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ABSTRACT

Motivated by a desire to control the actions of charges within materials in

new and productive ways, researchers have increasingly focused their efforts

on engineering materials on the nanometer scale where the laws of quantum

mechanics rule supreme. Novel properties emerge when a semiconductor

crystal is prepared at sizes below the hydrogenic ground state of the

material, also known as the exciton Bohr radius. In addition to effects of

quantum confinement, the large fraction of surface atoms can play a

significant role in determining nanocrystal properties and applications. By

combining two or more nanometer scale semiconductor crystals together to

form a nanocrystal heterostructure, new avenues for materials engineering

are opened up as nascent properties emerge. The high fraction of surface

atoms means that much larger degrees of strain are possible than in the

bulk. The large fraction of interface atoms means that the heterojunction

properties can dominate the properties of the entire structure. Along with

engineering these novel multi component properties comes new unexplored

areas of science to be investigated and understood. New techniques are

needed for studying these materials that require resolution of features much

smaller than the wavelength of (visible) light. Along with this research

comes a responsibility to share findings with the scientific community and

to pursue directions that can positively impact humanity. At the same

time, we should take a long term view when judging the applications of this
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or any new technology as we are only beginning to understand what is

possible.

After an introduction to the field in chapter one where we motivate

our focus on anisotropic nanocrystal heterostructures, we discuss the

formation of Fe3O4/CdS structures from spherical seeds in chapter two. In

chapter three we turn our focus to type II CdSe/CdTe nanorod

heterostructures where the anisotropy is inherent. The type II system is of

particular interest because absorbed photons rapidly produce separated

electrons and holes which we suspect could make these attractive materials

for photovoltaics. Also in chapter three, we observe unexpectedly high

levels of strain in these structures and develop a technique using an

aberration corrected scanning transmission electron microscope to argue a

hypothesis as to its cause. In chapter four we develop a synthetic strategy

to forming alloyed type II nanorod heterostructures and show that we can

tune their heterojunction energies. Also in chapter four, we take a further

step in developing the structural characterization technique from chapter

three by using it to spatially quantify composition in alloyed nanorod

heterostructures. In chapter five we explore the time resolved absorption

spectra of the various nanorod heterostrucutres discussed in previous

chapters in order to probe carrier dynamics in these materials. Finally, in

chapter six we tie together the previous chapters by developing a new type

of solar cell integrating type II nanorod heterostructures. In a systematic

comparison between different nanorod heterostruecutres with single

component nanorods, we uncover the conditions under which the attractive

qualities of type II nanorod heterostructures can be capitalized on.
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CHAPTER 1

INTRODUCTION

Advances in synthetic precision over the size, shape, and composition of

nanocrystalline materials are inspiring increasingly revolutionary

technological breakthroughs [1–5]. A variety of novel properties may arise

when materials are prepared in the nanometer size regime including tunable

band energies (semiconductors) [6], enhanced carrier multiplication (narrow

gap semiconductors) [7, 8], room temperature superparamagnetism

(magnetic oxides), efficient catalysis [9] and much more. Materials with

such properties exhibit promise in multiple areas including lasers [10], novel

display technologies [11, 12], photodetectors [13], solar energy conversion

[14], drug delivery, and biomedical imaging [15–17]. Further, solution based

processing techniques offer the potential for low cost and large scale

synthesis of nanocrystals (NCs) which can be made soluble in a variety of

solvents.

We can envision capabilities well beyond the current state-of-the-art;

however, there are many obstacles in transitioning from interesting

properties being observed to functional devices and systems. Highly

efficient, size-tunable, photoluminescence (PL) makes semiconductor NC

solids attractive as a lasing medium but fast Auger recombination rates

hamper optical gain [10]. High PL efficiencies place semiconductor NCs at

the forefront of bioimaging research but uncontrolled blinking is a

hindrance for pushing the limits, especially at the single NC level [18, 19].
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Large surface-to-volume ratios provide an advantage for photocatalytic

production of hydrogen, as well as a variety of other catalytic processes

with TiO2 NCs, but the ultraviolet band gap of TiO2 renders solar energy

driven photocatalysis inefficient [20].

In the pursuit of lowering cost and increasing photovoltaic efficiency,

researchers have looked at incorporating NCs in solar cells. Three

approaches have been employed with varying degrees of success. Schottky

cells, with NCs sandwiched between two metal electrodes, offer a simple

approach that has produced photon conversion efficiencies (PCE) as high as

3.3% [21, 22]. Quantum dot sensitized solar cells (QDSSC) use band gap

tuned NCs to sensitize a wide gap semiconductor, usually TiO2 or ZnO, to

the solar spectrum and rely on an electrolyte for hole transport [23].

Hybrid organic-inorganic photovoltaics employ a bulk heterojunction (BHJ)

between NCs and an organic semiconductor to dissociate excitons generated

in the blend. Hybrid BHJs have demonstrated PCEs of up to 2.8% [24].

While significant improvements have been made, PCEs remain low

compared with the current record for a thin film, single junction, solar cell

at above of 20%.

In recent years, synthetic techniques have been developed for

creating anisotropic structures, such as nanorods (NRs), with precision over

diameter and aspect ratio. For example, wurtzite II-VI semiconductors can

be easily prepared in the rod shape with the addition of alkylphosphonic

acids [25]. Surface capping molecules, along with enhanced reactivity of

polar facets, enhance growth of these crystals along the [0 0 0 1] direction

[26]. NRs are attractive for various reasons that include polarized

absorption and emission, enhanced carrier mobility in films, and further

increased surface to volume ratios. Since the quantum size effect on band

2



gap primarily depends on the dimension of greatest confinement, the band

gap of NRs can be tuned with diameter control while maintaining

extremely high aspect ratios. With respect to solar cell applications, the

anisotropy of NRs has been shown to enhance PCEs in hybrid BHJs by

improving charge transport [27].

Utilizing nanocrystal heterostructures (NCHs), additional properties

and applications are beginning to emerge. Type I band offset core/shell

NCHs, where a small gap core is surrounded by a passivating and confining

larger band gap shell, demonstrate greatly enhanced PL quantum yield [28],

often reduced toxicity, and can exhibit steady PL without blinking [29]. Of

particular interest in photovoltaic applications, type II NCHs have been

shown to exhibit rapid photo-induced charge separation [30], long carrier

lifetimes, charge separated state (CSS) absorption and optical gain [31]. A

shell thickness dependent transition from a type I to a type II band offset

has been demonstrated in core/shell NCHs based on the quantum size

effect [32] and also lattice strain [33]. Anisotropy will be especially

important in NCHs for charge processes that require directionality and

exposure of all components to the outside environment. In core/shell NCs,

the core material is isolated from the outside environment chemically,

physically and electrically which will be unacceptable for applications in

catalysis or photovoltaics where both carriers must be extracted.

Using one component as a seed for the growth of the second phase,

there have now been several different materials incorporated into

non-core/shell heterostructures [34–42]. With anisotropy inherent in the

crystal structure, wurtzite phase NR seeds may be the most obvious choice

of seed materials for promoting anisotropy in NCHs [43]. Exclusive or near

exclusive deposition of the second material at the tips can be achieved by
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direct extension of the initial NR growth in a single pot synthesis.

Although not straight forward, we don’t have to be limited to forming

anisotropic NCHs from anisotropic seeds. In systems with a large lattice

mismatch, lattice coincidence, strain effects, and facet reactivity drive the

junction formation process [44–46] and can be taken advantage of in order

to promote anisotropy.

Because no two distinct materials have identical lattice constants,

strain exists to varying degrees in all NCHs. Strain often dictates

achievable structure(s) and therefore, can play a role in developing

synthetic techniques. Further, strain can potentially be used as a method of

tailoring NCH constituent band gaps and band offsets which is of particular

importance in applications requiring charge separation [47]. Some of the

key unknowns in this field are associated with how anisotropic strain

manifests itself in NCH morphology, electronic and optical properties.

