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Abstract

Investigations of the Optoelectronic and Structural Properties of Semiconductor
Nanocrystals Under Perturbative Environments

by

Matthew Anton Koc

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor A. Paul Alivisatos, Chair

Semiconducting nanocrystals have shown great use in a variety of light emitting and absorb-
ing applications, such as solar cells, light emitting diodes, displays, and even stress sensors.
These materials exhibit size-tunable physical properties, such as phase transition pressures
and band gaps. Although a lot of work has gone into understanding the structure-property
relationships in these materials, a fundamental understanding of how these materials in-
teract under various perturbations is necessary to understand the material’s applicability
in applications. This dissertation outlines the characterization of various nanocrystals and
nanocrystal composites under two different perturbations: self-absorption of luminesced light
and elevated pressure.

Chapter 1 outlines the general properties of semiconducting nanocrystals and gives a
background on previously studied perturbations. Optoelectronic and structural studies of
cadmium chalcogenide nanocrystals are highlighted and the complex phase transitions ob-
served in CsPbBr3 are discussed in detail.

In Chapter 2 we investigate how the reabsorption of photoluminesced light, an effect
known as the inner filter effect (IFE), can affect the nanocomposite’s properties under illu-
mination. The IFE has been well studied in solutions, but has garnered less attention in
regards to solid-state nanocomposites. We demonstrate that the IFE can result in a large
spectral red-shift of over a third of the linewidth of the photoluminescence of the nanocom-
posites over a distance of 100 µm. We then utilize this red-shift to develop a displacement
sensor with sub-micrometer resolution that has high-temporal and spatial resolution.

We investigate the effects of pressure on NCs in Chapters 3-4. Chapter 3 outlines the use
of a diamond anvil cell for generating gigapascal pressures. This technique is then utilized
to understand how CsPbBr3 nanocrystals respond to pressure in Chapter 4. The crystal
structure of CsPbBr3 is composed of corner sharing lead bromide octahedra with Cs+ sitting
in the cavities. By investigate the optical shifts and structural changes in the material with
applied pressure, we find that the material transitions to a high-pressure phase around 1.4
GPa. A crystal structure of this high pressure phase has not been previously reported and we
find that it has P21/m symmetry. We further find that CsPbBr3 exhibits a size-dependent
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compressibility where we find that nanocrystals are at least 40% more compressible than the
bulk material.

We finally present an outlook for future studies in Chapter 5. We present ideas for
determining additional fundamental properties of the CsPbBr3 high-pressure phase transition
and investigating the effect of the inorganic-inorganic interface in nanocrystal core/shell
heterostructures on crystallographic phase stability.
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Chapter 1

Introduction

1.1 Semiconducting Nanocrystals
In the broadest sense of the word, a nanocrystal (NC) is any crystal that has a crit-

ical dimension, meaning the smallest dimension, that is less than 100 nm. Although there
are many interesting materials that exist in this range, semiconductor NCs with a criti-
cal dimension less than ∼20 nm are an interesting material system to study due to their
unique size-dependent optoelectronic and structural properties. The canonical example of
size-dependent properties in semiconducting NCs is the phenomenon that has been dubbed
“quantum confinement”. When the radius of the NC is approximately the same size as the
Bohr exciton radius, the band gap of the NC widens and discrete energy levels are formed.1–3
To a first approximation, these new electronic states can be modeled using the quantum me-
chanical problem, the particle-in-a-box, which assumes that a quantum particle (in this case
an exciton) is trapped in a potential well the size of the NC. Simply by changing the size of
the crystal, the band gap of a semiconducting NC can be modified by over 500 meV.1,3

To further separate NCs from the corresponding bulk material, the properties of NCs
are often dictated by their surface properties.1,4 Due to the small crystallite size, a large
fraction of the NC’s atoms reside at the surface of the NC. In covalent semiconductors, these
surface atoms are not bonded to the requisite number of atoms and can introduce electronic
states that lie within the band gap of the materials.5,6 The high-energy surface of a NC can
also provide a driving force to depress (or elevate) the pressure and temperature at which
the material undergoes a structural phase transition compared to the bulk value.4,7–10

Although NCs can be created by a variety of techniques, in this dissertation we will
focus on those that are synthesized as colloidal crystals. These crystals typically have a
passivating shell of long, aliphatic ligands that are bound to the surface of the NC. These
ligands provide colloidal stability, but can also be used to passivate traps on the surface
of the NCs. The colloidal nature of these NCs could also make them a more desirable
and advantageous material than bulk crystals of the same composition, because the NCs
are solution processable.3,11,12 Examples of this could be in the processing of CdTe solar
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cells,13 but could also be in the incorporation of NCs into displays as bright, narrow-emitting
luminophores.14,15

1.2 Introduction to Cadmium Chalcogenide
Nanocrystals

Cadmium chalcogenide (CdE, where E=S, Se, or Te) NCs are one of the most well-
studied classes of NCs. In the 1980’s it was discovered that these materials exhibited size-
dependent band gaps.16,17 In the following decade scientists found that these materials un-
dergo size-dependent phase transitions2,4 and could be synthesized in a variety of shapes
and sizes.18 CdE NCs are direct band gap materials with strong absorption of light as seen
in Figure 1.1d-f. For CdSe in particular, the transition from the valence band maximum
(VBM) to conduction band minimum (CBM) can be described as a transition from orbitals
with Se 4p character to orbitals with Cd 5s character at the Γ point.2

CdE NCs also exhibit an interesting phenomenon called “blinking”, where an individual
CdE NC will either be in an emissive (birght) state or a non-emissive (dark) state under
continuous excitation.19–22 The stochastic nature of the NC transitioning between its bright
and dark states makes it appear as if the NC is blinking on and off. This blinking phenomenon
has been linked to the photoluminescence quantum yield (PLQY) of the NC.21,22 Efros and
Rosen 19 initially proposed that this is due to the photoionization of the quantum dot. When
mid-band gap states exist, such as when un-passivated Cd is present on the surface,5,6 the
electron (or hole) can be trapped at a highly localized position within the NC, leaving an
unpaired charge in the valence (or conduction) band. Further excitation of this charged
quantum dot will result in nonradiative decay via Auger recombination. That is, upon
recombination of an electron and hole, the energy is transferred to the free charge which can
be excited to a higher energy level. This results in a non-emissive sample until the trapped
charge is un-trapped.19,23 High-quality CdSe cores can have PLQY approaching 40-50%,
indicating that, to a first approximation, they are only emissive approximately 40-50% of
the time.22

One treatment that was used to improve the PLQY of CdE NCs was to shell the
material with a wide-band gap material, such as in the CdSe/CdS core/shell NC. As long as
the interface between the core and shell materials does not create excessive strain, the shell
can passivate the traps on the core material and, with the appropriate band offsets, it can
localize the electron and hole to the core for improved PLQY. The addition of a passivating
shell can passivate the traps and create samples that are emissive near 100% of the time.22
Further, by modifying the synthesis conditions, unique, anisotropic heterostructures with
novel optoelectronic properties can be routinely synthesized.24–26

The most commonly studied heterostructures of CdE NCs are the CdSe/CdS core/shell
spheres, nanorods, and tetraopds as shown in Figure 1.1. In all of these structures, a CdSe
core is shelled by epitaxial layers of wurtzite CdS (w-CdS), thus passivating the dangling
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Figure 1.1: Transmission electron micrographs and optical characterization of CdSe/CdS
core/shell (a,d) spheres, (b,e) nanorods, and (c,f) tetrapods. TEM scale bars represent 20
nm and absorption spectra are shown in blue and fluorescence spectra are shown in yellow.
This figure is reproduced with permission from Reference 24.

bonds at the surface and improving the PLQY of the material. The spherical particles and
nanorods typically are synthesized with a wurtzite CdSe (w-CdSe) core, while the tetrapods
are synthesized from a zincblende CdSe (zb-CdSe) core. The Cd-rich {111} facets of zb-CdSe
are well matched to the S-rich {001} facet of w-CdS and thus four arms are able to grow
out of the core, branching with a tetrahedral angle. Tetrapod NCs typically have worse
PLQY than the nanorods or spherical NCs because the surface of the CdSe core is not as
well passivated in the heterostrucutre.26

1.3 Properties of Lead Halide Perovskite Nanocrystals

1.3.1 Discovery and Uncertainty in the Phase of Perovskite
Nanocrystals

The term “perovskite” has been applied to the class of ABX3 compounds with crystal
structures that are isomorphic to the original pervskite, CaTiO3. The crystal structure can
be described as corner-sharing B-X octahedra with the A ion residing in the dodecahedral
cavity formed by the B-X octahedra (Fig. 1.2). The crystal structure is a cubic system
with a Pm3̄m symmetry. Although many perovskites are oxides, the class of metal halide
perovskites exhibit many interesting optical properties.

Lead halide perovskites were initially studied in the late-1950’s to mid-1970’s due to
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their rich phase diagram.27–29 After these initial studies cataloging and characterizing the
different phases these materials exhibited, most scientists lost interest in the materials for
a period of time. In the past decade, however, lead halide perovskites have garnered a
lot of attention due to their use as photovoltaic materials.30–33 Primarily organic-inorganic
perovskites, such as CH3NH3PbI3, have been used to achieve solar cells with high external
quantum efficiency, but these materials are limited in their thermal stability due to the
decomposition of the organic cation at elevated temperatures.34 As an alternative, the all-
inorganic CsPbI3 has improved thermal stability, but lacks phase stability, readily converting
to an indirect band gap material at standard temperature and pressure (STP).

More recently in 2015, Protesescu et al. 35 developed a method for the synthesis of
colloidally stable CsPbX3 NCs, where X=Cl, Br, or I. Due to the ease of synthesis, the high
(>60%) PLQY without an inorganic passivating shell, and the facile anion exchange,36–38
these perovskite NCs rapidly garnered interest of many in the community. They provided a
novel material system for groups already studying colloidal quantum dots to easily expand
their research with ease.

Many labs that had been thoroughly investigating the properties and applications of
more traditional semiconductor NCs, such as cadmium and lead chacogenides, already had
the equipment and facilities to analyze this novel class of NCs. Because of this, there was
a race and a sense of urgency among the colloidal nanoscience community to be the first to
publish their findings for the lead halide perovskites. There are many cases, such as the initial
discovery of facile anion exchange36,37 and synthesis modification to produce nanoplate mor-
phologies,39,40 where multiple, independent research groups submitted publications within
weeks of each other that contained nearly identical studies. Although this was great valida-
tion of the observations, these initial publications were often limited in scope to the relatively
simple observations and lacked thorough characterization of the reported phenomena.

This race to publish, in addition to a single, unconfirmed report on a “white phase” of
CsPbBr3 41 lead to the incorrect assertion of phase in the initial reports.42 This “white phase”
is reported to have the space group (Pnma) as the stable phase at standard temperature
and pressure and thus is prone to cause confusion. The initial report by Protesescu et al. 35
asserted that because their x-ray diffraction (XRD) pattern did not match the white phase
and it was similar to the cubic Pm3̄m phase, that their perovskites were in the cubic phase,
not considering other similar phases that exist for CsPbBr3.

This assertion has continued throughout the literature and has resulted in a bit of
phase confusion for the community. From seminal work in the 1950’s, CsPbBr3 is known to
have three different phases as shown in Figure 1.2. The high-temperature phase is the cubic
Pm3̄m and is stable above 130 °C at atmospheric pressure. The tetragonal, P4/mbm phase
is stable between 88 °C and 130 °C and is related to the cubic Pm3̄m phase by a rotation
of the lead halide octahedra around the [001] direction. The low-temperature phase is the
orthorhombic Pnma phase that is distorted by two additional rotations around the [100]
and [010] cubic axes.

All three of these phases are direct band gap materials whose band gaps are similar
in magnitude.43,44 In theory, the phase of the NC could be determined simply based on the
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[001]

[100]

P4/mbm PnmaPm3m

Figure 1.2: Projections of the low-pressure phases of CsPbBr3 are shown from the cubic
[001] and [100] directions. Cs is represented by the light green spheres, Br by the brown
spheres, and Pb is at the center of the grey octahedra. The high-temperature phase is the
cubic Pm3̄m phase which is isomorphic to the original perovskite CaTiO3. The tetragonal
P4/mbm and orthorhombic Pnma phases are the mid-temperature and low-temperature
phases of CsPbBr3, respectively.

band gap, but in practice this is a difficult task to achieve. With the introduction of a slight
amount of quantum confinement that exists in these NCs, the band gap of any given phase
shifts from the bulk value. Couple this with an inhomogeneous size distributions and the
fact that DFT consistently underestimates the band gaps of materials, phase determination
by optical properties alone is extremely difficult.

1.3.2 Describing the Phases of CsPbBr3
Describing the different phases of perovskite materials based upon the octahedral ro-

tations was a concept initially described by Glazer in 1972.45 Because these materials can
exhibit tilts along the 3 different axes, Glazer described the phases based upon a tilt-system
denoted symbollically by a#b#c#. The a, b, and c denote the magnitude of rotations around
the cubic [100], [010], and [001] directions. If two rotations are the same, then the same letter
is repeated, (e.g. a#a#c# would indicate the tilts about [100] and [010] axes are equivalent
in magnitude and are different than the tilt about [001] axis). For each rotation about an
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axis, the tilt can either be in-phase or out-of-phase. That is, the layer below could be rotated
in the same direction or in the opposite direction. This would correspond to # being either
+ or − for in- or out-of-phase tilting, or 0 in the case of no tilt. Thus the tilt-systems of the
Pm3̄m, P4/mbm, and Pnma phases are a0a0a0, a0a0c+, and a−a−c+, respectively.

For a collective rotation, φ, about an axis (designated by the a0a0c+ or a0a0c− tilt-
system), the energetics of the tilt can be modeled as a double well potential as illustrated
in Figure 1.3. For a given tilt, the octahedra can either be rotated by +φ0 or −φ0 and both
should be equally stable (that is, the well depth should be the same for positive or negative
rotations). The barrier between these two minima is a measure of how stable a single phase is.
For CsPbBr3, it is estimated that the barrier of the double-well potential is 49.6 meV/cubic
unit cell for a macroscopic crystal.46 Thus transitioning from one side of the well to the other
would involve the tilt-system transition to be a0a0c+ → a0a0a0 → a0a0(−c+).

From the potential energy surface, it is clear that the a0a0a0 tilt-system is in an unstable
equilibrium and it should not be possible to capture a system in such a state, particularly
at high temperatures that is reported for the cubic Pm3̄m phase. Current studies more
accurately describe the cubic phase as a highly-dynamic phase that is constantly transitioning
between the two adjacent minima.46,47 The rate of these transitions at high temperatures
average out on the time scale of most measurements and thus only the average structure
is measured.46 At STP, Yang et al. 46 estimate that bulk CsPbBr3 undergoes octahedral
rotation flips with a frequency of 3.48× 106 Hz.

This energetic barrier is likely to be smaller for NCs, due to the finite size of the
crystals. Anion octahedra at the surface of the NC have fewer constraints on rotation, so
one would expect NCs with a large surface-to-volume ratio to have a lower energy barrier
for flipping rotations.

Discrepancy in the Measured Phase of CsPbBr3

As synthesized, the structure of CsPbBr3 NCs, as measured by XRD or electron diffrac-
tion, matches well to a cubic Pm3̄m perovskite or distorted orthorhombic Pnma perovskite
phase. Although the bulk phase is known to be in the orthorhombic Pnma phase under
these conditions, there have been several conflicting reports in the literature as to the exact
phase that these NCs exist in STP.48–50 Careful electron microscopy characterization by Yu
et al. 48 shows coexistance of both the cubic Pm3̄m and orthorhombic Pnma phases within
the same crystal. A separate study by Fu et al. 50 showed evidence of some NC cubes exist-
ing in the orthorhombic phase while others have signatures that the authors attribute to the
tetragonal P4/mbm phase, but they did not find any evidence of the cubic Pm3̄m phase at
cryogenic temperatures.

One possible argument for the observation of all of the different phases in the NCs
is that the energy barrier for flipping the octrahedral rotation is low enough in the NC
that it occurs at a rapid rate. Thus, depending upon the time scale of the experiment,
different phases could be observed. For the study by Fu et al. 50 , by cooling the system down
to cryogenic temperatures (7 K) individual NCs could be trapped in different octahedral
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Figure 1.3: Double-well potential for the a0a0c+ tilt-system in CsPbBr3. The tilt axis is
normal to the page and of magnitude φ. When φ = 0, the tilt-system is a0a0a0 and exists at
a metastable position. The two stable tilts are degenerate in energy at φ = ±φ0.

rotations. Yang et al. 46 estimate that for bulk CsPbBr3 a successful octahedral tilt flip
occurs with a frequency of 3.48×106 Hz at 298 K. This frequency drops to 7.81×10−2 Hz at
150 K and it effectively never occurs (∼ 10−281 Hz) at 7 K.46 By freezing the NCs at cryogenic
temperatures, the system may be trapped in a local equilibrium and cannot transition to the
global minimum. Thus, the authors observe the P4/mbm and Pnma phases.50 By finding the
proportion of NCs in each of the different phases at low temperatures, it could be possible to
estimate the energetic barriers between each subsequent phase based on a Grand Canonical,
statistical mechanics model.

In fact, the rates that were estimated above likely overestimate the barrier. Some
careful work studying the octahedral tilting in CaMnO3 by Klarbring and Simak 47 demon-
strates that the energetic barrier is highly dependent upon the existence of other tilts within
the system. Assuming a 1D double-well potential, the authors observe that the energetic
difference between the cubic a0a0a0 tilt-system and the orthorhombic a−a−c+ tilt-system is
approximately 66 meV for CaMnO3. They find, however, that flipping an octahedral rota-
tion from +φ0 to −φ0, has a much smaller transition barrier than their calculated energetic
difference if they consider a more complicated 2D potential energy surface. Klarbring and
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Figure 1.4: Unit cell of the CsPbBr3 white phase which is isomorphic to the yellow phase
of CsPbI3. Cesium, lead, and bromine are represented by the light green, grey, and brown
spheres, respectively. The crystal has a Pnma space group and the lead bromide octahedra
extend into wires of edge-sharing octahedra along the short axis of the unit cell.

Simak 47 find that a transition from a−a−c+ to a−a−(−c+) can proceed through an interme-
diate a−a−c0, which only has around ∼12 meV barrier. Similarly a transition from a−a−c+

to (−a−)(−a−)c+ can proceed through a0a0c+, which similarly is only a ∼12 meV barrier.
This is not even 20% of the barrier estimated with the 1D double-well potential indicating
that these transitions may take place even more frequently than estimated above.

