. Stress/strain sensitive information that can be
extracted from the spectra includes emission intensity, average
wavelength shift, and spectral width [7]. We focus on the strain-
dependence of wavelength shift (Dl) which can be determined
from the band gap change of QDs via

Dl ¼ hc
�
1
.
E0g � 1

.
Edg

�
; (2)

where h is Planck's constant, c is the speed of light, E0g and Edg are
band gaps before and after deformation, respectively. Blueshift
occurs if Dl>0 and redshift occurs if Dl<0. Unlike dyes which give
redshift in polymers under shock compression [7], CdTe QDs pri-
marily show blueshift under compressive loading.
3. Results and discussion

3.1. Stress distribution in QD composites

Fig. 3(a) shows the distributions of the normalized stress
component in the loading direction (sz=Pz) inside the unit cell with
a 6.5 nm QD embedded in glass matrix. It can be seen that away
from the QD in all directions, the stress decreases quickly to Pz
within a range of 2d. Therefore, interactions between the stress
fields around individual QDs can be neglected when QD concen-
tration xQD is less than 0.15 wt % in experiment (or L > 9.8d). The
FEM calculations allow QDs with different shapes and some non-
linear attributes to be used for the analysis of QD and matrix in-
teractions. However, for the simplified model here, an analytical
solution can be obtained based on Eshelby's second (in-
homogeneity) problem [40e42]. Specifically, the corresponding
equivalent eigenstrain is [43].



Fig. 2. (a) Zinc-blende lattice structure of CdTe; (b) atomistic configuration of a CdTe QD; (c) application of displacement field from FEM calculations to atomic sites of the QD as
boundary condition.
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ε
**
ij ¼ 15

�
mQD � mM

��
1� vM

�
�
5vM � 7

�
mM � �

8� 10vM
�
mQD

ε
0
ij

þ
�
KQD � KM��

1� vM
�

�
4vM � 2

�
KM � �

1þ vM
�
KQDε

0
kkdij; (3)

where mQD, mM , KQD and KM are Lam�e’s second parameter and bulk
modulus of the CdTe QDs and matrix material, respectively; and ε

0
ij

is the applied uniform strain field. According to Eshelby's theory,
stress inside the QD is uniform

sQDij ¼ CQD
ijkl

�
ε
0
kl þ Sklmnε

**
mn

�
; (4)

where CQD
ijkl is the stiffness matrix of the QD and Sklmn is Eshelby's

tensor for spheres. In order to provide guidance for matrix material
selection, the variation of the normalized stress component (sz=Pz)
inside the QD varies with the Young's modulus and Poisson's ratio
of the matrix material is plotted in Fig. 3(b) using Eq. (4). The result
reveals that, under the same external loading, matrices with lower
Young's modulus or Poisson's ratio values lead to higher stress
concentration inside the QD.

3.2. Deformation-dependent blueshift of QDs

The deformation of QDs in the overall uniaxial strain environ-
ment of the composite involves a strain ratio of
g ¼ ε
QD
r =εQDz ¼ �0:22 (as determined from FEM calculations with

the glass matrix), where ε
QD
r is the lateral strain in the xy plane and

ε
QD
z is the axial strain in the z direction. Since shock compression of
QD composite films results in highly heterogeneous internal
deformation, a wide range of strain states are considered here.
Specifically, states with �0:5 � g � 0 and g ¼ 1 are considered,
with g ¼ 1 denoting hydrostatic compression (strains in all di-
rections are equal) and g ¼ �0:5 representing isochoric compres-
sion without volume change due to lateral expansion. This range of
states is illustrated in Fig. 4. Since all cases considered involve

compression in the z direction, εQDr � 0. However, both compres-
sion and expansion in directions perpendicular to z are considered,

therefore, εQDr can be both positive and negative. In general, the
deformed shape of the QD is an ellipsoid. For the analysis carried

out, �0:1 � ε
QD
z � 0 and ε

QD
r ¼ g

���εQDz
���.