1.1 Objective

Research of NCHs will be of interest in a wide array of noted fields but the

area of greatest societal need, and potential global impact, is in energy

conversion. How can we engineer NCHs, in particular, anisotropic NCHs

such as NR heterostructures (NRHs), for useful photon harvesting?

Anisotropy has already been shown to be of critical importance for single

phase NC based hybrid BHJ solar cells, and we expect that anisotropy

should be even more critical in NCH based solar cells since each component

of the heterostructure should be accessible in specific ways. The first

objective then necessarily becomes the development of techniques for

promoting NCH anisotropy by seeded growth from either anisotropic (e.g.
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NRs) or isotropic (spherical) seeds. Secondary to this objective, is an

awareness of strain and determining what role strain plays in promoting

anisotropy.

In order to develop NCHs for photovoltaic applications, we should

begin to narrow the scope of materials to be incorporated to those which

have reasonable solar spectrum absorption and also type II band offsets.

Further, we should focus on materials which can be fabricated by scalable

colloidal techniques. The focus becomes creating cheap materials, which are

highly effective at absorbing solar photons, and converting them into free

carriers for extraction to electrodes. The next key question to answer is;

can we design NCHs to promote photo-induced charge separation? Due to

their extremely high surface to volume ratios, NCs can accommodate higher

strain than bulk materials, and more importantly, they can accommodate

extremely high strain/volume ratios . Thus, strain considerations not only

become crucial for understanding the properties of NCHs but potentially

empowering. Aside from strain effects, by choosing particular constituent

compositions or engineering their relative orientations, we might be able to

tune the band structure in ways that directionally separate carriers.

While there have been a few reported attempts to incorporate type

II NCHs into photovoltaics to date, the results have mostly been

disappointing because researchers simply sought to replace single phase

NCs with NCHs in previously successful NC based devices [48–50]. NCHs

would play a fundamentally different role in a photovoltaic device than

single phase NCs. So finally, in order to demonstrate the importance of

research on anisotropic type II NCHs, we will show that the rational design

of NCHs can lead to improved photovoltaic performance if a solar cell is

designed to appropriately take advantage of their attractive qualities.
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CHAPTER 2

ANISOTROPIC NANOCRYSTAL
HETEROSTRUCTURES FROM

SPHERICAL SEEDS

Significant components of this chapter were published as “Size and Growth
Rate Dependent Structural Diversification of Fe3O4/CdS Anisotropic
Nanocrystal Heterostructures” in ACS Nano [46].

Anisotropic Fe3O4/CdS NCHs have been synthesized from nearly

spherical Fe3O4 seeds prepared from thermal decomposition of Fe(CO)5 in

oleic acid and octyl ether following ref [51]. Oleic acid acts as the surface

capping molecule and its concentration allows the average size of the seed

NCs to be varied from ∼3 nm to ∼20 nm. The ability to control the

average size while maintaining a relatively narrow size distribution of ∼5 -

10 % makes Fe3O4 NCs ideal for examining size-dependent strain effects.

Figure 2.1: The general synthesis procedure. First, Fe3O4 of desired size is
synthesized. CdS junctions are formed with the desired frequency by
varying the amount of Cd/S reagent added in the first injection. Growth of
the preformed nuclei occurs upon subsequent addition of Cd/S reagents.
Notice the change in NC morphology from isotropic to increasingly
anisotropic. In the junction formation step, Fe3O4 NCs appear to have
small lumps which are the CdS nuclei.

6



2.1 Formation of junctions and growth of CdS from

Fe3O4 seeds

The CdS precursors consist of bis-trimethylsilylsulfide (TMS2S) in

Triocylphosphine (TOP) for the S source and Cd(CH3)2 in TOP for the Cd

source. The all-solution phase precursors provide the versatility with which

Fe3O4/CdS junction formation can be separated from subsequent growth of

CdS. The S and Cd reagent solutions are added sequentially followed by an

annealing step which establishes the average number of CdS particles that

nucleate on each Fe3O4 seed NC. Subsequent injection of TMS2S and

Cd(CH3)2 mixed together in TOP extends the growth of CdS from the

nuclei on the surfaces of Fe3O4 NCs (see Figure 2.1). The average number

of CdS particles that grow on Fe3O4 NCs can be controlled by varying the

amount of S and Cd in the initial junction formation step. However, as

Figure 2.3 shows, the maximum number of CdS particles that can grow on

the seed NCs depends strongly on the size of the Fe3O4 NCs with the

limitation approaching one CdS particle per seed for the smallest sizes. The

details of the synthesis can be found in the methods of this chapter.

Fe3O4 has a cubic inverse spinel crystal structure with a lattice

constant a = 0.837 nm while CdS is polymorphic and will form in either the

zinc blende (cubic with a = 0.583 nm) or wurtzite (hexagonal with a =

0.414 nm and c = 0.672 nm) phase. Considering the overwhelmingly large

30 % lattice mismatch in the bulk Fe3O4 and CdS lattice parameters, it is

surprising that these two materials form a stable interface at all. A careful

examination of high resolution TEM images, as exemplified by Figure 2.2,

shows that the predominant junction planes are well-aligned (111)/(111)

interface for zinc blende CdS and (111)/(0001) interface for wurtzite CdS.
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Figure 2.2: a, High resolution TEM image of a Fe3O4/CdS nanocrystal
heterostructure. Lattice spacings measured by integrated line scans are also
shown. b, Schematic of the heterointerface and the alignment of the
junction planes are shown. Red circles correspond to Fe atoms and blue to
S atoms.

When lattice fringes are visible in both Fe3O4 and CdS, as is the case in

Figure 2.2, the relative orientation of the crystallographic planes at the

interface can also be identified. Both zinc blende and wurtzite cases lead to

the same atomic arrangement at the heterointerface as schematically shown

in Figure 2.2. Considering the zinc blende case, 3 atomic steps along the

[1 1 0] direction of CdS is nearly identical in length as 2 atomic steps along

the same direction on Fe3O4. Similarly, 3 and 2 steps along the [1 1 2]

direction for CdS and Fe3O4, respectively, lead to nearly identical lengths.

This coincidental overlap of lattice sites at the heterojunction is what

maintains the epitaxial and stable interface in otherwise incompatible

lattice structures. When CdS grows in hexagonal wurtzite structure, there

are also significant cases where the CdS part of the junction plane is the

[1 1 0] plane which is usually accompanied by stacking faults. The stacking

faults lead to partial conversion of the plane to the (111) plane of zinc

blende CdS. Then, the heterojunction becomes similar to the (111)/(111)
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interface shown in Figure 2.2.

Figure 2.3: a, The relationship between junction frequency, Fe3O4 seed size,
and nucleation precursor amount. Each data point is a single synthesis
which started with seed Fe3O4 in one of the four ranges (4.7nm, 6.9nm,
10nm and 16.1nm average sizes). Junction frequency increases with
nucleation amount up to a saturation number which depends on Fe3O4 size.
Junction frequencies less than one result from a population of isolated
Fe3O4 NC. Error bars are the standard deviation in the data. b, Average
number of junctions formed per seed NC with multiple CdS growth steps
(number of injections). Fe3O4 NCs of average diameter 6.7 nm are first
nucleated with 0.1 mmol of CdS precursors. Each growth step consisted of
5x Cd/S reagent amount used for the initial nucleation. Error bars are the
standard deviation of the number of junctions per seed NC counted from
TEM images.

The heterointerfaces observed above indicate the importance of

coincidence site lattices [52, 53] which have been widely used to explain

planar heteroepitaxy in large lattice mismatched systems [54] and large

angle grain boundaries [55]. Since our group’s initial work on Fe3O4/CdS

[44, 45], several other systems including Cu2S/In2S3 NCHs have been shown

to exhibit coincidence lattices [56, 57]. However, based on the bulk lattice

parameters (see Figure 2.2), the (111)/(111) Fe3O4/CdS interface should

still exhibit a non-negligible mismatch of 4.6% along each of the directions

with coincident lattice sites. This mismatch manifests itself in how strain
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builds up with increasing size of any one component of the NCHs.