All of this discussion regarding the phase is here to illustrate how something as appar-
ently simple as determining the phase of CsPbX3 NCs can be a deceptively difficult question
to answer. Given our current understanding of the phases in CsPbBr3 NCs, we believe that
it is likely that at STP, the stable phase of the NC is the orthorhombic Pnma phase with the
a−a−c+ tilt-system. Due to the low-energy barriers of flipping a tilt from +φ0 to −φ0, these
NCs are likely transitioning through the other higher temperature phases (P4/mbm and
Pm3̄m) millions of times per second.46 Due to the high proportion of surface-atoms in NCs
it is not unreasonable to expect that the energy barriers for these flips are even smaller than
estimated for the bulk, so NCs are probably undergoing transitions through other phases
even more frequently than predicted. As such, the concept of crystallographic “phase” can
be difficult to pin down.

The White Phase of CsPbBr3

In other perovskite materials, such as CsPbI3 and the CsSnX3 perovskites, there exists
a fourth phase that is similar to the aforementioned CsPbBr3 white phase, shown in Figure
1.4. The edge-sharing octahedra result in an indirect band gap insulator which is distinctly



1.4 NANOCRYSTAL RESPONSE TO HIGH-PRESSURE PERTURBATIONS 9

different than the direct-band gap, distorted perovskite phases. For the general ABX3 halide
perovskite, it was found that this non-perovskite phase was more stable than the (distorted)
perovskite phase when the cavity of the A-site atom occupied was much larger than typical
A−X bond lengths.51 Dastidar et al. 51 found that by increasing the A cation size or by
decreasing the B−X bond length, typically by changing the halide from I to Br or Br to
Cl, they were able to decrease the size of the A-site cavity and stabilize a perovskite phase.
Such a non-perovskite phase is more dense than the perovskite phases and is expected to
be more stable under higher pressures. It therefore might be possible to verify the so-called
white phase for CsPbBr3 by studying the phase transitions at high pressures. Møller 28 only
investigated the phase diagram of CsPbBr3 up to 0.8 GPa, so it is possible that there are
still undiscovered phases of CsPbBr3 that exist at higher pressures.

1.4 Nanocrystal Response to High-Pressure
Perturbations

Similar to their bulk counterparts, NCs undergo many of the same structural phase
transitions with pressure. Seminal work by Tolbert and Alivisatos 8 showed that the wurtzite
to rock salt phase transition pressure in CdSe NCs had a strong size dependence as shown in
Figure 1.5. Due to the large proportion of atoms at the surface of a NC, the thermodynamics
of phase transitions in nanocrystalline materials is dictated by the surface energies of the
two different crystallographic phases. A simple thermodynamic model for spherical particles
finds that the phase transition pressure changes as10

pb − p =
2

r
(γlp − γhp) (1.1)

where pb is the bulk transition pressure, r is the NC radius, and γlp and γhp are the surface
energies of the low-pressure and high-pressure phases, respectively. This shows that as the
NC gets smaller, a greater deviation in the phase transition pressure from the bulk value is
observed.

In addition to an overall change in the phase transition pressure, NCs can also exhibit
size-dependent compressibility. For the case of CdSe, the bulk modulus of the NC and
bulk crystal are nearly identical,8,52 but other studies on oxide materials have found that
the bulk modulus of a NC can be up to 53% different than the bulk crystal.53,54 One way
of understanding the compressibility of a crystal is through the vibrational entropy of the
atoms in the crystal. The higher the vibrational entropy of the atoms, the greater the range
that they can move, and thus the more compressible the lattice will be.55 It is theorized
that NCs that have weakly bound ligands (or no ligands at all) will present surfaces that
have much higher vibrational entropy than the interior of the crystal.55 For such a case, one
would expect that smaller NCs would be more compressible than their bulk counterparts.

Finally, the optoelectronic properties and structural configuration of atoms in a crystal
are inherently linked. By changing the structure of the crystal by application of pressure,
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Figure 1.5: The wurtzite to rock salt phase transition pressure for CdSe NCs as a function
of the NC radius. The figure is reproduced with permission from Reference 8.

the electronic structure of the crystal can change drastically. For most traditional semicon-
ductors, the band gap of the material increases with applied pressure.56 This is because the
overlap of atomic orbitals that compose the valence band often have bonding character, so
when the lattice contracts, there is a greater degree of positive overlap leading to a decrease
in the VBM. Conversely, the conduction band is primarily composed of antibonding atomic
orbitals, so lattice contraction will lead to an increase in the CBM leading to an overall
increase in the band gap of a material. CdSe NCs have been found to have a pressure
coefficient of (∂Eg/∂p)T = 27 meV/GPa.57

One particularly interesting phenomenon observed by Choi et al. 24 was the decrease in
the band gap of CdSe/CdS NCs with non-hydrostatic pressure for spherical, nanorod, and
tetrapod morphologies. Although spherical and nanorod CdSe/CdS core/shell NCs exhibited
a red-shift in the photoluminescence with non-hydrostatic pressure, the authors determined
that the shape of the tetrapod heterostructure lent itself to strain-sensing applications.24
CdSe/CdS tetrapod NCs have shown promise in a variety of polymers as strain sensors, but
future engineering is necessary to develop them into a widely applicable tool.58,59

1.4.1 Use of Nanocrystals as Stress/Strain Sensors in Polymers

In the past 10 years, the Alivisatos lab has begun incorporating CdSe/CdS nanostruc-
tures into polymers for their strain sensing applications.24,58–60 In particular, they have found
that the tetrapod heterostructure has shown promise as a strain sensor because it exhibits
a blue-shift of its band gap with isotropic applied force and a red-shift with anisotropic
force.24,59 Due to the small size of tetrapod NCs, these materials can report highly-localized
information regarding the strain (and thus the local stress if the mechanical properties of
the material are known) within the solid which they are incorporated. Because the strain re-
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porting is based upon a spectral shift, the materials could be used as a non-invasive reporter
for premature failure detection.58

In order to determine the local stress and strain within the nanocomposite, it is essential
to probe the nanocomposite locally. The CdSe/CdS tetrapod has been included into a wide
variety of polymers for application of strain sensing.58–61 In the aforementioned studies,
a fluorescence microscope was used to locally excite and detect the fluorescence from the
nanocomposites. Simultaneously, strain was controllably applied to the nanocomposite so
any spectral shifts could be correlated with applied strain. Although these polymers exhibit
drastically different mechanical properties, the tetrapod emission consistently shifted 2-15
meV at its maximum, regardless of the supposed strain applied to the tetrapod.58,59,61 It
is currently unclear the ways in which forces in polymers are transmitted to the tetrapod
or the ways in which a tetrapod responds to forces within a composite. Although the
mechanics still need to be better understood, the optical properties of these materials also
need to be investigated. Little work has been done to study how light propagation within
the polymer composite or the detection geometry could affect these measurements. Clearly a
more thorough, fundamental understanding of NC-polymer composite geometries is needed.
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Chapter 2

Characterizing Photon Reabsorption in
Quantum Dot-Polymer Composites for
Use as Displacement Sensors

Adapted with permission from: Koc, M. A.; Raja, S. N.; Hanson, L. A. Nguyen, S.
C.; Borys, N. J.; Powers, A. S.; Wu, S.; Takano, K.; Swabeck, J. K.; Olshansky, J. H.;
Lin, L.; Ritchie, R. O.; Alivisatos, A. P. “Characterizing Photon Reabsorption in Quantum
Dot-Polymer Composites for Use as Displacement Sensors” ACS Nano 2017, 11, 2075-2084.

2.1 Background
Fluorescence spectroscopy is widely used in biochemistry and analytical chemistry be-

cause of its high sensitivity. One potential issue in using fluorescence as a quantitative tool,
however, is that the intensity of the fluorescence is not simply proportional to the concentra-
tion of fluorophore, due to the inner filter effect (IFE).62,63 The IFE is the self-quenching of a
fluorophore by the absorption of a sample’s photoluminescence (PL). At high concentrations
of fluorophores the measured PL quantum yield (PLQY) is lower than the true PLQY of
the fluorophore, owing to the increased self-absorption. At its extreme, the IFE can result
in a significant spectral change based upon the overlap of the absorption and PL of the flu-
orophore.64–68 Because of the non-linearity and major spectral changes that can occur from
the IFE, it is typically viewed as a hindrance in most experiments.62–68 In solutions, the
simplest method to eliminate the IFE from measurements is to decrease the sample concen-
tration, decreasing the optical density at the emission wavelength. Because of this, most PL
properties are typically only investigated for dilute samples.

Despite most researchers designing experiments to carefully avoid the IFE, it has seen
a few potential uses in the detection of ions or small molecules in solution.64–67 Typically,
these sensors are composed of a binary mixture of an absorber whose absorption changes
upon the binding of an analyte and a fluorophore whose PL is independent of the analyte.
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With careful tuning of the PL and absorption overlap, large changes in PL properties of the
mixture can be observed upon the addition of small concentrations of analyte.

The use of fluorophores in solid-state applications generally differs greatly from solution-
based applications. Many solid-state applications require fluorophores to be concentrated
into films or polymers in order to enhance the PL intensity of the device. Devices, such as
light emitting diodes,14,69–71 luminescent solar concentrators,72,73 wide color gamut backlit
displays,74–76 and stress-sensing quantum dot (QD)-polymer composites,58,77 generally oper-
ate more efficiently at higher concentrations of the fluorophore, but this makes them more
prone to self-quenching and spectral changes. The IFE has not been well characterized in
solid-state systems and it is unclear as to how detrimental the IFE could be for devices that
depend upon light emission. Further, to the best of our knowledge, the use of inner filtering
for sensing using QD arrays or clusters, in the solid-state or in structural polymers has never
been demonstrated prior to the publication of this article.78

Here we demonstrate a thorough characterization of the inner filter effect in QD-
polymer composites using an array of techniques including transmission electron microscopy
(TEM), widefield and confocal-fluorescence microscopy, and time-resolved emission spec-
troscopy (TRES). Despite the high degree of monodispersity of our QDs, an appreciable
shift in the PL emission due to the IFE is still observable. By careful investigation of the
relation of the PL properties to the nanostructure of the composites, we propose how one
could either increase or decrease the amount of the IFE occurring in the solid state. We
further show how these nanocomposites can exploit the IFE and can be used as an entirely
spectroscopic z-height sensor that is capable of measuring sub-micrometer z-deflections in
both mechanical and biological systems. The nanocomposites in this work can be used to
sense static and oscillatory vertical deformation with high spatio-temporal resolution and can
easily interface with tissues to monitor biological deformation. Unlike existing techniques
for measuring biomechanics,79,80 our nanocomposites could provide auto-focus monitoring
on a flexible substrate with sub-micrometer resolution. This technique could also be useful
in application such as pressure monitoring the pressure applied to membranes used for gas
penetration.81

2.2 Results and Discussion

2.2.1 Characterization of the IFE in QD-Polymer
Nanocomposites.

Monodisperse CdSe/CdS core/shell QDs of diameter 7.0 ± 0.5 nm, with a PL emission
maximum of 615 nm with a full width at half maximum (FWHM) of 22 nm were prepared
via standard colloidal synthetic techniques.22,82 The QDs were mixed with a solution of
poly(styrene-ethylene-butylene-styrene) (SEBS) in chloroform and were cast into petri dishes
and dried overnight, forming ∼100 µm thick films of QD-SEBS nanocomposites.58,61 Because
there is not a favorable enthalpic interaction between the QD ligand shell and the polymer,
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Figure 2.1: TEM of (a) as synthesized CdSe/CdS core/shell QDs and (b) microtomed sample
of 5% QD-SEBS nanocomposite. Inset shows an example close packing of a cluster with a
scalebar of 100 nm. (c) A PL spectral map of a QD-polymer composite excited at 488 nm.
Position is a measure of the distance from the center of peak excitation. Black lines show the
beam diameter and the dotted line is a guide for the emission maximum at each position. (d)
Normalized PL measured every 25 µm from (c). The orange spectrum indicates the emission
at the center of the excitation. (e-f) Measured redshift (red) and change in FWHM (blue)
of the emission as a function of distance from excitation center for two different excitation
locations on the film. The black lines represent the normalized excitation intensity profile

the QDs tend to aggregate upon evaporation of the chloroform58,61 as seen in the TEM
images of a microtomed sample in Figure 2.1. Due to the slow drying process, the QDs are
observed to aggregate into clusters, as shown in Figure 2.1b.

The PL of the nanocomposites was investigated using a home-built, inverted fluores-
cence microscope setup with a 488 nm laser excitation source, which was used to locally
excite the sample. The diameter of the excitation area was varied from ∼1 to 150 µm at the
beam waist at a power density of ∼0.2 W/cm2. Using a spectrometer and imaging CCD,
spatially resolved emission spectra were recorded along one spatial direction as shown in
Figure 2.1c, where the 0 µm position corresponds to the center of the laser excitation spot.
The emission intensity is plotted on a log-scale to more easily show the spectral peak shifting
as a function of distance from the center of excitation. The two horizontal lines represent
the beam diameter (1/e2) and the dotted line is included to as a guide to the eye for the



2.2 RESULTS AND DISCUSSION 15

emission maximum at each position.
The PL of the dots excited by the laser, hereby "primary excitation", was measured

to have an emission maximum around 617 nm. This is slightly red-shifted from dilute
solution PL measurements and can be attributed to a change in the dielectric constant of
the surrounding environment of the dots and Förster Resonance Energy Transfer (FRET)
within an aggregate.83 Fluorescence was observed far (>100 µm) from the central position
of primary excitation, indicating that the QDs are being excited by a secondary source from
within the sample. The PL emission maximum monotonically red-shifts with increasing
distance from the center of primary excitation. Normalized, stacked spectra from Figure
2.1c are shown in Figure 2.1d to more clearly illustrate the emission maximum red-shift.
We also explicitly show how the emission maximum (blue) and FWHM (red) of the sample
change with increasing distance from the center of the primary excitation region in Figures
2.1e and f. The dotted black line indicates the location and intensity of the primary excitation
incident upon the sample.

The continuous shift of PL to lower energies with increasing distance from the region of
primary excitation manifests from the IFE within the solid-state composite. The nanocom-
posite is initially excited locally in the region of the primary excitation. The emission from
QDs within this region is isotropic and can either exit the sample or be reabsorbed by a
quantum dot with a lower-energy bandgap (within kBT of the emitted photon), which can
then subsequently undergo radiative relaxation and emit a lower-energy photon. This pro-
cess of reabsorption and emission naturally favors a reduction in the energy of the recycled
photon because even though the QDs have a broad absorption spectrum, is most efficient at
the lowest-energy excited state. Further, due to the intrinsic Stokes shifts of QDs, only larger
QDs with smaller band gaps can reabsorb these secondary photons.26,84 At distances further
than the primary excitation area, collected photons are more likely to have undergone one
or more recycling steps because of the longer path traveled through the sample and are thus
at lower average energies than the PL from the region of primary excitation.

The initial broadening of the PL with increasing position from the region of primary
excitation is a bit puzzling. The nature of the IFE should progressively excite smaller ensem-
bles of larger particles leading to an overall reduction in the inhomogeneous broadening and
ultimate narrowing of the PL. However, within the first 50 µm, the FWHM of the emission
shows a subtle increase of 1-2 nm. We attribute this initial increase to the convolution of
emission from the region of primary excitation with that of secondary emission from recycled
photons. Such a convolution would decrease with increasing distance but overall broaden
the PL to lower energies. The primary excitation excites all QDs within the region and the
primary PL intensity at a given wavelength is dependent only upon the size distribution.
The secondary excitation excites a subset of this population, whose PL intensity now de-
pends upon the population of secondary excited dots and the primary PL intensity. The
secondary excitation will produce a PL that is red-shifted from the primary photon, due to
the Stokes shift in the QDs.26,84 Thus, we have contributions from two groups of emitters
whose emission centers are approximately separated by the Stokes shift. The measured PL
near primary excitation is a combination of the primary emission and the secondary emission
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and would be expected to broaden while the emission from primary and secondary emitters
are of similar intensities. The eventual narrowing is due to the decreased intensity of the
primary emission and is indicative of selectively exciting a single population of QDs.85 As
distance from the primary excitation increases, the relative intensity of emission from the
largest dots increases, as those are the only dots being excited. At nearly 200 µm from
excitation, the FWHM is less than 20 nm (∼65 meV). This narrow linewidth approaches the
room temperature FWHM measured for single cadmium chalcogenide QDs and is in agree-
ment with homogeneous broadening by phonon dephasing (50-60 meV).86–88 It is expected
that at a distance far from excitation, the only emission we would observe would be that
from the single largest dot in the sample.

Further evidence of the IFE was observed by investigating the importance of photon
transport within the films. Nanocomposite films (index of refraction ∼1.5) were placed in
contact with media of varying indices of refraction (1 to ∼1.5). By increasing the refractive
index of the medium surrounding the nanocomposite, we decreased the number of photons
traveling within the composite by decreasing the degree of total internal reflection. Films
immersed in water and immersion oil showed a 60-75% decrease in red-shift relative to films
suspended in air. This, in conjunction with its radial symmetry (Fig. 2.1), indicates the
importance of intra-sample photon transportation to the observed shifts, all of which is
consistent with IFE being the mechanism underlying the red-shift.

With regards to the origin of the spectral shift, we have considered and eliminated other
mechanisms, such as FRET, spatial inhomogeneity of the nanocomposite, and laser induced
heating. TRES decay transients of the nanocomposite at longer wavelengths show longer
lifetimes than at shorter wavelengths (Fig. 2.2a). In combination with the slow rise time at
longer wavelengths, there are clear FRET signatures within the polymer-nanocomposite.89
Despite these clear FRET signatures, FRET can reasonably be ruled out due to the length
scale over which the shift is observed to occur in this work. Specifically, FRET efficiency
falls off with a 1/R6 distance-dependence and is thus an intra-cluster effect that is limited
to the spatial extents of the clustering of the quantum dots in the nanocomposites.89 The
effect reported in Figure 2.1 is an inter -cluster effect that operates on a much longer length-
scale, such that the energy transfer between clusters cannot be explained by FRET. This
was further verified by investigating the extent to which FRET changes the PL spectra in
our system. The PL of an aggregate with strong FRET interactions will exhibit a red-shifted
PL compared to an ensemble of isolated QDs, such as that in a dilute solution or solid-state
dispersion. From TEM characterization, we know that our composites have both regions of
dispersed QDs and clustered QDs, so we used micro-photoluminescence to assess the spatial
variations of the PL within our sample (Fig. 2.2b,c). In contrast to the measurements
in Figure 1, the micro-PL measurements only collect emission from the region of primary
excitation. In this excitation and collection scheme, we find that the areas that exhibit the
greatest red-shift are highly correlated to the highest intensity, indicating that more QDs
are being excited. At most, however, when the excitation and collection volumes are the
same, we only observe a 2 nm red-shift over a large sample area, which is far smaller than
the shifts observed in the wide-field configuration presented in Figure 2.1, further indicating
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Figure 2.2: (a) TRES decays for a 5% loading by mass QD-SEBS nanocomposite. As
emission wavelength increases, the lifetime is shown to increase as well as have a rise time as
shown in the inset. (b-c) Confocal image scan of a 1.25% QD-SEBS nanocomposite excited
with 488 nm cw-laser and a pixel size of 100×100 nm2. A correlation between (b) integrated
peak intensity and (c) red-shift of PL from the bluest measured spectra.

that FRET is insufficient to explain the shifts observed.
To rule out any laser-induced effects, the primary excitation power density was varied

over 4 orders of magnitude from ∼10−2 to ∼102 W/cm2; while simultaneously measuring the
PL, the temperature of the sample was monitored with a thermal camera (FLIR corporation)
with ∼4 µm spatial resolution. We did not observe any detectable temperature rise or laser-
induced red-shifts by varying the excitation power density near the flux regimes used in
this work (Fig. 2.3a). Further, it is known that the angle of total internal reflection is
wavelength dependent; however, changing the collection angle of the detector over 40° from
normal showed less than a 1 nm red-shift. Thus, we may conclude that any shifts due to
changing collection angle are insufficient to describe the observed effect (Fig. 2.3b). Through
all of these controls, we further conclude that the red-shift is originating predominately from
the IFE.