Fig. 4 shows the blueshift of the 6.5 nm QDs as a function of εQDz
for the range of strain states considered. In all cases, the z axis is
along the [001] direction of the QDs. It can be seen that the blue-

shift under hydrostatic compression (g ¼ 1) increases with ε
QD
z

monotonically with strain. This trend is similar to what is shown by
previous numerical and experimental studies [44,45]. However, for
�0:5 � g � 0, the blueshiftinitially increases, reaches a peak

(denoted as Dlpeak) at an intermediate strain (denoted as εQDpeak), and

subsequently decreases with strain. For example, the blueshift for
uniaxial strain g ¼ �0:22 reaches a peak value of 9.3 nm at



Fig. 3. (a) Distribution of the normalized stress component in the loading direction (sz=Pz) inside the unit cell consisting of a CdTe QD and matrix material. (b) Variation of the
normalized stress component (sz=Pz) inside the QD with Young's modulus and Poisson's ratio of matrix material.

Fig. 4. Strain-dependent blueshift of CdTe QDs under compressive deformation with different strain triaxiality values.
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ε
QD
peak ¼ 2.6% and subsequently decreases with ε

QD
z to 0.0 nm at εQDz ¼

5:4% beyond which it becomes negative (redshift). Both Dlpeak and

ε
QD
peak show dependence on g. As g decrease from 0.0 to �0.4, Dlpeak

decreases from 51.8 to 1.1 nm and ε
QD
peak decreases from 7.6% to 0.8%.

The results suggest that Dlpeak and ε
QD
peak are higher at higher levels

of lateral confinement for the QDs. For g ¼ �0:5, only redshift
occurs and no blueshift is observed.
Since MD simulations yielded no structure transitions, the ex-

istence of Dlpeak is not a result of any phase transformation. Rather,
the blueshift is directly dependent on ELU and EHO which are plotted

as functions of εQDz in Fig. 5 for different values of g. Under hydro-
static compression (g ¼ 1), EHO decreases with strain, while ELU
increases with strain, therefore, blueshift increases monotonically
without a peak value. For �0:5 � g � 0, both EHO and ELU increase



Fig. 5. Energies of the lowest unoccupied states of conduction bands (ELU ) and highest occupied states of the valence bands (EHO) as a function of strain under different loading
conditions.
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with strain. However, ELU increases approximately linearly, while
EHO increases nonlinearly. As a result, Eg increases at small strains
and decreases at larger strains, leading to the blueshift peak. Also,
at the same strain, EHO increases with g while ELU shows an

opposite trends, as a result, both Dlpeak and ε
QD
peak increase with g.

For g ¼ �0:5, ELU shows a very weak dependence on strain, while
EHO increases with strain. As a result, g ¼ �0:5 always leads to
redshift.
3.3. Orientation dependence of blueshift

To study the orientation dependence of blueshift, we consider

deformations with g ¼ 0:0 and g ¼ �0:22 and ε
QD
z along different

lattice directions. Fig. 6(a) shows the orientation-dependent blue-

shift of a QD for uniaxial strain (g ¼ �0:22) with ε
QD
z along lattice

directions ranging from the [001] to the [111] directions in the
ð110Þ plane. These directions are denoted by angle 4 relative to the
z axis, as illustrated in Fig. 6(b). The blueshift is strongly
orientation-dependent and Dlpeak is observed for all orientations.
The lowest is Dlpeak ¼ 9.3 nm for the [001] direction (4 ¼ 0+), and
the highest is Dlpeak ¼ 49.3 nm for the [111] direction. Fig. 6(c)
shows a polar view of the blueshift for both g ¼ 0:0 and g ¼ �0:22

at a strain of εQDz ¼ 0:06 along directions in the ð110Þ plane. The
higher lateral confinement under g ¼ 0:0 relative to that under g ¼
�0:22 causes the bluseshift for g ¼ 0:0 to be higher for all the di-
rection in the plane. However, the curves are similar, suggesting
that straining along the [001] direction always results in the lowest
blueshift regardless of confinement or strain state. The curve for
g ¼ �0:22 shows larger variations from direction to direction,
indicating that lateral confinement also causes the differences in
response between directions to be smaller.