Figure 2.4: a, Seed diameter dependence of the maximum number of CdS
particles that can nucleate and grow on Fe3O4 nanocrystals. At the
smallest sizes, nucleation of CdS is hindered due to the (111) junction plane
area being too small and therefore incapable of supporting heterogeneous
nucleation. At the largest sizes, the total number of (111) facets available
prevents further nucleation of CdS. The blue dashed line is derived from a
simple interfacial strain dependent geometrical constraint model with λ =
3.5 nm. b, Schematics and the corresponding diameter range for the simple
geometrical model described in the text. A fixed effective strain length (λ)
leads to limitations on the maximum number of junctions per NC of a given
diameter (d).

The maximum number of CdS particles that can grow on each seed

Fe3O4 NC has been shown to be dependent on the size of the seed NC in

Figure 2.3. For a more precise size dependence, NCHs synthesized in the

saturated regime where the maximum number of CdS particles per seed NC

is reached were examined. The Fe3O4 seed diameter dependence of the

maximum number of CdS particles that can grow per Fe3O4 NC is shown in

Figure 2.4. Since each reaction leads to Fe3O4 NCs with a size distribution

of about 5 to 10 %, data shown is binned at diameter increments of 0.5 nm.

A near linear dependence is seen in the diameter range from ∼4 to ∼12 nm

and seems to plateau at ∼8 CdS particles for largest sized seeds which is

imposed by the limited number of (111) facets available. At the small size
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range, there should be a limitation from the surface area of the (111) planes

since at ∼4 nm seed diameter, the (111) facets should to be about 2 nm

across which is about the size scale of a single coincident unit cell (see

Figure 2.2). This may reflect the critical size for heterogeneous nucleation.

In order to better understand how strain might limit the growth of

CdS on seeds of various sizes we developed the simple geometrical model

depicted in Figure 2.4b. In this model, we assume a fixed strain interaction

length (λ) for every junction which could not overlap. If we ignore the

restrictions imposed by the lattice symmetry, and only account for this

fixed length which must exist between any two junctions (2λ), then we

come up with discrete seed sizes for which a given number of junctions can

exist. For λ = 3.5 nm, our data fits the model relatively well (see dashed

blue line in Figure 2.2a).

Figure 2.5: a,b,c,d, TEM images demonstrating rod-on-dot anisotropy
dependence on precursor concentration. Smaller size seed Fe3O4/CdS NCs
with 1:1 (a) and 5:1 (b) growth-to-nucleation CdS precursor amount ratio
leading to slow and fast CdS growth, respectively. (c) and (d) are
analogous to (a) and (b) for larger sizes of seed NCs. Higher magnification
images are shown in the insets. e, Rod-on-dot anisotropy dependence on
precursor concentration is quantified. We vary the ratio of growth precursor
amount to nucleation precursor amount for a fixed seed size (7nm) and
fixed nucleation amount (0.15 mmol).

In most previous reports, a delicate balance between reaction
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temperature, concentrations of reagents, reactivity of precursors, and types

of capping molecules is necessary in optimizing NR growth. With our

approach to the synthesis of Fe3O4/CdS NCHs, where the junction

formation is separated from growth, the growth step can be easily adjusted

to promote CdS rod growth. As a simple control over the growth rate, the

amount of CdS precursors added in the second injection step relative to the

junction formation step can be increased. Figure 2.5 shows TEM images of

CdS rod growth from nearly spherical Fe3O4 seeds that can be achieved by

simple increase in the second precursor injection amount without any other

changes. The initial CdS reagent injection allows control over the number

of CdS particle nucleated and the subsequent growth injection(s) can

determine size/length/anisotropy.

Figure 2.6: a,b, Low and high (inset) magnification TEM images
demonstrating dot-on-dot growth achieved by multiple low concentration
(1:1 (growth-to-nucleation)) injections at the first (a) and third (a)
injection. c, The dependence of length (black), width (red) and aspect ratio
(green) of CdS (grown on Fe3O4 seeds) on the effect of multiple high
concentration (6:1) injections in attempt to increase CdS aspect ratio. The
plot is produced from samples taken during a single synthesis.

In an effort to increase the aspect ratio beyond ∼2, we did

additional high concentration injections of CdS precursors. We found that

while the length of the CdS rods did increase, the width increased equally
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fast leaving the aspect ratio nearly unchanged (Figure 2.6c). This result is

likely due the additional surface area available on the rod for CdS material

to deposit. We could intentionally reduce the size of the CdS growth

without increasing aspect ratio by conducting multiple low concentration

injections (Figures 2.6a and 2.6b). Alternatively, increasing the oleic acid

concentration (capping agent) is another simple means of retarding CdS rod

growth. Increasing the capping agent concentration slows CdS growth by

increasing the effective coverage of the CdS surface. Even at the elevated

5:1 growth-to-nucleation precursor ratio, CdS rods would not form if the

oleic acid concentration had been increased by only 36% (Figure 2.7b).

Figure 2.7: a,b, Low and high (inset) magnification TEM images
demonstrating the effect of adding additional oleic acid prior to the growth
step. In a typical 5:1 (growth-to-nucleation) injection, CdS nanorods
extend from the Fe3O4 seeds (a). Increasing the oleic acid 36% prior to a
5:1 injection for growth led to rod-on-dot morphology exclusively (b).
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2.2 Wurtzite/zinc blende polytypism and structural

diversification

Previous studies on Fe3O4/CdS NCHs have shown that the CdS can grow

as wurtzite or zinc blende [45]. This polytypism in CdS leads to

diversification of possible morphologies within the rods-on-dot geometries

even when the number of nuclei per seed NC can be controlled. While the

structural diversity may be amplified, the rods-on-dot structures can in turn

facilitate characterizing crystallographic orientations at the heterojunctions

due in part to the larger sizes of the rods and in part to easy-to-identify rod

growth axis. There are three distinct CdS rod configurations that we have

observed in the rods-on-dot NCHs. In all three configurations, CdS always

grows on the {1 1 1} plane of the seed Fe3O4 NCs.

Figure 2.8: a,b, High resolution TEM images of branched CdS nanorods
grown on Fe3O4/CdS NCs. Branching occurs by initial zinc blende
nucleation followed by wurtzite growth. An example is shown for small (a)
and large (b) seed NCs. Note that the junction planes are the same in both
cases.

For NCHs with 7 - 9 nm Fe3O4 seeds, the most abundant of the

three configurations is the “branched” structure (56% out of 126 junctions

examined via high resolution TEM) as shown in Figure 2.8a. For the larger

15 - 16 nm seed diameter, as shown in Figure 2.8b, we observe similar, but
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slightly lower, yield of these branched junctions (41% out of 79 junctions).

Note that these structures sometimes have only one branch as shown in

Figure 2.8a which then makes them appear similar to the “kinked”

structures discussed later. However, the single-branch structure can be

easily distinguished from the kinked structures by high resolution images

showing lattice fringes and by difference in the angle of the rod growth

direction with respect the Fe3O4 {1 1 1} plane. Branching occurs when the

CdS is initially nucleated as zinc blende and fast growth conditions favoring

rod growth lead to tetrapod-like structures where wurtzite rods grow out of

the {1 1 1} planes of the zinc blende nuclei. The Fe3O4/CdS

heterojunctions in these cases are the zone axes aligned {1 1 1}/{1 1 1}

planes with coincidence sites shown in Figure 2.8b.

Figure 2.9: a,b, High resolution TEM images of linear CdS nanorods grown
onFe3O4/CdS NCs. Linear rods arise from nucleation of wurtzite CdS and
continues wurtzite growth. An example is shown for two (a) and four (b)
CdS growths.

For the smaller 7 - 9 nm seed size range, the second most abundant

configuration observed is the linear structure (27%) as shown in Figure

2.2a. At the larger seed size of 15 - 16 nm, we observe a substantial increase

in the yield of these junctions (58%) as shown in Figure 2.9. These linear

structures arise from CdS being nucleated as wurtzite and continuing to
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grow in the same crystal structure with preferential growth along the

(0 0 0 1) direction. The heterointerfaces in this configuration are the same

junction planes with coincidence sites as shown in Figure 2.2b with the

{0 0 0 1} planes for CdS which is equivalent to the {1 1 1} planes of zinc

blende.