2.2.2 Tuning the IFE-Induced Red-Shift

In the solid state, the concentration dependence of the IFE is more complex than in
solution as we can no longer assume that the sample is homogenous.62,63 Clear evidence
of aggregation of QDs is observed in the TEM and micro-photoluminescence scans, so we
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Figure 2.3: (a) PL and sample temperature were collected as excitation power density was
varied from ∼0.03 to 60 W/cm2. Outside of this particular control, excitation power density
was kept around 0.1 W/cm2, where the temperature and PL emission maximum do not
change significantly. (b) PL was measured as a function of collection angle as measured
from sample normal (inset). Although a red-shift is observed, even at 40° from normal, the
measured red-shift is less than 1 nm.

also have to consider how changes in cluster size, density, and spacing can affect the over-
all shift observed. Precise control of QD dispersion in polymers still remains a synthetic
challenge,58,59 which makes it difficult fully explore these variables. By modifying the QD-
polymer interactions we were able to change the QD dispersion and offer correlations that
we observed in our samples and possible explanations for these correlations.

The IFE emission red-shift at 100 µm from the center of primary excitation (∼5 µm
beam diameter) was measured for QD-SEBS, QD-poly(L-lactic acid) (PLLA), and QD-
polycaprolactone (PCL) nanocomposites with concentrations varying from 0.05% to 10%
by mass (Fig. 2.4, Tables 2.1 and 2.2). QD-PLLA samples were observed to be more mono-
dispersed than either QD-SEBS or QD-PCL samples at the same concentration, likely due
to the miscibility of ligands in PLLA. Composites in which QDs were singly-dispersed (i.e.
had no cluster formation) did not exhibit measurable red-shifts. The red-shift was gen-
erally strongest in the most optically dense composites, consistent with the mechanism of
IFE;62,63,67 however, we found that at our highest loading of 10% by mass in the QD-SEBS
nanocomposite, the sample had a decreased shift compared to the 5% loading in the same
system (Fig. 2.4i). Although there was an increase in QD concentration, the average size,
spacing, and density of clusters changed as well. These changes in the dispersion of the QDs
can have large effects on the number of reabsorption events a photon undergoes. For the
range of concentrations investigated, neither the average cluster diameter nor the average
cluster spacing show a clear correlation with the IFE induced red-shift; only the fraction of
QD in the aggregate, a proxy for cluster density, shows a purely monotonic trend with the
red-shift (Fig. 2.4j-l).
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Figure 2.4: TEM images and analysis of various concentrations of QD-polymer compositions.
(a-h) show representative TEM images with scale bars of 500 nm unless otherwise specified.
QD-SEBS composites at 0.05% with 200 nm scale bar (a), 0.625% (b), 1.25% (c), 2.5% (d),
5.0% (e), and 10.0% (f). QD-PLLA at 5% (g) and QD-PCL at 5% (h) are also shown.
Large linear features are from the ultra-thin holey carbon grid. (i-l) Image analysis of the
QD-SEBS samples relating the red-shift of emission to the mass loading (i), cluster diameter
(j), cluster spacing (k), and fraction of QD in aggregate (l). Data points are color coded
to show same sample between different plots. All plots show standard errors from image
analysis and peak fitting.
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Table 2.1: TEM image analysis of QD-SEBS nanocomposites. The emission maximum red-
shift is measured at 100 µm from the center of primary excitation for various concentrations of
QDs in SEBS. The average cluster diameter, volume fraction of aggregate in the composite
(faggregate), and the QD fill factor were measured from Ncluster number of clusters in the
TEM images of the microtomed composites. A correlation between QD fill factor and the
IFE red-shift is observed.

Loading Emission
Ncluster

Average Cluster
faggregate

QD Fill
(wt.%) Red-Shift (nm) Diameter (nm) Factor
10% 6.05 78 364 ± 66% 0.104 ± 0.027 0.204 ± 0.053
5% 7.93 41 148 ± 74% 0.049 ± 0.067 0.208 ± 0.284
2.5% 3.97 405 70 ± 123% 0.029 ± 0.005 0.175 ± 0.029
1.25% 1.88 135 87 ± 95% 0.018 ± 0.012 0.137 ± 0.091
0.61% 1.04 113 84 ± 100% 0.010 ± 0.008 0.123 ± 0.092

One possible explanation is that the IFE shift is also dependent upon the photon
scattering within the sample. The index of refraction in a composite can be approximated
as the linearly weighted average of the volume fractions, thus higher density clusters (i.e.
clusters with a greater QD volume fraction) will have a higher index of refraction than a lower
density cluster, increasing the scattering cross-section at that interface.90 In a completely
non-scattering composite, an emitted photon will simply travel through the composite away
from the point of emission until it is reabsorbed. For a thin, non-scattering sample, we could
approximate the path length that the photon traversed as simply the radial-distance from
emission. In the case of a photon being emitted in a scattering composite, the photon can
scatter back towards the QD that it was emitted from before being absorbed.90 Thus, for
a photon in a scattering medium to reach the same radial-distance from initial emission, it
will have to travel a longer path on average than a photon in a non-scattering medium. Such
an increase in the photon’s path length will increase the number of reabsorption events from
the IFE, and cause a greater red-shift in the sample.62,63

Another possible explanation is that the aggregated samples show a greater red-shift
because photon reabsorption in a cluster can also result in additional FRET events within
that cluster before it is reemitted. In this case, the energy is red-shifted from both the
IFE and FRET, but IFE can transport the energy from one cluster to another across the
nanocomposite allowing for the large distance of energy transfer that is observed in our
systems. Consequently, for an aggregated sample, a single photon absorption/reemission
event could consist of more than one energy transfer event, whereas a well-dispersed sample
would only have a single energy transfer event per photon absorption/reemission event.

We further investigated how the shape of the CdSe/CdS heterostructure incorporated
in the nanocomposite could affect the observed IFE shift. At the similar loading by core
mass the spherical QDs exhibited the greatest shift, followed by nanorods, and finally nan-
otetrapods, which had little to no shifts (Fig. 2.5, Table 2.2). From TEM, the tetrapods
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Table 2.2: Emission red-shift of various QD-polymer composites. Below are the various
concentrations and shapes tested for optimizing the IFE. Emission red-shifts were measured
at 100 µm from center of primary excitation at an excitation power density of 0.2 W/cm2.
All inputs of * indicate that there was not enough light propagating through the polymer to
measure any spectra 100 µm from excitation.

QD Shape Polymer PL FWHM QD Concentration CdSe Core Emission

(wt.%) Concentration Red-Shift
(wt.%) (nm)

Spherical

SEBS 21

10. 2.2 6.05

Dots

5.0 1.1 7.93
2.5 0.54 3.97
1.25 0.271 1.88
0.61 0.13 1.04
0.32 0.069 0.95
0.10 0.022 0.63
0.05 0.011 *

PLLA 21

5.0 1.1 1.25
2.5 0.54 0.42
1.25 0.271 *
0.61 0.13 *
0.05 0.011 *

PCL 22 5.0 1.1 4.38

Long SEBS 36

20. 0.47 4.18

Nanorods

10. 0.23 1.46
5.0 0.12 0
0.50 0.012 *

Short SEBS 23

20. 2.0 2.3

Nanorods

10. 0.99 1.46
5.0 0.49 1.26
0.50 0.049 *

Tetrapods SEBS 36

20. 1.1 1.27
10. 0.54 1.11
5.0 0.27 0.84
0.50 0.027 *
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(a) (b)

(c) (d)

(e) (f)

QD as synthesized 20% QD-SEBS

Figure 2.5: TEM images of long CdSe/CdS nanorods as synthesized (a) and 20% loading
in SEBS (b). Short CdSe/CdS nanorods as synthesized (c) and 20% loading in SEBS (d).
CdSe/CdS tetrapod QDs as synthesized (e) and 20% loading in SEBS (f). Scale bars are
100 nm for a-d, 40 nm for e, and 400 nm for f.

are observed to inefficiently pack and generate the least dense aggregates, while the spher-
ical dots are observed to have the densest aggregates. This observation further supports
the claim that scattering increases the IFE in solid samples, but we refer the reader to the
following section for a more thorough description of the QD shape dependence. Among the
various tested samples, we found the sample at 5 wt.% of CdSe/CdS spherical QD in SEBS
showed the greatest IFE red-shift.

Unlike QDs, laser dyes (rhodamine 640 and rhodamine 575) that were dispersed in the
same polymer and had little to no observable red-shift. Although these samples certainly
undergo the process of inner filtering, changes in PL peak maximum are more difficult to
measure due to the broad linewidth (FWHM ∼150 nm) and the small overlap of absorption
and PL which results in a low efficiency of the IFE red-shift for each recycled photon.91 The
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inhomogeneity of absorption inherent in a non-uniform population can actually result in a
greater red-shift than an ensemble of organic molecules whose absorption is homogenous. In
inhomogeneous populations, FRET and reabsorption events favor the transfer of energy to
sub-populations with excited state energies that are lower than the donor state. As such, QDs
appear to be particularly suited to IFE-induced red-shifts due to their strong absorption,
size dispersion, and quantum confinement.

2.2.3 Discussion of the IFE Shift in Other Nanocomposites

The IFE shift was investigated in a variety of samples, where the QD shape, QD
concentration, and polymer were all varied to examine the tunability of the system. Spherical
CdSe/CdS core/shell QDs were dispersed into SEBS, PLLA, and PCL at concentrations
ranging between 0.05% to 10% loading by mass, long and short CdSe/CdS nanorods were
dispersed into SEBS at concentrations ranging between 0.5% and 20% loading by mass, and
tetrapod CdSe/CdS QDs were dispersed into SEBS at concentrations ranging between 0.5%
and 20% loading by mass (Fig. 2.2, Table 2.2). For each composite, samples were excited
with an excitation power density of ∼0.2 W/cm2 and the radial IFE shift was measured at
100 µm from the center of excitation.

We note that at the same mass loading in the same polymer, the spherical dots tend to
have a greater shift, likely due to the increased relative concentration of the QD core. This
is because the core is the only component of the QD that will be re-absorbing any emission
due to its smaller band gap. Once the concentration is normalized due to the concentration
of the core, the spherical QDs and the long nanorods have similar IFE shifts, followed by
short nanorods, and then tetrapods. In general, every composition tends to show a larger
red-shift with increasing concentration of QD.

The difference in sensing between the different shapes can be attributed to a combi-
nation of the Stokes shift and the packing of the QDs (Fig. 2.5). For brevity, we will only
address the particularly poor shift in the tetrapod samples, but this argument can readily
be applied to the relative shifts between two samples. The tetrapod heterostrucutre has a
larger Stokes shift than the other tested structures indicating the likelihood of reabsorption
is decreased.26,84 Although a large Stokes shift is generally a desired trait for emitters, such
as in luminescent solar concentrators73,92 or displays,93 this severely limits the applicability
of tetrapods as good IFE sensors. The tetrapods may also display a small IFE red-shift
due to the packing. Because the tetrapods cannot pack as densely as spherical dots or
nanorods, they will inherently be a less scattering material and result in a fewer number of
FRET events. Scattering, as discussed in the main text, effectively increases the path length
traveled by a photon over the same spatial distance. This decrease in path length will also
decrease the amount the number of re-absorption events.

This argument concerning the scattering can also explain why a much smaller IFE
shift is observed in the spherical QD-PLLA composites. TEM imaging of the 5% loading
by mass in Figure 2.4g shows a sample that is much more uniformly dispersed than at the
same loading in either SEBS or PCL (Figs. 2.4e,h). The QDs are well dispersed because
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the long alkyl ligands that passivate the surface of the QD are miscible with the polymer,
unlike in the other tested polymers.58,59 Visually, the QD-PLLA composites are optically
transparent while both the QD-SEBS composites and QD-PCL composites are opaque due
the scattering.

From this investigation, we would expect that one could maximize the amount of the
IFE by increasing the scattering within a sample and by decreasing the Stokes shift of
the lumophore. Scattering can be increased by either including non-fluorescent scatterers,
such as SiO2 or TiO2 microspheres, or by modifying the ligand surface to ligands that are
immiscible with the polymer of choice. Other nanocrystals compositions, such as lead halide
perovskites,13,35,40,94 could produce a nanocomposite whose IFE red-shift is greater than that
presented in this work. Those perovskites have a very small Stokes shift39,95 and their cubic
structure could lend well to dense packing of the aggregates.

2.2.4 Using IFE as a Displacement Sensor

We sought to explore the potential of using IFE in our composites to serve as a height
sensor. By locally exciting a small area of the nanocomposite with a fluorescence microscope
we can create a material whose luminescence red-shifts monotonically about the center of
the excitation from the IFE (Fig. 2.1). This radially symmetric shift provides a system with
the unusual property that the measured emission maximum at the center of excitation shifts
in a predictable manner by simply changing the objective to sample distance, z. A reversible
red-shift in PL is observed upon under- and over-focusing of the microscope as shown in
Figure 2.6a. The orange spectrum is highlighted because it is the spectrum of the sample in
focus. It is important to note that this sort of a red-shift does not originate exclusively from
the IFE, like was the case in Figure 2.1, but it originates from the emission symmetry and
the optical path through which the emission is collected.

A schematic representation of the fluorescence microscope setup is shown in Figure
2.6b. When focused, that is when z = fO, the focal length of the objective, light from a
single point in the sample can be mapped onto a single point on the detector, or conversely,
a single point on the detector can be mapped onto a single point on the sample. As z is
moved by some displacement ∆, a single point on the detector now is mapped onto a spot
of diameter dCCD. Assuming that the objective can be modeled as a simple lens, we can see
that

dCCD =
dO
fO
|∆|, (2.1)

where dO and fO are the objective lens diameter and focal length, respectively, and the
magnitude of dCCD is dependent upon the defocus distance, ∆.

The measured spectrum, Φmeas, will be a sum of all the emitted light in a circle of
diameter dCCD, weighted by the intensity of the emission source.96 We can model the detected
spectrum as an intensity-weighted sum of a radially-independent spectrum, ΦP (λ), attributed
to the primary emission, and a radially-dependent spectrum, ΦIF (λ, r), attributed to the
secondary emission of the IFE, where r is the distance from the center of primary excitation.
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Figure 2.6: (a) Stacked PL spectra of composites as a function of z. Moving z from focus
(orange spectrum) in either direction causes a red-shift in the PL spectrum. (b) Schematic of
inverted fluorescence microscope. The composite is excited and PL is collected through the
same objective and directed to a spectrometer. (c,d) The measured (circles) and modeled
(dashed) red-shift in collected PL upon a change in height or focus for a (c) 40× (0.6 NA)
and (d) 100× (0.9 NA) objectives. Error bars are the standard errors.

Thus the measured spectrum as a function of defocus distance is given by:

Φmeas(λ,∆) ∝
∫ dCCD/2

0

(
IP

(
d
(f)
λ (∆), r

)
ΦP (λ) + IIF (r)ΦIF (λ, r)

)
rdr, (2.2)

where the intensities of the primary emission and secondary emission are IP and IIF , re-
spectively. The PL spectrum from secondary emission, ΦIF , is modeled using the spatial
dependence of the shift measured in Figure 2.1e, but is assumed to be independent of the de-
focus distance as shown in Figure 2.7. The primary intensity, IP depends upon the distance
from focus, ∆, and the distance from the center of excitation, r. In focus, IP has a Gaussian
profile and is assumed to broaden96 to a width of d(f)λ as the distance from focus is changed.
The increased spot size can be estimated with geometric optics based on the incoming beam
diameter, d(i)λ , the focal length of the laser lens, fλ, and the path length between the laser
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Figure 2.7: Plot of integrated intensity of a QD-SEBS composite excited while in focus (i.e.,
∆ = 0). The integrated intensity fits well to a double Gaussian, where one Gaussian is
assigned to the emission from primary excitation and the other is from secondary excitation
due to the IFE.

lens and objective lens, h.

d
(f)
λ (∆) =

d
(i)
λ

fOfλ

(
∆2 + ∆(h− fO) + f 2

O

)
. (2.3)

This empirical model fits well to the experimentally measured red-shifts as shown in
Fig. 2.6 where the microscope objective was changed from 40×, 0.6 Numerical Aperture
(NA) objective (Fig. 2.6c) to a 100×, 0.9 NA objective (Fig. 2.6d). The asymmetry in
the shift, particularly present with the 100× objective, is well captured in the model. This
asymmetry comes from the asymmetric change in the laser spot size upon changing the
focus of the sample. By removing the back lens, the model predicts that the shift will be
symmetric with increasing and decreasing focus.

Near the focus of the sample, the red-shift in emission maximum can be approximated
as linear with a red-shift of 0.01 and 0.02 nm/µm for the 40× and 100× objectives. The
statistical error in our peak fitting was measured to be 0.0023 nm, indicating that it is
possible to detect displacements with sub-micrometer precision, specifically with ∼460 nm
and ∼230 nm z-resolution for the 40× and 100× objectives, respectively.

We note that improved resolution can be achieved either through optical path engi-
neering (Eqns. 2.1 and 2.3) or through nanocomposite engineering (changing ΦP and ΦIF ).
For example, the optical path can by optimized by changing the objective collecting the
emission. When we changed from the 40× to 100× objective we increased the rate of convo-
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Figure 2.8: (a) A schematic of sample positioning relative to objective for measuring defor-
mations. (b) The measured PL shift (red) of the sample for a given deformation (black) of
sample by a piezoelectric driver shows good, repeatable tracking of mechanical oscillation.
(c) 1D spatial map of red-shift of sample under static deformation with a blunt indentation
probe. Error bars are standard errors from peak fitting.

lution and observed a factor of 2 increase in the resolution. By using samples with a greater
IFE red-shift we imagine we could further improve this resolution. It is worth noting that
our model implies that this shift can be achieved solely from the optics used and should be
true for any emitter with a radially-symmetric monotonic shift, not just one created by the
IFE.