Since QDs are dispersed in thematrix with random orientations,
their actual crystalline directions which coincide with the impact
direction of a sample are also random and span all possible crys-
talline orientations. As a result, the emission spectra for such
samples consist of contribution from responses from all possible
crystalline orientations. To obtain the average wavelength shift
which is used as a measure for internal states of stress/strain [6],
contributions to blueshift from all orientations are averaged.
Strictly speaking, due to the lattice structure of QDs, both me-
chanical properties (e.g., elasticity) and strain-induced blueshift are
orientation-dependent. If both are considered at the same time, it
would be difficult to perform the calculations. Additionally, the
orientation-dependency of the strain-induced blueshift is much
more pronounced than that of mechanical properties. Here, a
simplified approach is taken, focusing on blueshift by using an
isotropic elasticity model. To help visualize the orientation

dependence of the blueshift, Dlð4;qÞ is used to denote the blueshift
for the polar direction ð4; qÞ in the polar coordinate systemwith the
[001] direction as the polar axis. A numerical approach is taken in
evaluating the average. To this end and because of symmetry, the

response (Dlð4;qÞ) in a number of directions in the octant between
the (100) and ð110Þ planes (Fig. 6) are calculated and used to obtain
the average. These directions are evenly spaced on the (100), ð110Þ
and ð210Þ planes. Additionally, when a composite film is com-
pressed in experiments, all embedded QDs are subjected to the
same external stress Pz in the loading direction. The average blue-
shift for g ¼ �0:22 so obtained is shown as a function of input
stress Pz in Fig. 7. The overall trend bears resemblance to that for
individual orientations, except that the values of Dlpeak and Ppeak
(the input stress at which Dlpeak occurs) are different. Specifically,
for the 6.5 nm QDs, a Dlpeak ¼ 25:1 nm occurs at Ppeak ¼ 5:1 GPa;
and for the 4.5 nm QDs Dlpeak ¼ 27:1 nm occurs at Ppeak ¼ 5:3 GPa.
Fig. 7 also shows 3-dimensinal views of the orientation-dependent
blueshift for the 6.5 nm QDs at the same average blueshift level of
20.0 nm under different stress levels (A and B). Although the
average blueshift is the same, the blueshift distributions are quite
different. Compared to stress state A, state B shows a wider
wavelength shift rangewith both blueshift and redshift (not shown
in Fig. 7).



Fig. 6. (a) Blueshift for QDs under compressive loading along different directions in the ð110Þ plane; (b) illustration of lattice directions and planes; (c) polar view of orientation-
dependent blueshift for different loading conditions.

Fig. 7. (left) Average blueshift of QDs with different diameters as a function of compressive stress applied to QD composite; (right) 3-dimensional view of orientation-dependent
blueshift for QDs under different stress states, both the color and surface profiles represent the amount of blueshift and redshift.
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3.4. Considerations for developing CdTe QD composite-based SSM

It is worth noting that several factors in the experiments
involving the CdTe QD composite [20] have not been considered in
this paper, including (i) the molecular structure of the interfaces
between the QDs and the matrix; (ii) full dynamic shock loading
process and (iii) shock-induced temperature changes and their ef-
fects on light emission. These factors may lead to quantitative dif-
ferences between experimental measurements and the calculated
results and need to be investigated in the future. Nevertheless, the
calculated results are in qualitative agreement with experimental
observations, including the fact that non-hydrostatic strain states
lead to non-monotonic changes of emissionwave length with input
stress [19]. Another finding is that the strain state, as measured by
the ratio between the lateral strain and the axial strain, and the
orientation of QDs profoundly affect the wavelength shift. In
particular, lateral confinement can lead to lower blueshift relative
to that under hydrostatic loading. The results here also provide the
following insight and suggestions for the development of CdTe QD
composite-based stress/strain sensors for LSC experiments.