Figure 2.10: a,b, High resolution TEM images of kinked CdS nanorods
grown on Fe3O4/CdS NCs. Note the stacking faults near the junction in
the CdS which are often observed and may help to better accommodate the
heterointerface.

The least frequently observed NCH morphology is shown in Figure

2.10. This “kinked” structure, which is observed ∼15% of the time for the

smaller 7 - 9 nm seed NCs and only ∼1% of the times for the larger 15 - 16

nm seeds, arises from wurtzite CdS growth. The heterojunction in this case

consists of {1 1 1}/{1 0 1 1} interface. These kinked structures are also often

associated with stacking faults near the Fe3O4/CdS interface as indicated in

Figure 2.10. The {1 0 1 1} planes of wurtzite is a near close-packed plane -

i.e. similar to the {0 0 0 1} plane. Incorporating the stacking faults, the CdS

part of the interface then becomes the same as or very close to the junction

plane with coincidence sites shown in Figure 2.2b. We believe that the

main reason for the low yields of these kinked structures on larger seed

Fe3O4 NCs may be associated with interfacial strain. The smaller seed NCs
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will likely accommodate strain better making it more versatile for the CdS

{1 0 1 1} junction plane to form.

2.3 Fe3O4/CdS conclusions

In the Fe3O4/CdS system we successfully showed that NCH anisotropy was

possible from nearly isotropic seeds primarily due to limited lattice

coincidence. We showed that strain limited the number of heterojunctions

that could form on seeds of a given size, and consequently, that larger seeds

could accommodate more junctions. Finally, we demonstrated that by

tuning the precursor concentration and surfactant chemistry during the

growth step we could tune the anisotropy of the second component.

Unfortunately, although the ideal bulk band alignment between Fe2O3 and

CdS is type II, the Fe3O4/CdS system is inadequate for photo-induced

charge separation because Fe3O4 contains many mid gap nonradiative

recombination sites as evidenced by the brown color of Fe3O4 NCs. These

mid gap states are associated with oxygen deficiencies and the two

oxidation states of iron in the material (Fe2+ and Fe3+), and result in the

expected PL of CdS being completely quenched for the final products.

While this quenching indicates some degree of energy or charge transfer,

the usefulness of such transfer is in doubt. After having demonstrated how

to drive anisotropy in NCHs from spherical seeds, we moved exclusively

towards II-VI materials that exhibited higher PL yields and chose

combinations which had type II band alignment.
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2.4 Methods

All syntheses were carried out using standard airless techniques under N2.

Reagents were used as received. All steps of the synthesis described below

were carried out as a “one-pot” synthesis where the reaction mixture is

always kept in the same reaction vessel under N2. Small aliquots were taken

out of the reaction mixture after each step for characterization.

2.4.1 Synthesis of Fe3O4 NCs

Fe3O4 NCs were prepared in a 50 ml three neck round bottom flask with a

reflux condenser by thermal decomposition of 0.2 ml of Fe(CO)5 in a

vacuum degassed solvent of dioctyl ether and oleic acid according to ref.

[51]. The average size of the NCs was controlled by changing the amounts

of oleic acid and dioctyl ether, while the amount of iron pentacarbonyl was

kept constant in all syntheses. As an example, 10 ml of dioctyl ether and

1.1 ml of oleic acid were used to make NCs with 7 nm average diameter.

We note that vacuum degassing of the solvent to consistent dryness is

important in achieving desired size of Fe3O4 with narrow size distribution.

2.4.2 Heterojunction Formation

Following the synthesis of Fe3O4 NCs, the reaction mixture was cooled to

100 ◦C under N2 and an indicated amount of 1 M bis-trimethylsilylsulfide

(TMS2S) in 3 ml of trioctylphosphine (TOP) was injected. The solution

was then heated up to 180 ◦C at ∼15 ◦C/min and held at this temperature

for 5 min before cooling to 60 ◦C. An equimolar amount (1:1 Cd:S) of 1 M

Cd(CH3)2 in TOP was then added dropwise to the reaction mixture. After

5 min of vigorous stirring the solution was heated at ∼15 ◦C/min to 250 ◦C
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and maintained at this temperature for 30 min. As discussed below, the

amount of CdS precursors injected for this junction formation step (which

we interchangeably refer to as the nucleation step) determined the average

frequency of heterojunctions formed per seed NC.

2.4.3 Subsequent growth of CdS

Following the nucleation step, the reaction mixture was cooled to 60 ◦C and

indicated amounts of 0.5 M Cd(CH3)2 and TMS2S in TOP (1:1 Cd:S molar

ratio) were added dropwise. After stirring for 5 min, the solution was

heated up to 200 ◦C at ∼15 ◦C/min and annealed for 1 h. At annealing

temperatures of 200 ◦C and below, the rods-on-dot geometry is maintained

but higher temperature annealing (e.g. reflux at ∼280 ◦C) causes structures

to slowly revert to dots-on-dot morphologies. The resulting NCHs can be

precipitated with ethanol and redissolved in non-polar solvents. The molar

ratio of growth injection of CdS precursors to the nucleation amount

determines the aspect ratio of the epitaxially grown CdS. Smaller

growth:nucleation Cd/S reagent ratios lead to spherical CdS grown on

Fe3O4 NCs while higher ratios lead to CdS rod growth. Injecting more than

6x the amount of Cd/S reagent for the growth step than the nucleation step

generally leads to homogeneous nucleation of isolated CdS NCs. This is

independent of the nucleation amount. Adding oleic acid before the growth

step greatly reduced the aspect ratio for CdS. The overall junction

formation and growth of CdS on Fe3O4 NCs are outlined in the series of

TEM images in Figure 2.1.
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2.4.4 Characterization of NCHs

Transmission electron microscopy (TEM) samples were prepared using a

dilute chloroform solution (optical density of ∼0.1 at ∼600 nm) of NCs on

Cu grids coated with a thin carbon film (Tedpella Inc.). TEM analysis was

conducted with a JEOL 2010 LaB6 operating at 200kV. Powder x-ray

diffraction (PXRD) measurements were carried out on a Rigaku Geigerflex

with a D-MAX system. Fe3O4 NCs typically had standard size deviation of

6%. Samples with higher than 10% size distribution were not included in

the statistical analysis. In all plots shown, the error bars are the standard

deviation in the TEM statistics from the average value which is the plotted

point.
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CHAPTER 3

STRAIN INDUCED NANOROD
HETEROSTRUCTURE CURVATURE

Significant components of this capter wre published as “Anisotropic
Strain-Induced Curvature in Type-II CdSe/CdTe Nanorod
Heterostructures” in the Journal of the American Chemical Society [58].
Additionally, some portions were published as “Anisotropic Nanocrystal
Heterostructures: Synthesis and lattice strain” in Current Opinion in Solid
State and Materials Science [59].

Semiconductor nanocrystal heterostructures (NCHs) are adding new

dimensions to how unique size-tunable electronic and optical properties of

nanocrystals (NCs) can be engineered. There is an increasing interest in

NCHs that can promote photo-induced charge separation. Shell thickness

dependent transition from type I (carrier confining) to type II (carrier

separating) band offset has been demonstrated in core/shell NCHs. In

addition to this approach to tuning the relative band offsets, nanorod -

(NR) and nanowire based heterostructures with inherent anisotropy can

provide directionality in charge separation necessary for energy applications.

Here we report anisotropic strain in CdSe/CdTe nanorod heterostructures

(NRHs) driven by the growth of lattice-mismatched CdTe unevenly on the

sides of CdSe NR seeds. Atomic resolution scanning transmission electron

microscopy (STEM), in addition to high-resolution transmission electron

microscopy (TEM) used in the previous chapter, are used to characterize

the interfaces of these NR heterostructures (NRHs) revealing the cause of

the strain-induced curvature. Linear NRHs, where the CdTe only grows out
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of the tips of the CdSe NR seeds, are also synthesized for comparison.