Because this red-shift monotonically increases with defocus, the location of the emission
maximum could be used as a vertical deformation sensor. To determine the ability of the
nanocomposite to sense deformations, we tested the temporal response of our system with
respect to a small-point deformation of the sample (Fig. 2.8a). A piezoelectric motor was
used to depress the composite up to 600 µm in a sinusoidal motion. The fluorescence of the
sample and the film position were simultaneously measured and are shown in Figure 2.8b.
There is good agreement between the measured red-shift of the emission (red diamonds) and
the physical displacement (black line). The IFE-induced red-shift is fully reversible with no
hysteresis and tracks the mechanical deformation with a high degree of precision. Because
this process is purely spectroscopic, the temporal resolution is only limited by the sub-
microsecond photon transport within the film,83 and by our detector’s temporal resolution,
∼0.1 second in this case; it could be much higher with other commercially available rapid
imaging detectors such as electron multiplied CCDs (EMCCDs) or scientific CMOS detectors.

By manually scanning the sample, we show that this technique can be used to map
out the spatial profile of an applied deformation. Upon indentation with a ∼500 µm di-
ameter probe into the nanocomposite, we scanned the sample across the wide-field optical
excitation area (∼150 µm diameter spot), recording the PL emission at each position in
250 µm steps (Fig. 2.8c). Using the known mechanical properties of membranes under
z-deflections, it should be straightforward to analytically convert observed strains or defor-
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Figure 2.9: Monitoring deformation of artificially respired chicken lung. (a) Schematic of
a nanocomposite adhered to surface of a chicken lung via Van der Waals forces under UV
illumination. (b) PL red-shift as a function of time and respiration. The red arrows indicate
inflation and the black arrows indicate deflation. Error bars are standard errors from peak
fitting, but are small enough to be hidden within the data points.

mations to stresses.97 Such a technique could be useful in measuring the stresses and strains
within various polymer membranes non-invasively. As this is a visible light fluorescence-
based technique, we expect that this technique should be able to achieve sub-micrometer
lateral resolution in addition to the sub-micrometer vertical resolution.

The performance of the QD-polymer composite as a height sensor also shows promise
for a variety of biological processes. Because this shift is seen in multiple polymers with
multiple types of nanocrystals, this type of composite should allow researchers to create a
bio-compatible substrate for investigating biological deformations. As a proof of concept,
we show that a nanocomposite can adhere to the surface of a lung and easily detect the
movement associated with the inflation and deflation of the lung (Fig. 2.9). A nanocomposite
film was placed on the surface of a chicken lung to which it readily adhered without any
adhesives. The lung was mounted on an inverted fluorescence microscope and respiration
was simulated via a nitrogen inlet attached to the trachea. The PL of the sample was
measured as the lung was sequentially inflated and deflated (Fig. 2.9b). When inflated,
we detected a vertical displacement of the bottom of the lung of around 250 µm and upon
deflation, a clear relaxation back to the baseline was observed. Similar deformations were
observed by Nguyen et al. 98 with a piezoelectric sensor on an artificially respired lung.

Although those sorts of large-scale deformations can also be studied by other tech-
niques,80,99 this nanocomposite may have the potential to be applied to looking at inter-
cellular deformations.79,100–102 Frequently, stiff substrates are used to support cell cultures
and other biological specimens examined in fluorescence microscopes. These inhibit the full
range of transverse motion of biological specimens and severely limit the ability to study im-
portant biological processes such as wound healing and cancer cell proliferation that depend
on the mechanical environment. Because of the use of a stiff substrate, vertical deformations
in these processes have received less attention and are less well-determined than biological
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deformations in the lateral, x-y plane.103–105 With a soft composite, such as QD-polymer,
this technique may be able to image the dynamics of live cells, something that is not yet
easily measurable non-invasively.79,106

2.3 Conclusions
Our work has demonstrated the importance of understanding how the IFE can affect the

PL properties of QD-polymer composites. The size dispersity inherent in colloidal nanopar-
ticle synthesis provides enough heterogeneity that the PL red-shifts over a third of the initial
peak width within 100 µm of spatial distance within these composites. This emphasizes
the need for increased synthetic control of monodispersity in QD synthesis, particularly for
applications where spectral purity is important. Further, control of the dispersion of QDs
in polymers is an important parameter to control the extent by which IFE is occurring in
the solid-state. Well-dispersed composites show a substantial decrease in the IFE-induced
red-shift compared to highly aggregated samples.

We also demonstrated that the red-shift caused by the IFE can be used as a quan-
titative real-time optical height sensor with sub-micrometer resolution in the z-dimension.
Further developments could result in greater shifts by using thinner and longer polymer
nanocomposite geometries,97 softer polymers, or by increasing the scattering properties of
the sample. Future applications could be diverse, including pressure-sensing membranes,
metrology-sensing adhesives and coatings, and sensing z-stresses involved in tissue growth103

and cell locomotion,107 as well as a variety of other small-scale biological processes that have
been challenging to non-invasively study in a low-cost format with high spatio-temporal
resolution.

2.4 Materials and Methods

2.4.1 Materials

Trioctylphosphine oxide (TOPO, 99%), selenium (Se, 99.99 %), cadmium oxide (CdO,
≥ 99.99%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%), oleylamine (OLAM, 70%),
myristic acid (MyrA, 99-100% Sigma Grade), propylphosphonic acid (PPA, 95%), hexylphos-
phonic acid (HPA, 95%), and 1-octanethiol (OctSH, ≥ 98.5%) were purchased from Sigma-
Aldrich. Tri-n-octylphosphine (TOP, 99%) was purchased from STREM, octadecylphos-
phonic acid (ODPA, 99%) from PCI Synthesis, and sulfur (S, 99.9995%) from Alfa Aesar.
All chemicals were used in the as-received condition. Laser dyes rhodamine 640 and rho-
damine 575 were purchased from Exciton. Poly(styrene-ethylene-butylene-styrene) (SEBS,
MD-1537, molecular weight of 117 kilodaltons (kDa)) was provided by Kraton Corporation.
Polycaprolactone (PCL, molecular weight of 80 kDa) was purchased from Sigma-Aldrich, and
poly-l-lactide (PLLA, molecular weight of 100 kDa) was purchased from ShenZhen ESUN In-
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dustrial Co. Ltd. Other chemicals used include the anhydrous solvents acetone, chloroform,
toluene, methyl acetate, and hexanes.

2.4.2 Nanoparticle and Nanocomposite Synthesis

Wurtzite CdSe Core Synthesis

Wurtzite CdSe cores (w-CdSe) were synthesized following a previously reported pro-
cedure.82 In a typical reaction, 3 g of TOPO, 280 mg of ODPA, and 60 mg of CdO were
combined in a 25 mL round-bottomed flask, and degassed under vacuum at 150 °C for 30
min. The reaction vessel was then heated to 320 °C under flowing argon until complete
complexation of Cd. To the reaction, 1 mL of TOP was injected into the reaction solution,
which was then heated to 372 °C for the fast injection of Se (60 mg) dissolved in TOP
(0.5 mL). Upon injection, CdSe nanocrystals were allowed to grow for 10-30 seconds and
the reaction was allowed to cool to room temperature. QDs were cleaned in an inert at-
mosphere with successive precipitation and dissolution using toluene/acetone, CHCl3/IPA,
and hexanes/acetone as solvent/antisolvent pairs, and were stored in hexanes in an inert
environment. Sizing and concentrations were determined by a previously reported empirical
formula.3

Zinc Blende CdSe Core Synthesis

Zinc blende CdSe cores (zb-CdSe) were synthesized following a previously reported
procedure.108 In a 50 mL round bottom flask, 77 mg CdO, 294 mg MyrA, and 5 mL of ODE
were heated to 250 °C and allowed to complex, a champagne color indicated completion of
the complexation. The solution was cooled to room temperature and an additional 32 mL
of ODE were added. The solution was then degassed under vacuum at 90 °C for 1 hour
and cooled back to room temperature. To the solution, 24 mg of Se powder was added,
and the mixture was degassed at 50 °C for 15 minutes. The solution was heated to 240 °C
under argon and a mixture of 4 mL ODE, 1 mL OLAM, and 0.1 mL of OA were injected
dropwise. The reaction proceeded at this temperature for 1 hour, and was then allowed
to cool to room temperature. The zb-CdSe dosts were separated from excess ligand via
repeated precipitation, redispersion in hexanes using acetone as an antisolvent. QDs were
stored in hexanes or chloroform in an inert environment.

CdSe/CdS Core/Shell Synthesis

CdSe/CdS core/shell QDs were synthesized following previously reported procedures.22
In a typical reaction, w-CdSe QDs (100-800 nmol) were initially degassed under vacuum at
room temperature for 1 hour and then at 120 °C for 30 min in a solution with either a 1:1
ratio of OLAM:ODE or a solution of just ODE. The total volume of OLAM and ODE ranged
from 3-6 mL per 100 nmol of QDs used. The reaction was then heated under argon to 310 °C,
and held there for the duration of the shell growth. During the heating, a slow injection of
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0.2 M OctSH in ODE and 0.2 M Cd-oleate in ODE was started at 250 °C. Injection solution
volumes varied between 6 and 12 mL for each precursor, but the total reaction time of 2
hours was maintained. Upon injection completion, the reaction was maintained at 310 °C
for 10 min, then cooled to room temperature. The core/shell QDs were isolated from excess
ligand via precipitation in acetone and redispersion in hexanes, repeated two or three times.
Insoluble impurities were removed from solution via centrifugation in hexanes without any
antisolvent. QDs were stored in either hexanes or chloroform in an inert environment.

Nanorod CdSe/CdS Synthesis

CdSe/CdS core/shell nanorods were synthesized by modifying a previous method.26
To make 150 nm nanorods, 1.035 g of CdO, 5.4 g of ODPA, 0.3 g of PPA, 16.75 g of TOPO
were loaded into a 100 mL flask and degassed at 120 oC under vacuum for 30 minutes. The
solution was heated to 320 °C under flowing Ar and was allowed to complex. After becoming
completely transparent, the solution was cooled down to 120 °C and dried under vacuum for 2
hours. The solution was heated to 340 °C under Ar and 7.5 g of TOP was injected. After the
flask recovered the temperature to 340 °C, 0.6 g of TOP:S solution (from a mixture of 0.865 g
S in 10 g TOP, stirred in an inert environment overnight) was injected. After 20 s, a solution
of w-CdSe cores (100 nmol in 3 g of TOP) was injected and the temperature was adjusted to
320 °C and held constant for 10 minutes. After the reaction, cooled crude solution was re-
solubilized by adding hexane and octylamine. After being kept for a few days in the freezer,
this mixture was then centrifuged with the addition of isopropanol or acetone as non-solvents
three to four times to remove unreacted precursors. Cleanliness (i.e., no free ligands) was
verified using H-NMR. To make 25 nm nanorods, 0.207 g of CdO, 1.08 g of ODPA, 0.015 g
of PPA, and 3.35 g of TOPO were used and the same procedure was followed. See Figure
2.5 for transmission electron microscopy (TEM) images of as-synthesized nanorods.

Tetrapod CdSe/CdS Synthesis

CdSe/CdS tetrapod QDs were synthesized following previously reported literature.109
In a typical reaction, 210 mg CdO, 1.10 g ODPA, 50 mg HPA, and 3.35 g of TOPO were
added to a 25 mL round bottom flask. The mixture was degassed under vacuum at 120 °C
for 1 hour. The solution was then heated under argon to 280 °C and was allowed to complex.
After complexation, 1.5 g of TOP was injected and the solution was heated to 300 °C. Once
the sample reached that temperature, 0.65 g of TOP:S was injected. After 40 s, a mixture of 2
mg zb-CdSe seeds in 0.5 mL toluene and 0.5 g TOP was injected. The temperature typically
dropped to ∼280 °C and the solution was slowly increased to a temperature of 315 °C at a
rate of ∼1 °C/min. The sample was allowed to react for an additional 20 minutes at 315
°C and then was cooled to room temperature. The tetrapods were isolated from unreacted
precursor by precipitation with acetone and redispersion in hexane or toluene. Tetrapods
were further separated from any nanorods that formed by high-speed centrifugation for 30
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minutes in toluene. Tetrapods were stored in toluene or chloroform in an inert environment.
See Figure 2.5 for TEM image of as-synthesized tetrapods.

Fluorophore-Polymer Composite Preparation

QD-polymer composites were prepared similarly to previously reported procedures.110
In brief, solutions of 1.2% by weight polymer (SEBS, PLLA, and PCL) were mixed with the
appropriate concentration of QDs in chloroform to achieve a concentrations ranging from
0.05% to 10% of QD by mass in polymer. Typically, solutions were made with ∼140 mg
SEBS and ∼8 mL chloroform. The QD-polymer solutions were cast into a small glass petri
dish and solvent was allowed to evaporate slowly the course of 8 hours, or were dried into
a 20 mL or 7 mL glass vial using an in-house nitrogen line. Resulting films were typically
70-150 µm in thickness. For laser dye-polymer composites, rhodamine 575 or 640 solutions
in chloroform were mixed at very low concentrations (<0.001% by weight) with polymer
solutions in chloroform in order to avoid any aggregation-induced shifts.111 The dye-polymer
solutions were cast into glass petri dishes and dried overnight in ambient conditions.

2.4.3 Data and Image Analysis

TEM Sizing

For determination of aggregate sizes, inter-aggregate distances, and other parameters
from QD-polymer composite TEM images, a custom MATLAB algorithm was employed
to automatically identify and outline aggregates. Briefly, an image was filtered multiple
times with a median filter followed by a contrast-limited adaptive histogram equalization
using MATLAB’s built-in algorithm. The image was converted to a binary image using a
simple threshold with the cutoff determined using the triangle method on the pixel intensity
histogram. The binary image was further processed using watershed segmentation to cut
apart overlapping objects and the border of the image was cleared of objects. The small
remaining noise was removed by an opening and closing operation.

Photoluminescence Peak Fitting

Single QDs have PL spectra whose emission maximum is based on the QD dimensions,
and fit well to a Lorentzian spectral shape.112,113 A polydisperse sample whose size distribu-
tion is Gaussian, will have an ensemble PL spectra that has a spectral shape of a Gaussian
of Lorentzian peaks, or more succinctly, a Voigt. For highly polydisperse samples, the Gaus-
sian term dominates and the spectra can be approximated as simply a Gaussian peak shape.
Due to the relative mono-dispersity of our QDs, the PL spectra are less dominated by the
Gaussian distribution, so the peaks do not fit well to a single Gaussian spectra (Fig. S4).
We have thus fit our peaks to a Voigt shape.114–116
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V (λ) =

∫ ∞
−∞

G(λ′)L(λ− λ′)dλ′, (2.4)

where the Gaussian has width σ and the Lorentzian has a width of γ and take the functional
form of

G(λ) =
e−λ

2/2σ2

σ
√

2π
and L(λ) =

γ

π(λ2 + γ2)
.

Concentration Dependence of IFE Shift

QD-SEBS nanocomposites were synthesized at a range of different concentrations to
determine the effect of QD concentration on the IFE red-shift. For each sample, the measured
red-shift was reported to be the red-shift measured at 100 µm from the center of excitation
using a ∼5 µm wide excitation spot. The measured shift for each concentration is shown in
Table 2.2.

Three different methods were used to calculate the cluster spacing, as plotted in Figure
2.10. Method 1 measured as the average nearest neighbor spacing using the center of mass of
the aggregate, Method 2 used the average surface-to-surface distance of nearest aggregates
to estimate the spacing, and Method 3 calculated the average distance to all other clusters
on the image. All of these methods show a general increase in the average aggregate spacing
in the 10% loading relative to 5%.

We also investigated how the volume of QDs affected the shift. This is different from
the loading concentration, because it was observed that at higher concentrations the QDs
were more densely packed. This is likely due to the QDs being immiscible with the polymer
and so there is a higher enthalpic gain by decreasing the QD-polymer surface area. We first
estimated faggregate, the volume fraction of the polymer taken up by aggregate, from the 2D
area of the image taken up by the aggregates. Based on simple geometric considerations and
the mass of weight percent of QDs used, the nanoparticle volume fill of the polymer, fQD,
was calculated as:

fQD =

(
1 +

(
W−1
QD − 1

) ρQD
ρP

)−1
, (2.5)

where WQD is the percent weight of QDs in the polymer composite and ρQD and ρP are,
respectively, the densities of the QDs (taken to be that of CdS) and polymer. The ratio of
these two values gives the fill factor, F , a measure of QD volume to aggregate volume:

F = fQD/faggregate. (2.6)

The average aggregate size is identical, within error, for the three lowest concentrations,
but increased dramatically for the 5% and 10% loadings. The aggregate size does not show
any correlation to the observed red-shift; however, the QD fill factor, computed from the
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Figure 2.10: Different methods for calculating the average spacing between aggregates show
the same general trend. Method 1, the average distance between center of mass, was presented
in Figure 2.4. Method 2 is a measure of the average surface-to-surface distance of adjacent
aggregates and Method 3 is a measure of the average distance to all other aggregates within
the TEM image.

measured nanoparticle volume fraction, does in fact show a linear trend with the red-shift.
We attribute this linear shift to the increased scattering in the sample. The fill factor of an
aggregate can be used as a proxy for the index of refraction of the aggregate. If we assume
that the aggregate is only composed of QD and polymer, the larger the fill factor, the larger
the QD volume and the index of refraction. As F goes to 1, we expect an index of refraction
of CdSe/CdS of about 2.5, and as F goes to 0, we expect the index of refraction to be that
of the polymer (∼1.5). With a higher difference in index of refraction, we expect an increase
in the scattering cross-section of an aggregate.90 Such an increase in scattering cross-section
would lead to an increase in photon path length, leading to a larger IFE-induced red-shift.

2.4.4 Instrumentation

Inverted Fluorescence Microscope System with Spectrograph

All fluorescence spectra taken in this study were measured on a home built fluorescence
microscope setup, unless otherwise stated. Samples were mounted on an inverted microscope
(Zeiss). Samples were excited from below with an Ar+, cw-laser emitting at 488 nm. The
typical power density on the sample was ∼0.2 W/cm2. Fluorescence was collected through
the same objective used to excite and the laser was reflected off with a dichroic mirror and
filter. Photoluminescence was directed to a liquid nitrogen cooled Princeton Instruments Si
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CCD and was spectrally resolved with a Princeton Instruments Acton 2300 monochromator
with a 300 gr/mm grating, blazed at 750 nm. The detector was calibrated daily to ensure
spectral accuracy within 0.1 nm.

Transmission Electron Microscopy (TEM) Sample Preparation and Imaging

For TEM, ∼70-90 nm sections of PCL, PLLA and SEBS-QD nanocomposites were
cut from as-prepared nanocomposite films using an RMC MT-X Ultramicrotome (Boeckler).
Sections were cut at cryogenic temperatures and picked up onto copper grids from water.
TEM images were acquired using a 200 kV Tecnai G2. For nanoparticle size distributions,
more than 200 particles were counted per measurement using Image-J to analyze TEM
images.