3.4.1. Selection of QD size and matrix material
CdTe QDs composites with higher Dlpeak and Ppeak values are

more desirable for stress sensing, because they offer monotonous
response over wider ranges of input stress before reaching Dlpeak.
Higher blueshift levels also provide higher sensitivities for mea-
surement. The emission wavelength of CdTe QD is size-dependent,
yet simulations of 4.5 nm and 6.5 nm QDs do not show significant
differences in the average blueshift, as seen in Fig. 7(a). For
g ¼ �0:22, Dlpeak ¼ 25:1 nm for the 6.5 nm QDs, which is 7.6%
lower than that of the 4.5 nm QDs, while Ppeak for the two cases
differ by 7.3%. On the other hand, g affects blueshift more signifi-
cantly than the diameter of the QDs. Higher lateral confinement on
QDs leads to higher Dlpeak and Ppeak, suggesting that increasing the
stiffness or Poisson ratio of the matrix material enhances the
sensitivity and accuracy of the sensor material. Impact loading
generates overall uniaxial compressive states of strain at the overall
sample level, with the understanding that material heterogeneity
and microstructure such as that of the QD nanocomposite consid-
ered can cause local conditions to deviate from the overall average.
For the CdTe QD nanocomposite, g ¼ 0:0 at the overall sample level
and g ¼ �0:22 for individual QD particles. This value is dependent
on matrix property and can be determined by Eq. (3) of Eshelby's
theory.

3.4.2. Phase transformation
It is reported that bulk CdTe undergoes a phase transition under

pressures of about 4.0 GPa [28,29,46]. Although no direct obser-
vation of phase transforms has been made for CdTe QDs under
hydrostatic pressure, signatures in the measurements of several
properties, including thermal diffusivity and Resonant Raman
spectra [45,47], suggests that phase transitions may happen in CdTe
QDs at about 5.8 GPa [48], just like in the bulk counterpart. In our
simulations, the QDs show no phase transformation under strains
lower than 10%. Any pressure-induced phase transformation may
lead to the loss of emission fluorescence or variation in blueshift
[48,49]. However, our calculation suggests that there exists a
deformation-induced Dlpeak before any phase transformation
happens. In fact, in the LSC experiment [20], emission fluorescence
is still observed for the CdTe QDs with shock input stresses up to
7.3 GPa. Therefore, we logically conclude that the blueshift trend of
first increasing with input stress and subsequently decreasing after
a critical value as observed in experiments can be attributed to
deformation rather than phase transformation.
3.4.3. Determination of stress from emission spectra
In experiments, the time history of emission spectra can be

obtained. Since there is a peak blueshift for non-hydrostatic
compression, the relation between the average blueshift and
input stress is multi-valued (Fig. 7), creating potential ambiguity in
the determination of stress. To distinguish between possible stress
states, the distribution of blueshift should be considered using the
orientation dependence information in Fig. 7. However, this is not
the only possible way to determine the logical choice among
multiple possibilities. In actual experiments, the internal strain
state can be determined by combining analyses of fluorescence
intensity-loss, different moments of the emission spectrum [7,28]
and other related measures from experiments.

4. Summary

The strain-dependent optical response of CdTe QD/matrix
composites is investigated via a multiscale computational frame-
work. The framework combines the FEM, MD and ETB methods,
capturing matrix/QD interactions, possible deformation-induced
phase transformations and strain-dependent band structures of
the QDs. Calculations reveal that the response of the QDs is strongly
dependent on their state of input stress. Under hydrostatic
compression, the blueshift increases monotonically with strain.
Under compressive deformation with lateral/axial strain ratios of
�0:5 � g � 0, the blueshift initially increases, reaches a peak
(Dlpeak) at an intermediate strain, and subsequently decreases with
strain. QDs subject to higher levels of lateral confinement (lower g)
show larger blueshift and Dlpeak. Analyses of the band structure
reveal that the existence of Dlpeak results from a competition be-
tween increases in ELU and EHO instead of phase transformation.
The strain-induced blueshift is also found to be dependent on QD
orientations. The largest and smallest blueshift are found to be
associated with the [111] and [001] directions, respectively. The
average blueshift over all orientations shows a trend consistent
with observations in experiments. The blueshift-stress relations
obtained from the calculations provide qualitative relations that
should be further refined via experiments and account of more
realistic factors. The calculations have also allowed insight to be
gained regarding the selection of QD size and matrix material,
possibility of phase transformations and determination of pressure
from emission spectra.
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