3.1 Synthesis of CdSe NR seeds

Anisotropic CdSe/CdTe NCHs are formed in a single pot starting with

CdSe NR seeds which are first synthesized by arrested precipitation similar

to previous reports [25, 58] where Se dissolved in trioctylphosphine (TOP)

is rapidly injected into a Cd precursor containing solvent at elevated

temperature (Figure 3.1). The Cd precursor is formed by the dissolution of

CdO by octadecylphosphonic acid (ODPA) to form ODPA-Cd in the

presence of the polar trioctylphosphine oxide (TOPO) solvent. Twice the

molar amount of Cd is present in the reaction flask as the amount of Se

injected thus we expect that roughly 50% of the ODPA-Cd precursor is left

over from the synthesis of the seeds. Once the seed NRs are formed (takes

∼15min from injection), Te dissolved in TOP is slowly added directly to

the hot reaction mixture containing the seeds. The excess ODPA-Cd

complex leftover from the seed synthesis provides the Cd source for CdTe

formation. The details can be found in the methods section of this chapter.

Figure 3.1: TEM images of CdSe seed NRs at low and high magnification.
The scale is the same for the center and right images.

The reaction conditions, Te precursor injection rate and temperature
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in particular, are optimized to prevent homogeneous nucleation of CdTe.

As was the case with the Fe3O4/CdS NCH system, the injection rate can

often determine the effective reagent concentration which is critical because

at high reagent concentrations, homogeneous nucleation may begin to

compete with heterogeneous nucleation. Within exclusive heterogeneous

nucleation regime, Te reagent injection rate and injection temperature

effect how CdTe grows on the seed CdSe NRs.

Figure 3.2: a,b, TEM images of CdSe/CdTe heterostructures of curved (a)
and linear (b) shapes. The curved shapes arise from partial deposition of
CdTe on the sides of the seed NRs. The linear shapes, obtained by
nucleation and growth of CdTe at a lower temperature, consist of CdTe
only at the tips.

3.2 Synthesis of curved and linear NRHs

Figure 3.2 shows two distinct structures that arise with a change in the

injection temperature from 300 to 250 ◦C. At the lower Te injection

temperature, exclusive tip growth is observed leading to linear or “barbell”

structures. With increasing injection temperature above ∼270 ◦C,

nucleation and growth occurs on the sides of the seed NRs as well. We

hypothesize that growth of CdTe on the sides of the seed NRs gives rise to

the observed curvature in the NCHs resulting from anisotropic stress of the
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larger lattice constant CdTe being deposited. This suggests that an unusual

combination of tensile and compressive strain exists in the seed NRs.

Regardless of the final spatial distribution of CdTe on the seed CdSe NRs,

both the linear and curved NRHs should exhibit significant strain due to a

substantial lattice mismatch of ∼7 % between the two bulk lattice constants

of CdSe and CdTe (larger). The importance of this expected lattice

mismatch is often mentioned in the literature dealing with NCHs [60] but

rarely elaborated on. Few reports have characterized the nature of this

strain and what effects it has on both the synthesis and properties of NRHs.

Figure 3.3: a,b, High resolution bright field transmission electron
micrographs of CdSe/CdTe linear NRHs with ∼half (a) and the full (b)
amount of CdTe deposited on the seed CdSe NRs. The full case is ∼50%
CdTe, 50% CdSe. Double headed arrows indicate the approximate size of
the CdTe regions. Averaged lattice spacings of the boxed regions using an
integrated line scan (inset of a) are also indicated for comparison to the
bulk values (inset of b).

3.3 Analysis of strain in NRHs using TEM

Figure 3.3 shows TEM images of linear CdSe/CdTe NRH during the growth

of CdTe with measured lattice spacings in the CdSe and the CdTe regions.
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It appears that the depositing CdTe initially adopts the lattice constant of

the CdSe NR seed, with a high degree of compressive strain (note 3.68 Åis

observed vs the bulk value of 3.75 Å). However, since we have not resolved

the actual interface, nor its abruptness, we can not rule out the possibility

that part of the seed is being included in this measurement. If the initially

deposited CdTe is under a large degree of strain, we expect that as the

CdTe domain grows in size it approaches its bulk lattice constant because

eventually the bulk value (3.75 Å) is reached at the tip of the NRH.

Figure 3.4: High magnification TEM image of both a CdSe NR seed
(bottom) and curved CdSe/CdTe NRH (top) side by side. The
uncalibrated, integrated average, raw d-spacings (c/2 lattice constant) are
shown in the boxed regions shown. In addition to the direct observation of
3.8% strain in the CdSe portion of the NRH, this image demonstrates an
error of roughly 2% in the uncalibrated measurements with the microscope
on that particular day. In all other figures, the shown lattice constants and
distances have been calibrated such that CdSe NR seeds have the
appropriate bulk lattice constant.

We point out that distances measured in a TEM can vary slightly

with the TEM alignment, magnification and instrument calibration. In the

microscope used for most images in this thesis, the raw measured values
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typically underestimated distances by 2- 5% based on statistical assessment

of CdSe NRs (see Figure 3.4). In order to correct for this we carefully

aligned the microscope at the beginning of a TEM session and started by

taking TEM images of CdSe NR seeds which were used to determine the

“multiplication” factor for all distances in TEM images taken during a

given session. All measured lengths, widths and lattice constants were

adjusted from the raw values to correct for the off calibration of the TEM.

As a side note, all measurements were taken with the objective defocus

zeroed (DV = 0 or “standard focus”). Calibration was done separately at

different magnification if needed although typically lattice measurements

were only conducted at the highest possible magnification of 600kX.

Figure 3.5: Calibrated measurements of the c-axis lattice constant
measured along the length of the linear NRH shown in 3.3b are shown. In
order to reduce the standard deviation in the measurements, the lattice
constants have been averaged over two (black) and (three) fringes. Note
that lattice constants in other images are averaged over at least five fringes.
Bulk lattice parameters are noted by the dashed lines.

Figure 3.5 shows the d-spacings for the linear NRH in Figure 3.3b

across the entire length of the structure. Since the resolution is not high
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enough to get reasonable measurements of a single lattice fringe, averages

have been taken across two and three lattice fringes. Doing this averaging

greatly reduces the deviations in the measurement but results in a loss of

junction resolution. Using TEM alone we measure the change in the lattice

constant to be abrupt within this limit of 3-5 lattice planes. This method is

probably effective at determining average lattice constants over a region

away from the interface, as well as roughly resolving the location of the

interface, but it fails to resolve the abruptness of the interface chemically.

Furthermore, since we don’t know how abrupt the interface is chemically we

can not use this technique alone to resolve the spatial distribution of strain.

That is, we can not effectively say whether the change in lattice constant is

associated with strain or an alloyed region (using TEM alone).

Figure 3.6: High resolution TEM image of a characteristic curved NRH
having an “integral” shape. Lattice constants (calibrated) measured at
various places (boxed regions) in the structure and are shown.

For comparison, another calibrated TEM image of a curved NRH in

which (0002) lattice spacing over the entire NRH is mapped is shown in
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Figure 3.6. This “integral” shaped NRH, with two opposing curvatures

separated by an inflection point, was the most commonly observed shape.

Interestingly, the larger tip (top) more closely matches the bulk value for

CdTe and induces a smaller radius of curvature for the top half of the NRH

as compared with the bottom tip. This observation agrees with the notion

that CdTe initially adopts the CdSe seed lattice constant then approaches

the bulk value as it grows larger. It was common to observe an asymmetry

in NRH tips such that the increase in tip diameter occurs primarily on the

inside edge of the curvature as seen here on both ends of this NRH.

Figure 3.7: a,b, Length statistics (calibrated) for seeds (red), linear (blue
in a) and curved (blue in b) NRHs. c,d, Central width statistics
(calibrated) for seeds (red), linear (blue in c) and curved (blue in d) NRHs.
Width for the tips of NRHs is also shown for each case (green).