Time-Resolved Emission Spectroscopy (TRES) Measurements

Time-resolved photoluminescence measurements were performed with a Picoquant Flu-
oTime 300 with a PMA 175 detector. The excitation source was a 407.7 nm LDH-P-C-405
diode laser. Photoluminescence decays were acquired every 2 nm between 550 nm and 750
nm with a repetition rate of 4.2 MHz and bin width of 128 ps.

Confocal Microscopy

Confocal photoluminescence microscopy was performed with a Zeiss 100×/1.25 NA oil
immersion objective on a WITec alpha300R+ upright microscope with 488 nm laser exci-
tation. Emitted light was collected through a 50 µm multimode optical fiber to a UHTS
300 imaging spectrometer with a 600 gr/mm grating blazed at 500 nm. The spectrum was
then detected on a thermoelectrically cooled Andor DU970N-BV-353 silicon CCD. Photo-
luminescence spectra were collected from a 10 µm × 10 µm area of the 1.25% QD-SEBS
nanocomposite. The pixel size was 100 nm × 100 nm, and the pixel integration time was
0.1 second.

Temperature Measurements of Photoexcited Nanocomposites

The PL spectra and sample temperature were simultaneously measured with excitation
power density ranging from ∼10−2 to over 102 W/cm2 in order to ensure that the sample
was not shifting due to any laser induced effect, such as heating. Temperatures were mea-
sured with a thermal camera (FLIR corporation, Model#: A8303sc with a 4× microscope
MWIR SC8x00 objective). Power density at the sample was measured with a power detector
purchased from Thor Labs. The nanocomposite sample was mounted such that it was in
focus of both the FLIR thermal camera and fluorescence microscope objective. Figure S1
shows the fluorescence and measured temperature of the polymer as a function of excitation
power density. Aside from these measurements, all experiments in this report were performed
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with excitation power densities of less than 1 W/cm2, thus we do not see any heat induced
effects.117
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Chapter 3

Diamond Anvil Cell Usage

3.1 Introduction
The ability to study materials under extreme environments, such as at high and low

pressures and temperatures, allows scientists to better understand the fundamental physics
governing their materials. Many novel discoveries of new phenomenon and new phases of ma-
terials are only accessible through these extreme environments. Experimentally, equipment
such as cryostats and heating mantles or ovens are readily available that the temperature
of a system can be varied over a wide range. Unlike temperature, high pressure in systems
can be quite difficult to achieve experimentally. The forces required to generate gigapascal
pressures often are great enough that only the strongest materials can not deform under
them. Further any large chambers, blowouts or failures in the housing can be catastrophic
due to the large amount of energy released upon rapid depressurization (remember, E = pV ,
so even 1 cm3 of material under 1 GPa would have 1 kJ worth of energy).

A diamond anvil cell (DAC) is a type of equipment that can generate gigapascal level of
pressures. A DAC, illustrated in Figure 3.1, shows the construction of the pressure chamber:
the sides of the chamber are made from a gasket material and the top and bottom of the
chamber are cut diamonds. The diamonds face that makes up the chamber wall is called
a culet. The face of the diamond opposite the culet is called the table. The chamber size
depends upon the size of the culet, which typically ranges from 100 to 300 µm in diameter,
but are on the order of 1 µL in volume. As such even if pressurized to 20 GPa, the total
energy contained within the chamber is less than 20 mJ.

Due to the transparency of the diamonds, light can be directed through the DAC and a
variety of spectroscopies can be performed, including UV/vis Absorption, fluorescence spec-
troscopy, and vibrational spectroscopy including both IR absorption and Raman scattering.7
Furthermore, because of the crystalline nature of diamonds and low Z-number of carbon,
DACs are idea for x-ray experiments. The x-ray optics found at many synchrotron light
sources allows for the alignment of DACs for x-ray diffraction as discussed in Chapter 4.

For a much more thorough and in depth discussion of DACs than presented here, I



3.2 DAC ALIGNMENT AND SETUP 38

Gasket

Pressure transmitting 
medium

Ruby

(a) (b)

Figure 3.1: Schematic illustration of a DAC and gasket. (a) Side on view of DAC with
a cutaway of the sample chamber illustrates that the sample chamber is composed of two
diamond culets and a pre-indented gasket. (b) Top-down view of the gasket illustrating the
pre-indentation of the gasket and the laser-milled chamber for the sample. A small notch is
often scratched into the top of the gasket to aid in the assembly process.

refer the readers to the work of Miletich et al. 118

3.2 DAC Alignment and Setup

3.2.1 Diamond Mounting and Alignment

A DAC is nothing without well aligned and secure diamonds. Diamonds are typically
mounted on a backing plate that is then assembled into the greater DAC housing and aligned.
The backing plates generally need to be strong flat metals with an opening to allow light
to the diamond. In the studies presented here I used conventional tungsten carbide backing
plates.

Although other methods exist for securing diamonds to their backing plates, the easiest
method is to glue them down. Although mounting the diamonds can be simple, the lifetime of
the glue limits the number of cycles a cell can undergo.118 Cleaning solvents such as acetone,
alcohols, and hexanes can slowly weaken the glue and so after several cycles the glue can
break. Furthermore, glues are typically not suitable for variable temperature experiments,
but those will not be discussed here.118 Stycast 2850FT BLK epoxy with the Catalyst 9
AMB from Henkel Loctite was used as the epoxy to glue the diamonds to the backing plates.
The process for (re-)gluing a diamond to a backing plate looked something like:

1. Excess glue was removed by soaking the diamonds and backing plates in chloroform
and scraping off the glue with a razor. One glue was removed, diamonds and backing
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plates were sonicated in acetone and allowed to dry

2. The backing plate surface was sanded smooth with sand paper. This process was
repeated for the table face of the diamond.

3. The diamond is placed table side down on the flat face of the backing plate and mounted
into a mounting jig (see Figure 3.2).

4. The jig is designed to keep the diamond held in location while allowing the backing
plate to be moved with adjustment screws. These should be adjusted (and tightened)
to ensure that the diamond is mounted over the center. This can be viewed using a
stereo microscope.

• NOTE: Each eyepiece in a stereo microscope will actually view the sample at a
slight angle. As such the left/right position viewed through one eyepiece will be
different than when viewed through the other eyepiece. Because of this, alignment
should only be performed in the top/bottom direction, then the cell should be
rotated 90° to align the orthogonal direction.

5. The epoxy was made by mixing 2.8 g of Stycast 2850FT BLK with 0.2 g of Catalyst 9
AMB.

6. The epoxy was generously applied to the sides of the diamond ensuring not to glue the
diamond or backing plate to the mounting jig. The epoxy would generally go 80% of
the way up the height of the diamond.

7. After 2 days of drying in a fume hood, the diamond/backing plate was removed from
the jig.

Once both diamonds are mounted on their respective backing plates, the diamonds can
be assembled into the DAC housing. Each backing plate can be adjusted with set screws
similar to the mounting jig to position the diamonds relative to each other. The easiest
method for doing this is the approximately center one diamond and tighten the set screws to
hold it in place. The two halves of the cell can be gently put together leaving a small amount
of space between the two diamond culets (an additional vertical-set screw can be used to set
a limit to how close the two diamonds can come to each other). Using a stereoscope with
the fixed diamond on top, the bottom diamond can be aligned to the each other following
a similar method as described in the List Item 4 above. Best alignment can be achieved
when the two diamonds are very close to each other, but it should be noted that you should
never attempt to align the diamonds while they are touching as this can scratch and damage
the diamonds. Once the two diamonds are aligned, tighten all screws to ensure the backing
plates do not move around. You can check the alignment by carefully and slowly putting
both diamonds together and looking side-on for alignment.

When the diamond faces are close to each other, you may notice while looking through
the stereoscope that you see a (or several) rainbow patterns. These are known as Newton
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Figure 3.2: Schematic of diamond mounting jig for gluing diamonds to backing plates

interference fringes and are an indication that the two culet faces of the diamonds are not
coplanar.118 If the DAC has a set screw that allows you to change the tilt of the diamonds
this can be modified, but for a Merrill Bassett cell, you will have to re-glue the offending
diamond and ensure that it is glued flat on the backing plate.

3.2.2 Gasket Preparation

The process for preparing a gasket for a DAC generally follows two steps: (1) pre-
indentation and (2) hole drilling. Depending on the applications and pressure range for a
given experiment different gasket material may be used. For typical optical experiments
going above ∼5 GPa a strong, relatively inert metal, such as steel, stainless steel, or spring
steel is used. For experiments where the maximum pressure is around 2 GPa, a more ductile
metal gasket such as nickel, copper, or even gold could be used. The use of copper as a
gasket material for cadmium chalcogenides is not recommended, because small amounts of
copper can leech into the sample and cause a facile cation exchange with the cadmium in
the particles.119 Gaskets are cut out of thin (∼250 µm) sheets into discs or squares less than
7 mm in diameter.

Pre-Indentation

In order to minimize deformation of the gasket upon pressurization of the DAC, gaskets
are pre-indented to the desired thickness. It is generally recommended that gaskets are pre-
indented to at most 1/6 the diameter of the culet, but I found that for 300 µm diamonds, a
pre-indentation thickness of 30 µm provided more reproducible results for preventing gasket
deformation. Pre-indentation thickness is most easily measured by taking the difference
between the distance between diamond backs with the gasket placed before indentation and
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Figure 3.3: Schematic of gasket with misaligned diamonds illustrating how a large hole could
lead to a chamber that is not centered on each diamond’s culet.

the decreased distance between the diamond backs after indentation with a micrometer. The
gasket thickness could theoretically be measured directly with an appropriate micrometer,
but most micrometers have probes that are wider than the 300 µm culet size and are thus
not as accurate. After the gasket is pre-indented, but before it is removed from the diamond,
an alignment mark should be scratched into the top of the gasket to aid in mounting the
gasket.

Hole Drilling

After pre-indentation of the gasket a small sample chamber needs to be cut into the
gasket. The hole should be centered in the culet impression and should have a diameter
of approximately 1/2 the culet diameter. Drilling smaller holes results in a more difficult
time loading the DAC with sample, but larger holes can lead to premature failure due to
an increased chance of blowout. Larger holes also can be particularly bad if diamonds were
not initially well aligned, causing the hole to not be fully contained in the culet of both
diamonds as illustrated in Figure 3.3. Such a gasket will not be able to reliably generate
high pressures and could damage the diamonds at high pressures. For 300 µm culets and
reaching a maximum pressure up to 20 GPa, I recommend a hole size of 180 µm, but this
will greatly depend upon how well aligned the diamonds are.

Holes can be drilled manually using hand-held microdrill bits or more automated with
a laser mill. The microdrills are comparatively inexpensive but are not as accurate with
placing the hole in the center. They also do not cut as cleanly and can leave burrs in the
gasket. The laser mill, while more expensive, is capable of drilling holes with precision and
leaving clean cuts. With such an instrument, the gasket hole can be milled to any given size
and the center can be very accurately placed in the gasket. The ALS and LBNL has a laser
mill maintained by the staff scientists of Beamline 12.2.2 that can be used for drilling holes
in gaskets. Once milled, the gaskets should be cleaned by sonicating in ethanol or IPA for
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several minutes to remove any dust leftover from the milling process.

3.3 Sample Preparation

3.3.1 Pressure-Transmitting Medium

The most important choice in preparing samples for high-pressure characterization
is the selection of pressure-transmitting medium. The pressure-transmitting medium will
change both the pressure limits that can be reached as well as hydrostaticity of the environ-
ment. Both hydrostatic and non-hydrostatic pressure can be achieved in a DAC, which can
be useful in understanding different optical and structural properties of particles.24 The type
of pressure that is transmitted to particles is based upon the pressure-transmitting medium
used. Both gases, solvents, and even solids can be used as a pressure-transmitting medium.
Aside from a brief mention here that N2 gas acts as a hydrostatic pressure-transmitting
medium up to approximately 20 GPa, I will restrict this discussion to just solvents typically
applicable for nanocrystals.

One added benefit in studying colloidal nanocrystals is the choice of pressure-transmitting
medium can also act as the solvent the nanocrystals are suspended in. This can simplify the
loading process as denoted below.

Hydrostatic pressure is typically achieved in liquid solvents that do not freeze upon
pressurization. As a rule of thumb, liquids that work well are typically glass-formers upon
freezing via temperature. It is worth noting that once a liquid freezes, it typically will
not maintain a hydrostatic environment. For organic soluble nanocrystals, ethylcyclohexane
and a 1:1 mixture of pentane:isopentane are good solvents up to ∼10 GPa. For water
soluble particles, water is only hydrostatic up to approximately 2.5 GPa or a mixture of
4:1 methanol:water is hydrostatic up to 10.4 GPa.118 A more extensive list of hydrophilic
solvents is presented in Miletich et al. 118

Non-hydrostatic solvents are a bit easier to select. These essentially fall into the cate-
gory of anything that is not a hydrostatic pressure-transmitting medium. Toluene is a very
traditional selection for organic soluble nanoparticles as it freezes just above 1 GPa.

3.3.2 Pressure Gauge

Several different pressure gauges can be used to measure the pressure within the DAC.
Many of these are metal-doped oxides that have reliable shifts in their fluorescence upon
pressurization. Although Eu3+ doped LaOCl and Y3Al5O12 can be used,118,120 ruby is most
commonly used. Ruby is Cr3+ doped α-Al2O3 for which NIST standard powders and spheres
can be purchased. The two strongest emission lines of ruby occur from a 2E→ 4A4 transition
on the Cr3+ at 694.2 and 692.8 nm and are designated the R1 and R2 lines, respectively. Up
to 19.5 GPa, the pressure can be determined based off a shift in wavelength by

P = C∆λi (3.1)
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where C = 0.365 GPa/nm and ∆λi is the change in wavelength for the i = R1 or R2 peaks.120
For higher pressures, the pressure can be calculated based on the position of the R1 peak by

P =
A

B

((
1 +

∆λR1

λ0

)B
− 1

)
(3.2)

where A = 1904 GPa, B = 7.655, and ∆λR1 and λ0 are measured in nm.121

3.3.3 DAC Assembly and Pressurization

Proper assembly and loading of the sample is essential for high-pressure studies with
the DAC, but it can be a tedious process. To ensure the best pressure environment, each
step must be meticulously performed and if you mess up a latter step you typically have to
repeat all prior steps. The general steps are cleaning the diamonds and gasket, mounting
the gasket, placing ruby powder, loading sample, adding pressure-transmitting medium, and
sealing the cell. To ensure the best pressure environment, if any step in this process is runs
awry, be sure to remove the gasket and start back to the cleaning.

Cleaning and Mounting the Gasket

Although the general theory behind assembling the DAC is not difficult, the issue
lies in keeping the diamonds clean. Any particles, be they dust, ruby, or sample, that are
on the culet face or the edges where the gasket will be in contact can cause issues with
the sample chamber sealing and can possibly damage the diamonds themselves. It is thus
important to ensure that the faces of the diamonds and the gasket are clean and free from
any particulates. Diamond faces can be cleaned using cotton tipped applicators dipped in
IPA or ethanol. Samples soluble in hexanes or toluene are typically removed using these
two solvents, but these solvents often will leave a residue due to dissolving the glue on the
cotton applicator. I recommend using the applicators used for electron microscopy as those
are designed to prevent shedding of the cotton on the sample. The gasket also needs to be
cleaned well for similar reasons as the diamond. The simplest method is to sonicate the
gasket in acetone for several minutes.

The gasket should be mounted with use of a stereoscope. The gasket should be carefully
placed using the alignment mark as described in Section 3.2.2. Typically this alignment will
be aligned to either the "top" of the cell or to an alignment mark scratched into the DAC
housing. Often the gasket will not be balanced at the top, so a small piece of clay or putty
can be placed below the gasket to help anchor it to the bottom of the DAC.

Loading Ruby and Solid Samples

Ruby and solid samples can be loaded the same way. Colloidal samples should instead
be loaded as described in the following section. With the aid of a stereoscope, powdered mate-
rials can be transferred into the sample chamber with a small needle, such as an acupuncture
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needle. Special care should be taken to only deposit ruby or sample within the chamber and
any powder that accidentally gets on the indentation should be removed. If the powder
cannot be removed, the gasket should be disassembled and the diamond and gasket should
be cleaned again as described above. Only a small amount of ruby is needed for any experi-
ments, but it is recommended to have at least 3 different areas of ruby so the hydrostaticity
of the DAC can be measured.

Loading Liquid Samples and Pressure-Transmitting Medium

Colloidal samples can often be suspended in the pressure-transmitting medium itself,
and thus this can all be performed in a single step. For the case that the sample cannot
be suspended in the pressure-transmitting medium, you must first load the colloidal sam-
ple, allow the solvent it was in to evaporate completely, then load the pressure-transmitting
medium. Liquid samples and the pressure transmitting medium are simply loaded by trans-
ferring a small drop to the sample chamber. Using a microsyringe with a blunt needle will
allow you to create a small drop at the tip of the needle that can then be transferred to the
sample chamber. Often even the smallest drop will be greater than the volume of the sample
chamber and will fill the pre-indentation as well. This is actually good as loading a little
excess solvent will help prevent the formation of bubbles when sealing the cell.

This is also one of the first times that you may notice if your gasket has been well-
mounted. If after the addition of solvent you notice the solvent front quickly lowering down
the cell (more than simple evaporation) this is a sign that the gasket is not well seated on
the diamond culet. If this is the case, the DAC should be unassembled and cleaned well.
Another issue is that if a mixture of solvents is used as a pressure-transmitting medium, such
as a 1:1 ratio of pentane:isopentane, evaporation of this mixture will result in a mixture that
has a different ratio and may thus be nonhydrostatic. As such, the cell should be sealed as
quickly after loading the pressure transmitting medium as feasibly possible.

Sealing the DAC and Pressurizing the Sample

Once the pressure-transmitting medium is added, the top of the DAC can be placed
on the top of the cell and the tightening screws should be screwed in until the cell is slightly
pressurized (>0.1 GPa). Although the tightness will highly depend upon the cell used, the
spring washers on the screws, and the gasket, I found that the cell would be sealed generally
after tightening each screw finger tight, then tightening each screw by 1/6-turns 4 to 6
times each. Screws should be tightened and loosened equally and each screw should not
be over/under tightened more than 1/6 of a turn compared to the other screws to ensure
that a more even force is applied directly downward on the cell. Tightening one screw fully
before tightening others can cause a torque in the DAC and can break the epoxy holding
the diamonds in place or even bend the guide-posts of the DAC. The pressure of the DAC
should be checked by measuring the ruby fluorescence using a fluorescence microscope, such
as the one described in Appendix A.