In addition to lattice constant measurements, TEM can provide

accurate characterization of NRH morphology (size statistics). The size

statistics for linear and curved NRHs are compared with the starting CdSe

NR seeds in Figure 3.7. The curved NRHs exhibit a significantly larger

increase in their central width as well as at their tips (Figure 3.7d) but a
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lesser increase in length (Figure 3.7b), compared to the linear NRHs. This

observation supports our hypothesis about partial side growth of CdTe in

the case of the curved NRHs.

Figure 3.8: TEM images and average sizes (of ∼30 NRs/NRHs in each case)
for curved NRHs at various stages of their synthesis depicting the gradual
development of curvature. Widths are measured in the center of the NRHs.

When a statistical analysis of curved NRH sizes is carried out

systematically during the deposition of CdTe (samples taken during

TOP-Te injection), we find that the increase in width (and development of

curvature is gradual (Figure 3.8). Again, this observation suggests that the

curvature results from the growth of mismatched CdTe on CdSe NR seeds.

An X-ray diffraction (XRD) pattern for curved NRHs is shown along

with their CdSe NR seeds in Figure 3.9. Note the sharp peak for the (0002)

lattice spacing (c-axis (NR growth axis)) for the CdSe NR seeds (Figure

3.9a). The XRD pattern for the curved NRHs is significantly broadened

and shifted towards a larger lattice constant compared with the seed NRs

(Figure 3.9b). This broadening is consistent with the large distribution of

lattice constants that we observe using TEM. The CdSe NR seed XRD

pattern contains features that match reported CdSe wurtzite phase (Figure

3.9c) while the curved NRHs also exhibit features corresponding to CdTe

zinc blende (3.9d) and wurtzite (3.9e) phases.
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Figure 3.9: a,b, Powder XRD pattern measured from CdSe NRs (a) and
curved NRHs (b). Reported XRD patterns for CdSe wurtzite (c), CdTe
zinc blende (d) and CdTe wurtzite (e) phases are shown for comparison.

Figure 3.10: Wide area EDS pattern measured on curved NRHs.
Semi-quantitative analysis of this data gave an elemental composition
which was 50.3% Cd, 17.6% Se and 32.1% Te

Energy dispersive X-ray spectroscopy (EDS) confirms the presence

of CdSe and CdTe in the curved NRHs, semi-quantitative analysis of this

data gave a composition which was 50.3% Cd, 17.6% Se and 32.1% Te.

While this appears to suggest that the structures contain more CdTe than

CdSe, we expect Tellurium to be over counted here due to overlap with the

30



primary Cd peak. Further, analysis of the TEM size statistics for both

linear and curved NRHs give a volume increase of ∼100% after CdTe

deposition. Using EDS we can rule out the possibility that the large degree

of strain is due to the presence of another chemical species.

Linear barbell structures (see Figures 3.2b and 3.3) with expected

sharp heterointerfaces should provide an ideal or at least a simple geometry

with which lattice strain in NCHs may be examined. However,

surface/interface relaxation will alter the lattice constants at different

locations of the NCHs and the same crystal structure between CdSe and

CdTe makes it difficult to identify heterointerfaces at the atomic level.

Obtaining selected area diffraction patterns at different locations of the

NRHs not only lacks the desired spatial resolution but can also be difficult

to interpret if there are lattice distortions due to interface strain. The main

technique employed to date has been EDS mapping but it requires a large

X-ray collection angle, often suffers from low signal-to-noise ratio, and lacks

the desired atomic resolution [61].

3.4 Identification of the heterointerface using

Z-contrast STEM

Using a high-angle annular dark field (HAADF) detector on an aberration

corrected scanning transmission electron microscope (STEM), we are able

to extract compositional information from ultra high resolution images.

With the dark field detector we are counting scattered electrons as we

raster the narrow beam spot across the sample. The scattering cross section

for electrons with an element is proportional to the square of the atomic

number (Z) thus, the technique gives rise to “Z-contrast.” Figure 3.11 shows
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Figure 3.11: a,b, High resolution high-angle annular dark field scanning
transmission electron microscope images of a linear barbell CdSe/CdTe
NRH. Boxed region in (a) is magnified in (b). The inset in (b) corresponds
to intensity profiles of the regions labeled (i) and (ii) revealing Z-contrast.
Line scans of the intensity difference across the CdSe/CdTe interface
(dashed line) along paths 1 (black line) and 2 (red line) are shown in (c).

a HAADF STEM image of a linear NRH at a low (3.11a) and high (3.11b)

magnification with the heterointerface indicated by the dashed line. If the

NRH is viewed along the [1 1 2 0] zone axis (for wurtzite), the positions of

all metal (Cd) atoms in a column line up with the beam (also all chalcogen

(Se or Te) atoms in a column). Pairs of these columns of atoms are resolved

as “dumbbells” in the image with one side being the metal column and the

other side being the chalcogen column. The interface is easily observable

both by an overall increase in the brightness (ZCd+ZSe = 82 vs ZCd+ZTe =

100) and more conclusively, by a contrast inversion of atomic pairs (ZCd>Z

Se vs ZCd<ZTe) seen in the Figure 3.11b inset. This Z-contrast between Cd

and the chalcogen columns allows us to estimate the chemical sharpness of

the heterointerface. The Z-contrast profile (measured as a change in the

raw scattered intensity between each column in a “dumbbell”) across the
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interface in Figure 3.11c shows contrast inversion to be complete within ∼2

- 3 atomic steps. Given that the seed NRs are not likely to start with

completely flat tips, we suspect the interface to be atomically sharp.

Figure 3.12: a,b, High resolution HAADF STEM images of a curved
CdSe/CdTe NRH. Boxed region in a is magnified in b. Integrated line scans
of metal-chalcogen pairs from the outlined regions in b are shown in c.

HAADF STEM images of the curved CdSe/CdTe NCHs we

synthesized with a 300 ◦C TOP-Te injection temperature confirm our

hypothesis that deposition of CdTe on the sides of the CdSe NRs is

correlated with the curvature (Figures 3.12, 3.13a and 3.13b). Atomic pairs

show contrast inversion from the outside of the curvature (where the lattice

constant is largest) to the inside (where the lattice constant is smallest).

High resolution TEM images in Figures 3.2a and 3.13c reveal that the

curvature arises from an actual deflection in the lattice planes. Given the

substantial mismatch between CdSe and CdTe, one would expect the lattice

spacing to expand from the CdSe to the CdTe region. However, the lattice

expands from the inside of the curvature to the outside much more than the

bulk lattice mismatch. The expected (0002) lattice spacing difference

between CdSe and CdTe is 6.6% (with respect to the smaller CdSe)
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whereas we measure an expansion in Figures 3.2a and 3.13c of 10%. Lattice

expansion as large as 13% has been observed. Through careful calibration

of the TEM and images of mixed NRH with NR samples indicate that the

CdTe portion of the NRH never expands beyond its bulk lattice constant

(see Figure 3.4). Rather, the CdSe is under significant compression on the

inside of the curvature, as high as ∼6%, in addition to the interface region

which is under tensile strain, ∼3%.

Figure 3.13: a,b, Additional high resolution HAADF STEM images of a
curved CdSe/CdTe NRH. Boxed region in a is magnified in b. Line scans of
the outlined regions in b are shown in e. c, High resolution TEM image of
a curved CdSe/CdTe NRH. Angle of curvature and local lattice spacing of
the boxed regions are indicated. Note, the bulk spacings are 3.51 Åand 3.75
Åfor CdSe and CdTe respectively. d, Schematic illustrating how CdTe
deposition leads to tension and compression in the seed CdSe NR.