3.3 SAMPLE PREPARATION 45

The pressure inside the DAC can be increased by tightening the screws and can be
decreased by loosening the screws. At lower pressures (<8 GPa) the screws used to tighten
the cell should only be tightened or loosened at most by 1/6 of a turn at a time. At higher
pressures the screws should only be changed by 1/12 of a turn at most. Because hex-head
screws are typically used as the screws in a DAC, these turns can be easily repeated using
the hex-wrench like a hand on an analogue clock. Turning the wrench from 1 to 3 o’clock or
4 to 6 o’colck is an effective method for doing 1/6 turns, whereas 2 to 3 or 5 to 6 o’clock is
an effective method for doing 1/12 turns.
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Chapter 4

High-Pressure Phase Transitions in
CsPbBr3 Nanocrystals

4.1 Background
Lead halide perovskite nanocrystals (NCs) have attracted a large amount of interest

in the past several years due to their facile synthesis,35 composition tunability,36,37 and high
photoluminescence quantum yield without a passivating shell.35,122 These materials have
been used as prototypes for a variety of potential applications including wide-color gamut
displays,35,123 single NC lasers,76,124 and NC solar cells,125 but these devices rely upon the
phase stability of the material for high efficiency and device longevity. Several attempts have
been made at improving the stability of the NCs,125–127 but a fundamental understanding of
the phase transitions and how NC size affects the phase diagram is needed for more advanced
device engineering.

Temperature-induced phase transitions in CsPbBr3 NCs have been studied by several
groups using calorimetry and x-ray diffraction (XRD), but CsPbBr3 does not appear to
have a large size dependence.128,129 Previous studies on pressure-induced phase transitions,
however, have shown different behavior based upon crystallite size.130–132 An initial report
by Nagaoka et al. 130 reported the fusing of CsPbBr3 NCs under elevated pressures but their
analysis missed the pressure-induced phase change that was later reported by Xiao et al. 131
and Zhang et al. 132 Even in the later reports, the phase transition was simply described as an
amorphization of the lattice, and the authors did not provide any distinct crystallographic
information. They noted that the high-pressure phase is a wide band gap phase as measured
by absorption, but did not attribute any structural reasoning to why this would be. They
further did not investigate how crystal size could affect the phase transition.

A better understanding of the structure of the high-pressure phase will help lead to a
better understanding of the system as a whole. In this study, we investigate the high-pressure
phase transitions that occur in CsPbBr3 using optical fluorescence spectroscopy and XRD.
Through the use of a diamond anvil cell (DAC), we are able to generate gigapascal pressures
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on our samples. Phase transitions in both macrocrystalline (hereby referred to as “bulk”) and
nanocrystalline CsPbBr3 samples are investigated to determine how the size of the crystal
can affect the pressure-induced phase transition. We further study how the edge length of
a NC can affect the phase transition and the overall compressibility of the crystal and what
effects this could have in devices.

4.2 Results and Discussion

4.2.1 Ambient-Pressure Characterization of CsPbBr3 NCs

Colloidal CsPbBr3 perovskite NCs were synthesized following a standard preparation
with some slight modifications.35 Samples were purified by high-speed centrifugation with
ethyl acetate as an antisolvent. Each synthesis can easily be separated into three to four
different fractions with tight size distributions via sequential precipitation as described in
more detail in Section 4.4.2. The optical and structural characterization of one such synthesis
and purification is shown in Figure 4.1. The different fractions all show narrow PL emission
with the full-width at half max (FWHM) all being less than 90 meV.

Unlike cadmium chalcogenide quantum dots, the linewidth of the photoluminescence
(PL) is not a good indicator of size dispersity. CsPbBr3 NCs with an edge length greater
than 10 nm are not strongly quantum confined. Because of this, it is possible to achieve
narrow PL linewidths from NCs with modestly large size variation (>10%). Samples that
have approximately a 15% size distribution and emit around 515 nm will routinely have an
emission FWHM less than 85 meV, while smaller NCs with the same relative size distribution
that emit around 490 nm will have an emission FWHM over 100 meV. It is thus important
that the size is explicitly measured using transmission electron microscopy (TEM) when
looking at size-dependent properties. From the size-selective precipitation we achieve four
different samples with size distributions of 9.9 ± 1.7, 8.4 ± 1.8, 7.4 ± 1.2, and 6.8 ± 0.9 nm
as measured by TEM.

As synthesized, the NCs exist in a perovskite phase as determined by XRD. Although
there are conflicting reports on the exact phase of CsPbBr3 at room temperature and atmo-
spheric pressure,48–50 our pattern does not show any contamination with the lead-depleted
Cs4PbBr6 phase134 or the edge-sharing white phase (Fig. 1.4). This is also confirmed by the
bright PL emission, consistent with what is expected for a direct band gap semiconductor.
Following these synthesis and purification methods, these materials typically have PLQY
between 40 − 60%, but can be improved by post-synthetic surface treatments.122 Recent
work in our group has shown that unpassivated lead atoms on the surface cause unwanted
trap states leading to the less than unity quantum yield. However, for the purposes of this
study, an imperfect surface will not change the structural characterization, so we opted for
use of as-synthesized CsPbBr3 NCs.
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Figure 4.1: Example characterization of CsPbBr3 synthesis using sequential size-selective
precipitation of cubes. (a) The normalized absorption and (b) the normalized PL of each
fraction of a single synthesis at 150 °C. (c) Representative TEM images of the 4th (blue),
3rd (green), and 1st (red) fractions show sizes of 6.8 ± 0.9, 8.4 ± 1.8, and 9.9 ± 1.7 nm,
respectively. The second fraction (not shown) was found to have a size of 7.4± 1.2 nm. (d)
XRD pattern of the first fraction shows that it is in the perovskite phase and matches to the
orthorhombic Pnma phase.133
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4.2.2 Optical Characterization of CsPbBr3 NCs at High Pressures

CsPbBr3 NCs were transferred into ethylcyclohexane and were then loaded into a DAC
for pressurization (Fig. 3.1). Ethylcyclohexane was used as a pressure transmitting medium
to maintain hydrostatic pressure and ruby powder was used as a pressure gauge. The PL
of the sample was measured using a home-built fluorescence microscope with an excitation
spot size of ∼10 µm (λ = 450 nm). The small spot size was used to locally excite the sample
at several different locations within the DAC to ensure that the pressure as reported by ruby
emission and the PL of the CsPbBr3 NCs were homogenous across the cell.

Upon pressurization of the sample a clear red-shift is observed in the PL up to ∼1.4
GPa as seen in Figure 4.2. Although most semiconductors blue-shift upon pressurization,24,56
many lead-containing compounds exhibit a negative pressure coefficient ((∂Eg/∂p)T ) due to
the symmetry of the atomic orbitals that make up the valence and conduction bands.56,135
For the 6.8 nm NCs we observe a pressure coefficient of -17.4 meV/GPa which is well within
the expected range of semiconductors with negative pressure coefficients.56 It is worth noting
that although this red-shift is modest in magnitude, it is nearly twice the red-shift observed
in CdSe/CdS tetrapod QDs and over three times the red-shift observed in CdSe/CdS spheres
and nanorods under non-hydrostatic pressure.24

Above ∼1.4 GPa the PL disappears and the sample is not visibly colored. This change
is abrupt and consistent with a phase transition of CsPbBr3 to a new phase as previously
reported.131,132 These previous reports attribute the change to an amorphization of the lat-
tice, but do not comment on any of the reasons as to why the material would transition to
a wide band gap phase. If the material were to transition to a non-perovskite phase, such
as the white phase of CsPbBr3, we would expect to observe an indirect band gap, which
could account for the loss of PL. This phase, however, would exhibit a distinctive XRD
pattern that was not observed in previous reports, so we expect that is not a likely explana-
tion.130–132 Alternatively, small perturbations in the lattice, such as octahedral tilts or bond
compressions could lead to drastic changes in the band gap of the material.

It is known that the valence band maximum (VBM) of CsPbBr3 is composed from
Pb 6s and Br 4p orbitals while the conduction band minimum (CBM) is mainly composed
of Pb 6p orbitals as illustrated in Figure 4.3e.136 Using the molecular orbitals as our Bloch
functions,137,138 we can construct a qualitative band diagram for CsPbBr3 as shown in Figure
4.3a and b. We see that at the Γ point, the valence band (composed of Pb 6s and Br 4px,
4py, and 4pz orbitals, the last of which is not shown for clarity) is non-bonding. At the R
point in reciprocal lattice space, we see complete antibonding in every dimension, thus the
valence band reaches a maximum energy. We thus expect the lowest energy transitions to
occur from the R point on the valence band. If we look at the overlap at the Γ point for
the conduction band orbitals, we see complete antibonding character between the various
Pb 6p orbitals. At the R point, however, the band has complete bonding character and is
the CBM. Such an analysis here matches qualitatively with theoretical DFT models.139,140

The two main ways that perovskite structures undergo deformation is by lattice com-
pression (decreasing the metal-anion bond length) and anion octahedral rotation. Decreasing
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Figure 4.2: Example of high-pressure PL of 6.8 nm CsPbBr3 NCs in a DAC. (a) Stacked,
normalized PL spectra and (b) emission center as a function of pressure. Upon pressurization
(filled circles) a distinct red-shift is observed in the PL until 1.42 GPa. Above this pressure
the PL is lost. Upon depressurization (open circles) of the cell, PL is regained between 1.27
GPa and 0.75 GPa and then the PL returns to its initial, unpressurized wavelength, indicating
that no permanent size change is observed upon pressurization. The small background peak
observed at 488 nm in the non-fluorescent spectra (shown in black) is Raman scattering of
the 458 nm laser off the diamond.

the Pb−Br bond length would increase the overlap of adjacent orbitals. For the VBM this
will increase the degree of overlap between adjacent Pb 6s and Br 4p orbitals and would have
a similar effect on the Pb 6p orbitals of the CBM. We would expect the VBM to increase in
energy and the CBM to decrease, causing a red-shift in the band gap of the material. Thus
for such a deformation we would expect to have a negative pressure coefficient as illustrated
in Figure 4.3f.

If we consider octahedral rotations without changing the lattice constants, we would
observe orbital overlap decrease as seen in Figure 4.3c-d. This would lead to a decrease in
the VBM and an increase in the energy of the CBM, causing a blue-shift in the band gap.
We would therefore expect to observe a positive pressure coefficient or a widening of the
band gap of the material under octahedral rotations (Fig. 4.3f).

Because we experimentally observe a negative pressure coefficient up to ∼1.4 GPa,
we expect that we are mainly decreasing the bond length without changing the octahedral
rotation significantly. Above 1.4 GPa, we expect that CsPbBr3 NCs transition to a wide-
band gap phase due to increased octahedral rotations and not due to the formation of a
non-perovskite phase.
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Figure 4.3: Frontier molecular orbitals of CsPbBr3 that compose the valence band and the
conduction band and how they change through octahedral tilting. The valence band is
composed of Pb 6s and Br 4p orbitals while the conduction band is composed primarily
from Pb 6p orbitals (the contribution from Br 4p are not shown as they are quite small).
Schematic of the orbital overlap at the Γ point and R point for the (a) valence band and (b)
conduction band. Upon rotation of the anion octahedra, the corresponding orbital overlap
for the (c) valence band and (d) conduction band. For (a-d) the third Br 4p orbital and
Pb 6pz are not shown for clarity. (e) A simplified molecular orbital diagram for the lead
bromide octahedra. The molecular orbitals used as Bloch functions are shown next to the
energy levels. (f) Band diagram showing the unperturbed (grey) valence and conduction
bands and their change upon lattice compression (red) or octahedral tilting (blue).
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4.2.3 Structural Characterization of CsPbBr3 at High Pressures

Structural Characterization of Bulk CsPbBr3

In order to understand what is occurring structurally to the CsPbBr3 lattice at high
pressures we used XRD to determine the crystal structure of the high-pressure phase. Bulk
CsPbBr3 crystals were grown and purified following literature procedures.32,141 Pure crystals
were powdered and loaded into a symmetric DAC and ethylcyclohexane was used as a pres-
sure transmitting medium. The pressure was gradually increased over 7 GPa and was then
decreased until the cell was completely depressurized. At each pressurization step, the XRD
pattern of the sample was collected and the PL was checked with a 405 nm laser illumina-
tion. Upon pressurization, the PL was lost between 1.23 and 1.67 GPa and a change in the
XRD powder pattern was observed as shown in Figure 4.4a. A Le Bail fitting procedure,
described in more detail in Chapter 4.4.4, was performed on the powder pattern to deter-
mine the lattice constants and unit cell volume for the two different phases. Briefly, the Le
Bail analysis is a XRD profile fitting technique used to extract the scattering intensities and
refine the unit cell. A clear discontinuity is observed in the volume near the phase transition
indicative of a first order phase transition (Fig. 4.4b). As the sample was depressurized, we
did not observe any noticeable hysteresis in the unit cell volume of the NC and the fluores-
cence reappeared at pressures below 1.52 GPa. This was consistent with the change in the
XRD pattern, further indication that the loss in the PL was due to a phase transition in the
crystal.

The low-pressure phase (p < 1.52 GPa) matches the orthorhombic Pnma phase and
the lattice parameters were extracted using a Le Bail fitting. The lattice parameters all
shift at approximately the same rate in the low-pressure regime indicating that the unit cell
deformation is primarily from bond compression and not from octahedral rotations. This
is consistent with our observed red-shift in the PL of the NCs and the previously reported
pressure coefficient for CsPbBr3.132

The crystal structure of the high-pressure phase, however, has not been previously
reported. Prior experiments and reports of this phase have not fit the phase due to poor
XRD scattering attributed to an amorphization of the crystal structure.132 We similarly
observed an amorphization in our samples, but the extent of this amorphization depended
upon the sample preparation and pressure. For highly powdered samples, we found that this
amorphization was often too severe to allow the pattern to be accurately fit. We found that
polycrystalline samples exhibited sharper peaks that could be used for unit cell determina-
tion. Because a pure powder was not used, the intensities of the peaks are unreliable, but
the peak positions are sufficient for determination of the lattice and can be fitted using a
Le Bail extraction.142 This could indicate that there is length scale over which the material
remains crystalline and the high-pressure phase loses translational symmetry by undergoing
a low-frequency commensurate or incommensurate modulation.143

Structural distortions of perovskite materials have been well studied and Glazer 144
has demonstrated a simple method for determining the distorted structure of a perovskite.
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Figure 4.4: High-pressure XRD of bulk CsPbBr3. (a) The high-pressure (black) and low-
pressure (green) XRD patterns of bulk CsPbBr3 in a DAC. A distinct splitting in peaks is
observed upon pressurization, indicative of a phase transition. (b) The calculated unit
cell volume as a function of pressure. The low-pressure regime has a bulk modulus of
K0 = 19.0 ± 4.1 GPa while the high-pressure phase has a bulk modulus of K0 = 38 ± 14
GPa.

Glazer’s method is based upon indexing the the diffraction pattern to a cubic unit cell doubled
in each dimension. Briefly, the distorted perovskite phases can be related to the cubic Pm3̄m
phase by small rotations in the anion octahedra. For a single rotation of magnitude γr about
the [001] axis (say, a0a0c+ in Glazer notation), we can relate the new phase to the Pm3̄m
phase by doubling the unit cell. If the Pb−Br bond length doesn’t change, this will create
a new unit cell with a dimension of ap × ap × ac, where ap and ac are the lattice parameter
of the pseudocubic and cubic unit cell, respectively. Using simple geometry, we know that
ap = 2ac cos γr ≤ 2ac. If there are multiple rotations αr, βr, and γr about the [100], [010],
and [001] cubic directions, respectively, we would see that the pseudocubic unit cell lengths
would be

ap = 2ac cos βr cos γr (4.1)
bp = 2ac cosαr cos γr (4.2)
cp = 2ac cosαr cos βr. (4.3)

This assumes that there aren’t any distortions in the bond length of the unit cell, but
this can be modified by simply allowing ac to vary as a function of pressure based on the
bulk modulus of the system. This unit cell is not the primitive unit cell and can be reduced
based on a transformation, but for the purposes of this discussion it will be easiest to think in
terms of the pseudocubic lattice. For the case of the orthorhombic a−a−c+ tilt system (Pnma
phase), there are only two distinct rotations, so we would see that the pseudocubic lattice
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Figure 4.5: Le Bail fitting of the bulk CsPbBr3 XRD pattern at 1.67 GPa. The red crosses
represent the experimental data, the blue trace is the fit, and the green line is the error. The
grey bars indicate the position of the P21/m reflections which match well to the pattern.
Because the pattern was collected on a polycrystalline material, a Rietveld refinement of the
pattern is not possible.

will have ap = bp 6= cp. Thus we would expect to see a splitting of the previously degenerate
reflections with this distortion. For the case of the a0a0a0 → a−a−c+ phase transition,
what used to be the cubic {100} reflections should be split into two distinct {200} and
{002} reflections based on the pseudocubic lattice. This is exactly what is observed for the
low-pressure phase in Figure 4.4 at q = 1.1 Å−1.

In the high-pressure phase transition shown in Figure 4.4, we see that the cubic {100}
reflection around q = 1.1 Å−1 is split into three distinct peaks corresponding to the pseudo-
cubic {200}, {020}, and {002} reflections. This simple observation is enough to show that
we are no longer in a a−a−c+ tilt system but have transitioned to a new phase. It is worth
noting that this analysis finds the triplet peak near q = 2.2 Å−1 is easily indexed to be
the pseudocubic {400}, {040}, and {004} reflections. As a final example, the single cubic
{110} reflection near q = 1.55 Å−1 is split into three peaks corresponding to the pseudo-
cubic {220}, {202}, and {022} reflections. By indexing these reflections and assigning the
appropriate pseudocubic Miller indices to them, we can extract the lattice parameters for
the high-pressure phase to be ap = 11.554 Å, bp = 11.246 Å, and cp = 10.844 Å for the
phase at 1.67 GPa. A Le Bail fitting of the XRD pattern is shown in Figure 4.5 and the
corresponding unit cell is shown in Figure 4.6. These octahedral rotations in the unit cell
were calculated using the Equations 4.1-4.3 with the estimate that ac = 5.652 Å at 1.67
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[100] [010] [001]

Figure 4.6: Unit cell of the high-pressure phase of CsPbBr3 at 1.67 GPa. The octahedral
rotations are estimated from Equations 4.1-4.3 based upon the indexing of the XRD pattern.
This phase exhibits a a−b−c+ tilt system, consistent with a P21/m phase.

GPa (calculated from the experimentally measured bulk modulus K0 = 19.0 GPa in Figure
4.4a). The displacements of the Cs atoms in the unit cell were approximated based upon
the direction and magnitude of the octahedral tilting as described by Glazer.144 In this case,
we observe a tilt system of a−b−c+ which would correspond to a P21/m phase, which is a
subgroup of the Pnma phase.145

In the unit cell shown, the lead bromide octahedra have very drastic tilts compared to
the low-pressure phase (Fig. 1.2). As mentioned previously, we would expect such a phase
to have a much larger band gap than an un-tilted phase, based on arguments of molecular
orbital overlap. Indeed this is exactly the behavior that we and others have observed.131,132
The expected reflections from this phase matches the pattern collected. However, there
are several weaker peaks (near q = 1.5 Å−1) that are present in our pattern that are not
produced by the crystal structure shown. These weak reflections could possibly be described
by a second doubling of the cubic unit cell (that is, the new unit cell is 4× the cubic unit
cell), but such fitting is beyond the scope of this study. Such reflections could be attributed
to commensurate or incommensurate modulation in the crystal143 and is consistent with the
idea that CsPbBr3 undergoes an “amorphization” at high pressures.132

Structural Characterization of CsPbBr3 NCs

We measured the XRD pattern of the same NCs as tested in Figure 4.2 under high
pressures. The NCs were dispersed into ethylcyclohexane and were loaded into a symmetric
DAC and pressurized from 0.58 to 9.56 GPa by small increments in the pressure. After the
maximum pressure was reached, we decreased the pressure until atmospheric pressure was
reached. The diffraction data is shown in Figure 4.7a. Here, each individual XRD pattern is
color coded based on the luminescence of the sample as excited by a 405 nm laser (green =
fluorescent, black = non-fluorescent). Although the existence of fluorescence was observed,
the instrument used for exciting the sample within the DAC was only set up to measure
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Figure 4.7: High-pressure XRD analysis of 6.8 nm CsPbBr3 NCs. (a) XRD pattern of
CsPbBr3 NC sample upon pressurization from 0.58 GPa to 9.56 GPa and subsequent de-
pressurization to 0 GPa. The patterns are colored green when the sample is fluorescent and
black when no fluorescence is observed upon excitation with a 405 nm laser. (b) The unit cell
volume and (c) lattice constants extracted from the XRD patterns as a function of pressure.
No abrupt change in the XRD pattern is observed nor is there a distinct discontinuity in the
unit cell volume as was observed with bulk CsPbBr3. The low-pressure phase of the NC has
a measured bulk modulus of K0 = 11.4± 1.6 GPa when linear regression fitting was used or
K0 = 7.1± 1.1 GPa when fitted with a third-order Birch-Murnaghan equation of state. The
high-pressure, non-fluorescent phase has a measured bulk modulus of K0 = 40.2± 8.1 GPa
consistent with the high-pressure phase measured in the bulk sample. Error bars show the
standard error from the fitting.

spectral changes in the range of 685 to 710 nm (for ruby pressure determination), thus we
do not have any simultaneous spectral information. The fluorescence of the sample is lost at
pressures above 1.30 GPa and is regained below 1.20 GPa upon depressurization.

As the pressure increases, a clear shift in the peaks is observed towards smaller distances
(larger q). We do not notice a significant change in the XRD pattern, such as the splitting of
peaks that was observed with the bulk material. Keen observers may notice that at 9.56 GPa,
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there is a small shoulder to the left of the main peak near 1.75 1/Å. This small shoulder can
be explained with existing reflections for the Pnma phase, but could also be explained as an
amorphization of the crystal structure.131,132 Aside from the scattering intensity decreasing
with increasing pressure, there is little structural evidence of a phase change within the NC.
Extracting the lattice parameters from the scattering profile, we are able to see that the
volume appears to be changing continuously as seen in Figure 4.7b. The change in volume
occurs without a clear discontinuity that would be expected of a first order phase transition,
as is observed in the bulk system that was discussed in Section 4.2.3.

We observe that the lattice constants are decreasing by approximately the same ratio,
but the error in these constants are larger than we would like. This is because the scattering
that we observe from the NC sample is quite weak. As such, only the strongest reflections
are present, but due to the Scherrer broadening, it becomes difficult to extract the exact
lattice parameters of closely overlapping peaks. The lattice parameters are determined from
a linear regression fitting that matches the peak locations to the expected locations given the
reflection Miller Indices. The poor signal-to-noise ratio is likely due to the small amount of
sample used (less than 1 µL of colloidal solution) and the relatively small NC size of 6.8 nm
in edge length. Prior studies on larger NCs show a similar intensity issues at high pressures,
but were able to mitigate the low signal-to-noise by using larger NCs.130,131

A common fitting of volume compression is the third-order Birch-Murnaghan equation
of state which is given by

p(V ) =
3K0

2

[(
V0
V

)7/3

−
(
V0
V

)5/3
](

1 +
3

4
(K ′0 − 4)

[(
V0
V

)2/3

− 1

])
(4.4)

where the bulk modulus, K0 = −V (∂p/∂V )p=0, and K ′0 = (∂K/∂p)p=0. We find that
K0 = 7.1 ± 1.1 GPa and K ′0 = 5.9 ± 1.8 when we fit the data to the third-order Birch-
Murnaghan equation of state. This value of the bulk modulus matches well to the bulk
modulus reported by Xiao et al. 131 for 12 nm NCs (K0 = 7.9 GPa), but is nearly a factor of
3 smaller than the measured bulk modulus of 19.0 ± 4.1 GPa for the bulk system. For the
fitting, we do note that K0 is simply a measure of the instantaneous slope at p = 0 GPa,
and in the low-pressure region the fit is consistently underestimating the unit cell volume.
As such, we compared the measured bulk modulus for just a linear fit (shown in black) and
find that the bulk modulus is a much more reasonable K0 = 11.4± 1.6 GPa. Even with this
more reasonable fit, we still find that the bulk modulus of the NC is still smaller than the
bulk modulus of the bulk crystal. Our most conservative estimates are that 6.8 nm NCs are
more than 40% more compressible than the bulk crystal.

This effect has been observed before in other systems, but size-dependent compress-
ibility is not well understood.55,135 Naïvely, one might think that as a NC gets smaller,
the compressible organic surface ligands would play a larger role in the overall NC’s com-
pressibility. If one considered the length of the ligand shell, this would be true, but XRD
measurements are only sensitive to the strain within the inorganic NC. Thus the compress-
ibility we measure cannot be due to the more compressible surface ligands on the NCs and
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is a direct measurement of the inorganic lattice compression. Further, in other systems,
an enhancement in the bulk modulus is observed with decreasing particle size.53,54 Such an
effect is clearly more complicated than a simple argument based on a compressible ligand
shell.

One argument that is consistent across all of the size-dependent experiments is that
the increased (or decreased) compressibility in a small NC could be due to an increased
(or decreased) vibrational entropy in the crystal.55 Crystals with “free surfaces”, such as
free standing NCs without ligands or NCs with weakly bound ligands, have atoms at the
surface that are less constrained than those in the interior of the crystal. As such, the
mean square displacement of a vibrating surface atom would be larger than that of an
interior atom. This would suggest that for NCs with free surfaces, the smaller the NC size,
the greater the average vibrational entropy per unit cell in the NC. In the context of the
Debye model, increased compressibility is consistent with increased vibrational entropy at
a given temperature.55,146,147 Conversely, a crystal with a constrained surface, such as an
NC embedded into a matrix or with strongly bound ligands, would exhibit a surface whose
atoms are less free to vibrate, thus decreasing the vibrational entropy of the surface atoms
compared to the interior. Such a crystal would exhibit an increased bulk modulus.

CsPbBr3 NCs are known to have weakly bound ligands that are highly labile.148 This
is indicative that the surface of CsPbBr3 is more “free” than “constrained” which is exactly
what we see with the increased compressibility of the smaller NCs. The magnitude of the
change is also not unexpected. In CeO2 and ZnO NCs, the difference in bulk moduli between
NCs and their bulk counterparts were found to be 40%53 and 53%,54 respectively.

4.2.4 Size Dependence of Pressure-Induced Phase Transition

Thermodynamics for Cubic NCs

For spherical particles, the size dependence of both temperature- or pressure-induced
phase transitions is fairly well understood.4,10,149 This assumption, however is likely a poor
one as we are working exclusively with cubic particles. As such, we will have to derive our
own size dependence for cubic NCs.

When the temperature and number of particles are constant, our equation of state is

dG = V dp+ γdA (4.5)

where V, p, γ, and A are the volume, pressure, surface tension, and surface area, respectively.
For a cube of edge length x, we can re-write the molar free energy to be

dGm =
V

n
dp+

γ

n
d(6x2)

=
V

n
dp+

12γx

n
dx.

(4.6)



4.2 RESULTS AND DISCUSSION 59

Maxwell’s relations tell us that (
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Thus we can see that
γ(x, p) =

x

4
p+ γ0(x). (4.9)

Separately, we know that (∂Gm/∂p)x = V/n = Vm, so

Gm = Vmp+ f(x) (4.10)

where f(x) is defined at the bulk phase transition pressure pb. With this, we see that(
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)
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n
+ f ′(x). (4.11)

From Equation 4.6, we know that (∂Gm/∂x)p = 12γx/n, so
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If we assume that γ0 does not have any dependence upon the size of the crystal and we
rewrite n as V/Vm, we see that

f(x) =
6x2γ0(
x3

Vm

) + C =
6γ0
x
Vm + C, (4.13)

Thus
Gm = Vmp+

6γ0
x
Vm +G0. (4.14)

When transitioning between a low- and a high-pressure phases, the equilibrium will result in

0 = ∆G = ∆Vmp+
6γhp
xhp

V (hp)
m − 6γlp

xlp
V (lp)
m + ∆G0 (4.15)

= ∆Vmp+
1

n
(6x2hpγhp − 6x2lpγlp) + ∆G0 (4.16)
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where xi, γi for i = hp or lp are the edge length and surface tension for the high- and low-
pressure phases. Because we are not losing any mass, we can simply relate the low- and
high-pressure edge lengths based on the phase density, ρi:

xhp =

(
ρlp
ρhp

)1/3

xlp. (4.17)

The equilibrium can be simplified to

p = −∆G0

∆Vm
+

6

n

γlpx
2
lp − γhpx2hp
∆Vm

. (4.18)

Because we are transitioning to a high-pressure phase, we can make the assumption that
∆Vm < 0, so ∆G0/∆Vm = −pb. Thus with a little bit of rearrangement, we see that the
depression in the phase transition pressure is

pb − p = −6V
(lp)
m

∆Vm

(
γlp −

(
ρlp
ρhp

)2/3

γhp

)
1

xlp
. (4.19)

With this equation, we can see that we expect the depression in the pressure to be
inversely proportional with size. In fact, if the surface energy of the low-pressure phase, γlp
is actually smaller than γhp(ρlp/ρhp)2/3, then we may actually see an elevation in the pressure.
With XRD, we are able to determine the density of each phase, so in principle, this equation
can give us a ratio of how the low-pressure and high-pressure surface energies change. Such
a ratio will be useful in theoretical studies.

Experimental Results for Size Dependence

Several different sizes of CsPbBr3 NCs were synthesized to determine the size depen-
dence of the phase transitions: 5.4 ± 0.6 nm, 6.0 ± 1.1 nm, 6.8 ± 0.9 nm, 7.2 ± 0.8 nm,
and 9.3 ± 1.5 nm. Each of these samples was characterized via typical methods and was
transferred to ethylcyclohexane prior to pressurization. Because the NCs undergo a phase
transition at such a low pressure, we can often only experimentally achieve 4-5 different
pressures before the NCs undergo the phase transition. Further, because the pressure in
the DAC is increased manually by tightening screws, it is difficult to maintain a consistent,
small increase in pressure. Due to this, it is possible that changes in pressure could exceed
0.3 GPa in a single pressurization step. Because of these two factors, a single pressurization
run is inadequate to precisely determine the exact phase transition pressure. We are able to
narrow the window over which the phase transition occurs by combining results of multiple
pressurizations.

The size dependence of the phase transition is shown in Table 4.1. This includes
both work presented here as well as work from previously published results. Due to the
uncertainty in the determination of the phase transition pressure, it is quite difficult to say
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Table 4.1: Size dependence of CsPbBr3 phase transition pressure. The phase transition
pressure is determined as the smallest range between which the two phases are observed.
For our work with NC sized particles, the transition pressure is determined based upon
where the PL is lost as excited by a 450 nm laser. For our bulk sample, the pressure is
determined based upon the XRD pattern. aThe authors determined the phase transition
pressure to be the pressure above which the band gap increased.

Size (nm) Nruns p (GPa) Ref.
5.4± 0.6 2 1.56− 1.77 Present work
6.0± 1.1 3 1.18− 1.28 Present work
6.8± 0.9 4 1.24− 1.41 Present work
7.2± 0.8 3 1.45− 1.50 Present work
9.3± 1.5 4 1.25− 1.52 Present work
11.7± 1.9 1 1.19− 1.45 Xiao et al. 131

Bulk 1 1.52− 1.67 Present work
Bulk 1 1.0a Zhang et al. 132

anything regarding how the pressure changes with size. In fact, most of the pressure ranges
overlap with each other, so there is no clear size dependence.

If we look to the expected size dependence calculated in Eq. 4.19 we know that the
molar change in volume, or ∆Vm, is small for this phase transition. As such, the pre-factor
term of 6V

(lp)
m /∆Vm should be large. Thus, the only way that we would have little pressure

dependence would be if γlp − (ρlp/ρhp)
2/3γhp ≈ 0. Again, there is not a large change in

volume, so we already know that ρlp ≈ ρhp, so we see that γlp ≈ γhp. Perhaps it is not
surprising that the surface energies would be similar, as the surface is undergoing a small
change. It could still be interesting to look at the size dependence of the phase transition
if more precise control of the pressure could be achieved; however, we find that any size
dependence in the phase transition pressure is likely to be quite small.

We do find that there are significant differences in how the band gap of the different-
sized NCs change with pressure. Figure 4.8a shows the center of the PL emission of three
different-sized NCs as a function of pressure. Clearly, the smaller NCs exhibit a stronger
shift with pressure than larger NCs; tabulated results are shown in Table 4.2. In both of
the other works cited in the table we find some issues with their analysis. For the work by
Nagaoka et al. 130 we note that they studied high-pressure behavior of CsPbBr3 in a highly
non-hydrostatic environment at very high NC concentration. Further the authors did not
add any pressure transmitting medium, so the exact pressures are questionable in the study.
The value obtained from Xiao et al. 131 was determined based off of their PL fitting for
consistency with our study. If we were to determine it based off of their band gap estimated
from absorption, they would calculate (∂Eg/∂p)T = −91 meV/GPa.131 Such a value is nearly
5× larger than traditional materials with negative pressure coefficients.56 Given the large
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Figure 4.8: Size-dependent fluorescence shift of CsPbBr3 NCs. (a) The center of the PL
peak as a function of pressure for 6.0 nm (blue, square), 7.3 nm (orange, circle), and 9.2 nm
(red, diamond). Dotted lines are linear fits used to guide the eye, illustrating that smaller
NCs exhibit a greater shift than larger NCs. (b) Example PL spectra showing the assymetry
of emission. The HWHMred and HWHMblue correspond to the low energy and high energy
HWHM, respectively. (c) The peak asymmetry (HWHMred−HWHMblue) as a function of
pressure.

discrepancy between their own values and those we obtained, we are hesitant to include their
results in our conclusions.

Another independent analysis suggesting that smaller NCs red-shift more than larger
NCs comes from how the spectral shape of the PL changes with pressure. At atmospheric
pressure, CsPbBr3 NCs exhibit an asymmetric peak shape. The half-width at half max
(HWHM) of the low energy (red) side is consistently larger than the high energy (blue) side
(Fig. 4.8b). We can create a simple measure of peak asymmetry by finding the difference
in HWHM and see how this evolves with increasing pressure. In Figure 4.8c, we plot the
Peak Asymmetry (HWHMred−HWHMblue) against the pressure for the 6.0, 7.3, and 9.2
nm NCs. All of these show that upon pressurization the peaks become more symmetric.
Because the PL peak is undergoing a red-shift, that means that the red-half of the peak is
shifting at a slower rate than the blue-half of the peak, further confirming that even within
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Table 4.2: Size dependence of the pressure coefficient, (∂Eg/∂p)T , for CsPbBr3 NCs. The
pressure coefficient is measured by estimating the change in band gap, Eg, from the peak
center of the PL spectra. aThe pressure environment of this study is highly non-hydrostatic
to the point that adjacent cubes are fused together near phase transition pressures. The
pressure coefficient from Ref. 131 was calculated using the bPL position and the cabsorption-
calculated band gap.

Size (nm) (∂Eg/∂p)T Ref.(meV/GPa)
5.4± 0.6 −37.5 Present work
6.0± 1.1 −34.8 Present work
6.8± 0.9 −17.4 Present work
7.2± 0.8 −20.1 Present work
9.3± 1.5 −6.3 Present work

10.2± 0.6a −26a Nagaoka et al. 130

11.7± 1.9
−45b Xiao et al. 131−91c

a monodisperse sample, we can still observe a size dependence in the pressure coefficient of
CsPbBr3 NCs.

A size-dependent pressure coefficient has been observed in highly confined CdSe pre-
viously, but has not been observed for weakly confined samples, such as CsPbBr3 NCs.150
Meulenberg and Strouse 150 found that for CdSe there is a size dependence in the pressure
coefficient when the exciton on the NC is in the strong-confinement regime (r � a0, where
a0 is the Bohr exciton radius). When r ∼ a0 or r > a0, no size dependence in the pres-
sure coefficient is observed. The authors attribute this size dependence to electron-phonon
coupling strength changing with size. They find that smaller NCs exhibit an increased
electron-phonon coupling. In CsPbBr3 the Bohr exciton radius is approximately 3.5 nm,
indicating that we would only expect to observe a size-dependence pressure coefficient for
NCs with edge lengths much smaller than 7 nm.151 Because we observe a size dependence
in larger NCs, electron-phonon coupling cannot fully describe the trend.

One possible explanation for why CsPbBr3 exhibits such a large size dependence in it’s
pressure coefficient could be related to our experimental result that NCs are more compress-
ible than bulk CsPbBr3. One way that we can think of the band structure of a material is
the overlap of the frontier orbitals. As described in Section 4.2.2 the VBM and CBM are
composed primarily of Pb 6s and Br 4p antibonding character and Pb 6p bonding character,
respectively. In the low-pressure regime, we believe that the structural change is primar-
ily a decrease in bond distances with little additional octahedral rotation. As such, for a
given amount of strain (or percent compression), the band gap should decrease by the same
amount, regardless of the size of the system. In the case of strong quantum confinement,
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this approximation will likely be insufficient, but it is well documented that the sizes we are
observing are only weakly confined.151,152

4.3 Conclusions
We find that bulk CsPbBr3 and NC of CsPbBr3 both undergo a phase transition at

elevated pressures. For the bulk system, we find that as the crystals are initially pressurized
the Pb−Br bond distances decrease significantly, but the anion octahedral rotations are
not drastically changed, leading to a narrowing of the band gap. At the phase transition
pressure, a drastic change in the crystalline structure leads to an opening of the band gap.
This high-pressure phase is still a phase with corner-sharing lead halide octahedra, but
the octahedral rotations are much larger than the low-pressure phase leading to a large
increase in the band gap of the material. Our structural and optical data suggest that we
are transitioning from a tilt system of a−a−c+ to a tilt system of a−b−c+, corresponding
to a phase transition to a P21/m phase. The NCs show similar optical behavior to the
bulk system with applied pressure and exhibit a sharp transition to a wide-band gap phase
near the bulk phase transition pressure, indicating that the NCs undergo a similar phase
transition. Although the XRD does not explicitly show a phase transition, we expect that
this is because the structural difference between the low- and high-pressure phases are small
and are likely obscured by Scherrer broadening in the sample.