The emerging picture of the growth mechanism based on TEM and

STEM analysis is as follows. A higher temperature injection activates side

facet nucleation and growth of CdTe on CdSe NR seeds. Initially, the CdTe
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Figure 3.14: Schematic of curved NRHs at various stages of their synthesis
depicting the mechanism for development of curvature. Two possible
outcomes are shown demonstrating the sensitivity to early inhomogeneity of
the CdTe shell on the final morphology.

deposits as a thin, highly strained shell. Either due to some small

variations (asymmetries) in the CdSe seeds, or perhaps due to a

Stranski-Krastanov-esq strain induced island formation, some regions of the

growing CdTe shell on the NRH are thicker than others. These thicker

regions exert a larger tensile stress on the sides of the CdSe NR seeds. This

net stress on one side of the seed causes it to deflect or “curve” a little. As

such, the opposite side of the seed is under compressive stress as it gets

squeezed by the deflection. As additional CdTe deposits, it finds a poorer

lattice match on the compressed side than on the thicker shell CdTe region

side. This difference in lattice match makes it more favorable for CdTe to

grow on the outside regions of the curvature, increasing the thickness in

these already thicker regions, further promoting the curvature. In this way,

a positive feedback mechanism develops to enhance the NRH curvature to

the point where the depositing CdTe reaches its bulk lattice constant. This
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process is outlined in Figure 3.14.

3.5 Optical properties of type II NRHs

In addition to the very apparent implications of strain for the synthesis of

NCHs as seen in both the Fe3O4/CdS and the CdSe/CdTe systems, we

expect that there should be significant modification to the band structure

of these highly strained systems. This modification will be not only a

change in the band gaps of the constituents spatially but will also give rise

to differences in the conduction and valence band offsets at the interface.

One indirect way to probe such changes is by looking at the optical

properties of NRHs dissolved in a transparent solvent. Figure 3.15

compares the absorption and photoluminescence (PL) spectra of seed CdSe

NRs with the linear (3.15a and 3.15c) and curved (3.15b and 3.15d) NRHs

(blue and red) with the CdSe seed NRs (black). We expect the absorption

band edge for CdTe of the tip sizes observed with TEM to be ∼680 nm,

therefore the absorption tail beyond 680 nm is attributed to charge

separated state (CSS) absorption and is typical of type II NCHs [32]. Both

the curved and linear NRHs exhibit this tail but the curved NRHs seem to

have an enhanced effect. A higher degree of CSS absorption in the curved

structures could arise from an increase in the interface area that we would

expect from the growth of CdTe on the sides of the seed NRs and may be

beneficial for absorption of lower energy solar photons.

The linear NRHs have a typical, large Stokes-shifted, PL beyond the

expected PL of CdTe band edge that is commonly observed in core/shell

type II NCHs [32]. This PL arises from CSS recombination but the

quantum yield of is about 100 times lower than the PL from the CdSe seed
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Figure 3.15: a,b,c,d, Absorption and photoluminescence spectra of the
linear (a,c) and curved (b,d) CdSe/CdTe NRHs along with corresponding
spectra of seed CdSe NRs. Spectra of the seeds are shown in black and
those of the NRHs are in blue and red. The bottom two batches (blue) were
synthesized from a different recipe to produce slightly smaller seeds which
had higher PL intensities and narrower size distributions (note sharper
peaks in the absorption). See the methods in Chapter six for details on the
sysnthesis of these NRHs. PL spectra have been scaled to make the features
observable on the same scale. The schematic (inset of a) demonstrates the
CSS recombination that the observed PL in type II NRHs arises from.

NRs. It has been shown previously, using time resolved PL, that CSS PL in

type II NCHs can exhibit long decay times, as high as 100µs at room

temperature [62]. In contrast to the linear NRHs, the curved structures

show a complete quenching of the PL. The lack of, or a greatly reduced,

CSS PL in curved NRHs provides an argument for enhanced physical

charge separation, in other words, reduced electron/hole wave function

overlap. An alternative explanation may be that the higher interface area

and closer interface proximity to the crystal surface promote recombination

which competes with the CSS PL (radiative) recombination. While PL is
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an indirect method of characterizing band structure, these results are a

preliminary indication that the energy landscape for charges is different in

these two structures. We note that using a modified synthesis, it is possible

to produce smaller sized CdSe seeds. Using smaller sized seeds we do

observe a very weak PL from the curved NRHs (Figure 3.15d). However,

the PL from curved NRHs synthesized from the same size seeds as linear

NRHs is always at least an order of magnitude lower in quantum yield

(brightness) and also longer in peak wavelength than the linear NRHs.

The linear and curved CdSe/CdTe NCHs presented above

demonstrate the ability to control the location of CdTe growth on the seed

CdSe NRs which can in turn provide us with the ability to manipulate

spatial distribution of lattice strain in these NRHs. This may lead to new

approaches to band structure engineering especially useful for directing

charge carriers in photovoltaics. Further, the formation of a type II

interface, and perhaps the increase in that interface area, promotes CSS

absorption at longer wavelengths than the isolated components of the NRH.

CSS absorption may not only tune absorption to the solar spectrum but

could potentially generate carriers without paying the energy penalty (or as

large of a penalty) of exciton dissociation. That is, carriers absorbed at the

interface come already dissociated but it is unclear how much Coulombic

energy would still be associated with these charges. More work is needed to

determine if CSS absorption can actually enhance the photo-current of a

solar cell (see Chapter 6).

38



3.6 Methods

3.6.1 General considerations

The single pot reactions were carried out in a standard Schlenk line under

N2 atmosphere. Technical grade trioctylphosphine oxide (TOPO) (90%),

technical grade trioctylphosphine (TOP) (90%), CdO (99.5%), Se powder

(99.99%), and Te powder (99.9%) were obtained from Sigma Aldrich. ACS

grade chloroform, methanol, butanol, and toluene were obtained from

Fischer Scientific. N-octadecyl phosphonic acid (ODPA) was obtained from

PCI Synthesis. Materials were used as received.

3.6.2 Synthesis of CdSe NR seeds

First, 2.5 g (6.5 mmol) of TOPO, 1.73 g (5.2 mmol) of ODPA and 0.333 g

(2.6 mmol) of CdO were added to a 50 ml three-neck round-bottom flask.

The reaction mixture was then degassed at 150 ◦C for 1 h under vacuum

with occasional N2 purges. The reaction mixture was then heated to 300 ◦C

under vigorous stirring to form ODPA-Cd complex until the solution

became transparent and colorless, typically after 1 h. The solvent was

cooled to 150 ◦C and degassed for an additional 10 min to remove O2 and

H2O produced during complexation. At 320 ◦C under N2, a solution

containing 0.1023 g (1.3 mmol) Se dissolved in 1.6 g (4.3 mmol) TOP and

0.3 g toluene was swiftly injected. The reaction mixture was quenched to

260 ◦C where the growth was carried out, the solution changes color from

light red to dark maroon over this period. After 15 min at 260 ◦C, the

reaction mixture was rapidly cooled to 100 ◦C where an aliquot of the seed

CdSe NRs was taken for analysis. Subsequent growth of CdTe was carried
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out by addition of Te reagent to the same reaction vessel maintained under

N2 as described below.

3.6.3 Synthesis of Curved CdSe/CdTe NRHs

Following the formation of CdSe NR seeds, the reaction mixture was heated

to 300 ◦C where 1.3 ml of 1 M trioctylphosphine telluride (TOPTe) diluted

with 4ml of TOP was injected at a rate of 20 ml/h via syringe pump (total

injection time ∼16 min). The reaction mixture was aged for an additional

∼5 min at 300 ◦C before the heating mantle was removed and the reaction

flask was rapidly cooled by air jet. Upon completion of reaction, the final

product was cleaned by precipitation with methanol (80%) and butanol

(20%), then stored as a solution in chloroform under N2 atmosphere.

3.6.4 Synthesis of Linear CdSe/CdTe NRHs

Following the formation of CdSe NR seeds, the reaction temperature was

adjusted to 250 ◦C at which point 1.3 ml of 1 M TOP-Te diluted with 4ml

of TOP was injected at a rate of 20 ml/h via syringe pump. The reaction

mixture was aged for an additional ∼5 min at 250 ◦C before the heating

mantle was removed and the flask was rapidly cooled by air jet. Cleaning

and storage procedures were same as described for the curved NRHs.