We further find that nanocrystalline CsPbBr3 is over 40% more compressible than the
bulk system. This increased compressibility can be described by an increased vibrational
entropy of the surface atoms and is consistent with other observations of increased NC
compressibility.55,146,147 We further observe that smaller NCs exhibit a greater change in
the band gap with applied pressure compared to larger NCs. This indicates that if we
want to design highly sensitive pressure sensors from the NCs, smaller NCs would be better
candidates. However, with the relatively small phase transition pressure in CsPbBr3 we note
that these would only be useful pressure sensors for pressures below 1.4 GPa.

4.4 Materials and Methods

4.4.1 Materials

Cesium carbonate (Cs2CO3, 99.9%, Aldrich), cesium bromide (CsBr, 99.999%, Aldrich),
1-octadecene (ODE, 90%, Aldrich), oleic acid (OA, 90%, Aldrich), oleylamine (OLAM, 70%,
Aldrich), lead(II) bromide (PbBr2,99.999%, Aldrich), toluene (99.8%, Aldrich, anhydrous),
ethyl acetate (99.8%, Aldrich, anhydrous), hexanes (>99%, Aldrich, anhydrous), ethanol
(99.9%, Aldrich, anhydrous), ethylcyclohexane (>99%, Aldrich), dimethyl sulfoxide (DMSO,
99.9% ACS Reagent, Aldrich), hydrobromic acid (48%, Aldrich). All chemicals were received
as is without any additional purification.
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4.4.2 CsPbBr3 Nanocrystals Synthesis and Purification

CsPbBr3 nanocrystals were synthesized from a modified version of Protesescu et al. 35

Preparation of Cesium Oleate

Briefly, a stock solution of cesium oleate (Cs-oleate) was synthesized by degassing 0.814
g Cs2CO3 and 2.5 mL of OA in 40 mL of ODE at 120 °C under vacuum for 1 hr. The Cs was
complexed by heating the reaction mixture to 150 °C under flowing Ar. While hot (greater
than ∼100 °C) the reaction was transferred to a Schlenk flask and stored in the glovebox
for future use. It is important to transfer the Cs-oleate hot because Cs-oleate is insoluble
in ODE at lower temperatures and could result in incorrect amounts of Cs being added to
future additions. It is also important to heat the solution to ∼100 °C before using any stock
solution.

CsPbBr3 Nanocrystal Synthesis

To a 25 mL round-bottom, 3-neck flask, 69 mg of PbBr2 and 5 mL of ODE were
added and degassed at 100 °C under vacuum for 1 hour. The reaction was placed under
flowing Ar and 0.5 mL of OLAM and 0.5 mL of OA were injected. After dissolution of the
PbBr2, the temperature was raised to the reaction temperature (140− 200 °C) and 0.4 mL
of the Cs-oleate stock solution was injected. A green color was immediately observed and
the reaction was placed in a water bath within 5 seconds of Cs-oleate injection. A higher
reaction temperature will result in larger nanocrystals and a lower reaction temperature will
result in smaller nanocrystals. This crude solution was then cleaned using antisolvent.

CsPbBr3 Nanocrystal Cleaning with Antisolvent

The crude reaction mixture was transferred to a 50 mL falcon tube and 5-10 mL of hex-
anes was added. The mixture was centrifuged at 6000 rpm for 3 min to precipitate the largest
NCs. The supernatant was decanted into a clean falcon tube and ethyl acetate was added as
an antisolvent. Antisolvent was added until the solution loses transparency (∼10 mL). This
mixture was then separated via centrifugation at 10,000 rpm for 3 minutes. This method
differs slightly from the method used in cadmium chalcogenide cleaning (Chapter 2.4.2) in
that CsPbBr3 NCs are more prone to degradation with excess antisolvent, so only weak
antisolvents can be used. This results in only a portion of nanocrystals being precipitated
and there being sample that hasn’t been completely precipitated. Thus, after separation of
the supernatant and the precipitate, additional ethyl acetate can be added to precipitate
the next fraction. This method will typically result in 3-4 different precipitations that sub-
sequently precipitate populations of smaller cubes, but still have around a 10% deviation in
size.
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Figure 4.9: Schematic of recrystalization method used for CsPbBr3 purification. Bulk
CsPbBr3 powder is dissolved in DMSO in a small vial. This vial is then placed in a bath
of ethanol and the container is sealed. Ethanol vapor slowly diffuses into the DMSO and
gradually precipitates the CsPbBr3 crystals. Single crystals of several millimeters can be
easily achieved using this method.

4.4.3 Bulk CsPbBr3 Crystal Growth

Synthesis of bulk CsPbBr3 was based off of the preparation of Stoumpos et al. 32 with
purification based processes described by Shi et al. 141

A solution of 730 mg PbBr2 dissolved in 3 mL of concentrated HBr (48%) was added to
a solution containing 430 mg CsBr dissolved in 1 mL of water. A bright orange precipitate
was immediately formed. The solid was suction filtered and washed with approximately 50
mL of ethanol. The powder was dried under vacuum overnight. The XRD of this sample
showed presence of unreacted PbBr2, so the powder was further purified via recrystalization.

The orange powder was dissolved in just enough DMSO and placed in a small vial.
This vial was then placed in a larger bath of ethanol and allowed to remain undisturbed
for 4 days (Fig. 4.9). Slowly, the ethanol diffused into the DMSO and caused crystals to
grow. This formed crystals that were several millimeters in size and rectangular prisms in
shape. After crystal growth, the crystals are washed with excess isopropyl alcohol and dried
for later use. Sample purity was confirmed by XRD and fit well to the orthorhombic Pnma
phase of CsPbBr3 (Fig. 4.10).

4.4.4 XRD Data Analysis

General Structure Analysis System (GSAS) software was used to fit our XRD pow-
der patterns.153 For the low-pressure phase, the pattern was fit to the orthorhombic Pnma
phase.133 The Le Bail extraction was iteratively refined, allowing for the subsequent refine-
ment of the U, V, and W instrument parameters for matching peak width, and the unit cell
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Figure 4.10: Le Bail fitting of bulk CsPbBr3 XRD pattern. The red crosses represent the
experimental data, the blue trace is the fit, and the green line is the error. The grey bars
indicate the positions of the orthorhombic Pnma reflections.

lattice parameters a, b, and c. The same refinement procedure was performed for the high-
pressure phase, but an the lattice parameters for initial P21/m phase were estimated based
upon location of the psuedocubic reflections before refinement as described in Chapter 4.2.3.
The estimated lattice parameters were then refined using the Le Bail extraction.

4.4.5 Instrumentation

Diamond Anvil Cell

Elevated pressure was achieved through use of a diamond anvil cell. X-ray experiments
were performed on a symmetric DAC while optical experiments were performed on both a
symmetric DAC and a Merrill Basset DAC. Both styles of DACs had Type I-a modified
brilliant cut diamonds with 300 µm culets. Spring steel gaskets were pre-indented to 30 µm
thickness and 180 µm holes were drilled into the gasket. Ethylcyclohexane was used as a
pressure transmitting medium and ruby was used as a pressure gauge. For x-ray experiments,
the ruby pressure was measured using the ALS Beamline 12.2.2 ruby pressure line. For optical
PL experiments, the ruby pressure was measured on the same homebuilt microscope used to
acquire PL spectra (Appendix A).
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Inverted Fluorescence Microscope System with Spectrograph

All optical experiments were taken on a home-built fluorescence microscope. The DAC
was mounted over a 20× (NA = 0.35) Nikon objective on a Zeiss Axio Observer.D1 micro-
scope. The sample was selectively excited with a 450 nm multi-mode diode laser (ThorLabs
PN: L450P1600MM) and emitted light was directed through a Princeton Instruments Ac-
ton 23000 monochromator with a 300 gr/mm grating blazed at 500 nm, to a Princeton
Instruments liquid nitrogen-cooled Si CCD. The spectrometer was calibrated daily with a
neon reference lamp and the ambient ruby pressure was measured daily to ensure spectral
accuracy.

Transmission Electron Microscopy

TEM micrographs were obtained using a 200 kV Tecnai G2. Nanoparticle size distri-
butions were determined with more than 100 counted particles using Image-J to analyze the
TEM micrographs.

Ambient-Pressure XRD

XRD patterns at ambient pressures were collected on a Bruker D-8 GADDS diffrac-
tometer equipped with a Co Kα source and a Bruker Vantec 500 detector. Samples were
measured in flat-plate geometery and NC samples were prepared by drop-casting. Bulk pow-
ders ground finely with a mortar and pestle, then were adhered to the surface with a small
amount of vacuum grease.

High-Pressure XRD

High-pressure XRD patterns were collected at the Advanced Light Source Beamline
12.2.2 at Lawrence Berkeley National Lab. Diffraction patterns were collected with an x-ray
wavelength of 25 keV (λ = 0.4959 Å) and detected on the MAR345 Image Plate Detec-
tor. Sample-to-detector distance was calibrated with LaB6 or CeO2 standards prior to any
experiments. All samples were mounted in a symmetric DAC.
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Chapter 5

Outlook and Future Directions

5.1 Activation Volume of CsPbBr3 Phase Transition
One aspect of the high-pressure phase transition that occurs in CsPbBr3 that previous

studies have not investigated is the time dependence of the phase transition. We have ob-
served that over the course of several minutes CsPbBr3 NCs under pressure can transition
to the high-pressure phase, even at pressures below the reported phase transition pressure.
Because CsPbBr3 transitions from a fluorescent phase to a non-fluorescent phase with pres-
sure, the photoluminescence intensity can be used to estimate the population of NCs in the
fluorescent phase. An example of this time-dependence is shown in Figure 5.1. By moni-
toring the decrease in photoluminescence intensity over time at a fixed pressure, the rate of
reaction can be measured.
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Figure 5.1: Time dependence of the the integrated photoluminescence intensity of 6.0± 1.1
nm CsPbBr3 NCs at 0.76 GPa. Under the same photon flux at 1 atm of pressure, we do not
observe any decrease in PL intensity.
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For chemical reactions, most chemists understand the importance of the activation
energy, ∆‡E. The activation energy can be thought of as an energetic barrier that prevents
the transition of a state from the starting state to the final state. With the addition of thermal
energy, the rate of reaction will increase as the energy fluctuations within the system can
overcome the energetic barrier. A similar quantity can be defined for the pressure dependence
of a rate constant and is called the activation volume, ∆‡V . The activation volume is defined
by the equation

∆‡V = −RT
(
∂(ln k)

∂p

)
T

(5.1)

where k is the rate of the reaction. According to transition state theory, the activation
volume can be interperated as the difference in the partial molar volumes of the transition
state and the reactants. For a solid-solid phase transition, this value gives us insight into
the phase transition mechanism.154 Determination of a size-dependence of activation volume
can further give evidence as to the domain size necessary to undergo a phase transition.
Such a study could provide useful information as to the mechanism of phase transitions in
perovskite NCs.

5.2 Interfacial Strain for Perturbing Phase Transitions
The interface between two different materials is an interesting and important field for

materials characterization as well as materials development. One of the main considerations
for forming an interface is the mismatch between the lattice constants and bonding geometries
of the two materials. In the ideal situation, materials are epitaxially grown and there is no
strain applied to the atoms at the interface. In most existing materials, however, this often a
lattice mismatch between the two layers and thus there is strain at the interface. For the case
of a CdSe/CdS tetrapod nanocrystal (NC), there is approximately a 3.8% lattice mismatch
between the zincblende CdSe {111} facet and the wurtzite CdS {001} facet. Although this
is a small mismatch, it can cause defects to form in the growth of the CdS arms.

One system of particular interest is the PbTe/CdTe core/shell system because of its
interesting interface. PbTe crystallizes in the rocksalt phase with a lattice constant of 6.462
Å while CdTe can crystallize in the zincblende phase with a lattice constant of 6.480 Å.155
Although there is less than 1% mismatch between the two lattices, the coordination of the
chalcogenide provides an strain to the lattice. This core/shell structure can be routinely
synthesized via cation exchange as shown in Figure 5.2.155 Although PbTe/CdTe forms a
Type I band alignment, where the electron and hole are localized in the core material, PL
from the CdTe can still be observed.155,156

CdTe is known to undergo a transition from the fluorescent, zincblende phase to the
non-fluorescent rock salt phase with pressure.157,158 This phase transition can be studied op-
tically with the perturbation of strain at an interface. With synthetic control to determine
the curvature and size of the PbTe-CdTe interface, the influence of strain on phase transition
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Figure 5.2: High resoltuion TEM images of PbTe/CdTe NCs as viewed along the (a) 〈111〉,
(b)〈100〉, and (c) 〈211〉 directions. Figure is reproduced with permission from Reference 155.

in NCs can finally be measured. This study could further be extended to the other chalco-
genides, such as PbSe/CdSe and PbS/CdS. Similar heterostructures can by synthesized via
cation exchange and the interface has a similarly small lattice mismatch.156,159,160
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Appendix A

Supplemental Instrumentation

A.1 Fluorescence Microscope
A fluorescence microscope was built in order to controllably measure the spatial and

spectral dependence of a solid-state fluorophore. A commercial inverted microscope was
modified to include a laser as an excitation source. Briefly, the back illumination lamp
from a Zeiss Axio Observer.D1 was removed to allow for a laser excitation source and a
Princeton Instruments Acton 2300 monocrhomator with a 300 gr/mm grating, blazed at 750
nm was added to the detection side of the microscope. The monocrhomator directed light
onto a liquid nitrogen cooled Princeton Instruments Si CCD. For Chapter 2 and parts of 4,
a Cambridge Lexel 95 Argon-ion (Ar+) laser was used as the excitation source, whereas in
parts of 4 a Thor Labs diode laser (Part number: L450P1600MM) was used as the excitation
source. The Ar+ laser was tunable and could lase at a number of different wavelengths
including 458 nm, 488 nm, and 514 nm. The Thor Labs diode laser could only lase at 450
nm and had a broaded spectral width. Both of these lasers were continuous wave sources
and could be operated at a range of powers up to 1.6 W. Aside from needing to match the
excitation wavelength with the dichroic mirror as described below, the choice of laser had
little effect on the microscope performance.

A schematic of the optics is shown in Figure A.1. Laser light leaving the laser was
directed to a pair of plano-convex lenses (L1 and L2) with a 25 µm pinhole (P). The first
lens, L1, was used to focus the beam down to a difraction limited spot at the center of the
pinhole to clean up the edges of the beam to ensure a Gaussian spatial profile. Using a
smaller pinhole results in a more Gaussian-like profile, but decreases the overall intensity of
the transmitted light. The second lens, L2, in this pair was placed on a translation stage
and was positioned such that the transmitted beam was collimated.

The laser was then directed towards the back of the microscope. Lens L4 in the
microscope could not be easily removed from the commercial setup. Without L3, this caused
the excitation spot size to be quite large (≥ 200 µm). The size of the laser at the sample
varied with the objective height because the laser was no longer collimated, so another
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Figure A.1: Simplified laser path of home-built fluorescence microscope

lens L3 was added on a translation stage. At a set sample height, the spot size could be
controllably varied the distance by changing the distance between L3 and L4. At it’s smallest
the excitation spot was diffraction limited up to an excitation size of over 200 µm measured
at the beam waist.

The laser was directed through the back of an objective and focused onto the sample.
Sample emission was collected through the same objective and the excitation was filtered
out using a dichroic filter and laser filter and was directed towards the spectrometer where
it is spectrally resolved with the grating. Depending upon the laser used, the dichroic filter
was changed to match with the laser in order to allow the greatest amount of fluorescence
to pass through while effectively blocking the excitation. For the Ar+ laser operating at 514
nm or 488 nm, a dichroic filter matched to have a cut-on wavelength of 515 or 490 nm were
used, respectively. For the Ar+ laser operating at 458 nm or the diode laser operating at 450
nm, a dichroic filter with a cut-on wavelength of 470 nm were used. When the Ar+ laser was
used as an excitation source, Raman peaks occurring at an energy shift less than 650 cm−1
could be measured. Due to the wider spectral width of the 450 nm diode laser, there was
significant bleed-over in the 470-480 nm range so weak signals in that region were difficult
to detect and thus could not be used as a Raman microscope.

On the detector, both a single spatial dimension as well as a spectral dimension could
be simultaneously measured. For the 20× and 40× objectives we could measure spectral
information over a line of 400 µm and 200 µm, respectively.

A.2 Integrating Sphere for Quantum Yield
Absolute PLQY of nanocrystals and QD-polymer nanocomposites were measured using

a home-built integrating sphere spectrofluorometer. I refer the reader to Bronstein et al. 72
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for a more thorough treatment of the setup. In brief, a Fianium SC450 supercontinuum
pulsed laser was used as a white light source with an average illumination of 4 W from 470
to 2500 nm. The excitation wavelength was selected using a Princeton Instruments SP150
monochromator and a Princeton Instruments SP275 monochromator and directed into the 25
mm entrance port of a 135 mm Spectralon integrating sphere from LabSphere. The sample
was held in the integrating sphere using a custom cuvette holder made of Spectralon. The
light exiting the sphere was focused onto the entrance slit of a Princeton Instruments SP2300
monochromator with a 300 g/mm grating blazed at 500 nm, where the spectrum was then
detected with a Princeton Instruments PIXIS 400 B thermoelectrically cooled silicon CCD
which had been sensitivity calibrated with a NIST-traceable radiometric calibration lamp
from Ocean Optics, model HL3-plus, serial number 089440003. In a standard solution phase
measurement, a blank cuvette of solvent (typically hexanes) was placed in the spectrometer,
and the spectrum was measured over a range of excitation wavelengths. For colloidal QDs,
excitation dependent PL were measured for samples diluted to an optical density of ∼0.3.
PLQY is calculated via standard techniques.72 For nanocomposite films, an empty cuvette
was used as a blank. Film PL was taken of the nanocomposite films placed in cuvettes
where the film was placed directly in the incident monochromated beam to ensure sufficient
absorption to determine the quantum yield.

A.3 Piezodrive for Mechanical Oscillation
To monitor fluorescence while repeatedly indenting the polymer film, we used a piezo-

drive (O-103-01) and D-drive controller purchased from Piezosystems Jena. The piezodrive
was modified to controllably move a straight, rigid depressor with micrometer precision. The
modified drive was mounted above a suspended nanocomposite film and the depressor was
lowered into contact with the film. This was mounted above the inverted fluorescence mi-
croscope and the PL was measured with a ∼1 µm excitation spot size. For the mechanical
oscillation, a 200 µm steel wire was used as the depressor and the piezodrive was set to
oscillate sinusoidally. For static indentation, a blunt ∼500 µm wooden tip was indented into
the nanocomposite film. The indented film was manually scanned across the excitation laser
using a micrometer stage.
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