3.6.5 TEM/STEM

Transmission electron microscopy (TEM) samples were prepared on Cu

grids with thin carbon film from a dilute solution (optical density ∼0.2 at

∼ 600nm of NCs in chloroform. TEM analysis was carried out with a JEOL

2100 TEM operating at 200 kV. Additional TEM and HAADF STEM
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analyses were carried out with a JEOL 2200 aberration corrected

STEM/TEM operating at 200 kV.

3.6.6 Absorption and photoluminescence

UV-vis absorption spectra were obtained with an Agilent 8453 photodiode

array spectrometer. Photoluminescence spectra were collected with a

Horiba Jobin Yvon FluoroMax-3 fluorometer.

3.6.7 XRD and EDS

Rigaku Geigerflex with the D-MAX system was used for the acquisition of

powder X-ray diffraction patterns. EDS analysis was carried out with a

JEOL 2010f STEM operating at 200 kV.
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CHAPTER 4

ALLOYED TYPE II NANOROD
HETEROSTRUCTURES

Figure 4.1: a,b,c, Schematics depicting the approximate CdSe/CdTe
heterojunction unstrained (a), isotropically strained (b) and the potential
effects of axial strain based on recent theoretical modeling (c). The
magnitude of the strain effects shown, particularly in the valence band
where the effect would be small, are not to scale and would depend on
various factors. Excited electrons (negative blue circles) and holes (positive
red circles) are added to demonstrate how the locations of lowest energy
states could vary depending on the effect of strain. As noted, compressive
regions are in light blue while tensile regions are in light yellow.

While it is clear that strain has large implications on the synthesis of

NRHs, it is less clear exactly how the band structure is affected. We have

seen evidence for charge separation across the type II heterojunction in the

absorption spectra of linear and curved NRHs (charge separated state

(CSS) feature); however, if the curved NRHs exhibited any PL at all, it was

at least an order of magnitude lower in quantum yield and red shifted from

the PL peak of the linear NRHs. We observed a very different strain field in

the curved than the linear NRHs, so its conceivable that the difference in

PL can be attributed to strain effects. Figure 4.1 qualitatively compares
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the unstrained (Figure 4.1a) and intuitively (isotropically) strained (Figure

4.1b) band structure for the CdSe/CdTe heterojunction. One possibility for

reduced PL quantum efficiency in the curved NRHs is that the strain is

reducing the electron/hole wavefunction overlap by driving carriers away

from the junction.

According to recent computational studies on uniaxial (along the rod

axis direction) strain in the CdSe/CdTe system, the effect of strain on the

band structure of NCHs can be similar in magnitude to quantum size

effects [63]. Further, intuitive ideas based on isotropic strain (Figure 4.1b)

about band bending due to strain near the heterointerface may not only be

wrong in magnitude but also in sign [47, 64]. According to these recent

studies, uniaxial tensile strain on CdSe and CdTe reduces the band gap as

expected but uniaxial compressive strain is predicted to increases the band

gap only at very small strains. At higher uniaxial compressive strain, but

still below the equilibrium interfacial strain (∼3.4% on each side), band gap

is predicted to decrease. Whether or not such effect is occurring or

beneficial for photo-induced charge separation is unclear. The next step

towards the goal of engineering NRHs for useful photon harvesting is to

understand the role that strain plays in the band structure of these

materials. Ultimately, we would like to tune strain to promote charge

separation in NRHs. In order to do so, we must first develop synthetic

strategies for a systematic variation of strain in NRHs and also develop

techniques for characterizing these structures.
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4.1 CdSe/CdxZn1-xTe NRHs

CdSe and ZnTe are almost perfectly lattice matched (0.8%) with one

another and exhibit a type II bulk band alignment. It was expected that

synthesis of CdSe/CdxZn1-xTe NRHs would be similar to synthesis of

CdSe/CdTe NRHs except a Zn precursor would be co-injected with the

TOP-Te precursor to form the second component. In order to

systematically vary strain, one would tune the the Cd:Zn ratio from 0% to

100% in the secondary component to vary the strain from 0.8% to 6.7%.

Since the valence band of ZnTe and CdTe (highest occupied molecular

orbital of the entire NRH) are similar, and since the seed would remain

constant in the study (lowest unoccupied molecular orbital of the NRH

would also remain fixed, strain aside), this system could provide an effective

strategy to separate out the effects of strain on the band structure.

In the initial attempts to form non-alloyed CdSe/ZnTe we added a

mixture of Et2Zn and TOP-Te directly to the reaction mixture following

CdSe NR seed synthesis at 250 ◦C as with the linear CdSe/CdTe NRHs.

The synthesis recipe was modified to have roughly half the amount of Cd,

which was expected to be fully consumed in the seed synthesis, and to leave

none (or very little) for reaction with TOP-Te (see methods). This resulted

in homogeneous nucleation of the second component. Because Et2Zn is

particularly reactive, we lowered the injection temperature of the ZnTe

precursors. At ∼170 ◦C the reaction resulted in nearly 100% heterogeneous

nucleation of the second component, primarily at the tips of the CdSe NR

seeds, as seen in Figures 4.2a and 4.2d. The absorption resembled the

broad absorption tail into the red region of the spectrum of the curved

NRHs seen in Figures 3.15b and 3.15d indicating a type II heterojunction
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Figure 4.2: a,d, High (a) and low (d) magnification TEM images of CdSe
seeded CdxZn1-xTe in a single pot synthesis. Average lattice constants
measured with integrated line-scans in the boxed regions of the expected
CdSe seed (black) and second component (white) are shown. The ZnTe
lattice constant is given for comparison (CdSe lattice constant is nearly the
same, 0.8% lower). b, EDS measurements while the beam is focused on an
entire NRH are shown with the x-axis energy of captured x-rays in keV and
the y-axis is x-ray counts. c, Elemental composition calculated from the
integrated area of the EDS peaks are given.

had likely formed. Also like the curved NRHs, the PL of the CdSe seeds

was completely quenched upon injection of the ZnTe precursors with no

new peak appearing. Upon closer inspection of TEM images, it was

revealed that the lattice constant in the second component was both

non-uniform and too large to be primarily ZnTe. Further analysis via wide

area energy dispersive x-ray spectroscopy (EDS) revealed that very little Zn

was present in the material (Figure 4.2b and 4.2c). We hypothesized that

the highly reactive Et2Zn was somehow activating left over ODPA-Cd

complex to form mostly CdTe as the second component. This was quite

surprising because attempts to grow CdTe NRs and CdSe/CdTe NRHs at

temperatures below 200 ◦C failed. A single pot approach to forming

CdSe/ZnTe may not be possible since ODPA-Cd precursor will be

undoubtedly leftover from the CdSe seed NR synthesis.
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Figure 4.3: a,d, High (a) and low (d) magnification TEM images of CdSe
seeded CdxZn1-xTe in a separate pot after cleaning. Average lattice
constants measured with integrated line-scans in the boxed regions of the
expected CdSe seed (black) and second component (white) are shown. The
ZnTe lattice constant is given for comparison. Stacking faults in the CdSe
NR seed are noted. b, EDS measurements while the beam is focused on a
NRH tip are shown with the x-axis energy of captured x-rays in keV and
the y-axis is x-ray counts. c, Elemental composition calculated from the
integrated area of the EDS peaks are given.

In order to control the incorporation of Cd into the second

component, we synthesized CdSe NR seeds then cleaned them to remove

any excess ODPA-Cd complex. Special care was taken during cleaning to

separate excess leftover ODPA-Cd complex. This ODPA-Cd complex has

nearly identical solubility as the ODPA/TOPO passivated CdSe NRs but it

tends to aggregate in chloroform and has a lower density. Ultra

centrifugation helps to separate ODPA-Cd complex from a solution of CdSe

NRs dissolved in chloroform as it aggregates and rises during

centrifugation, although an ultracentrifuge was not used at this time. This

approach initially failed to produce NRHs when we used TOPO and OPDA

as reaction solvents/capping agents (same as previously) and more work is

needed to understand the problem with using ODPA as a solvent when

Et2Zn is desired as the Zn precursor. It would appear that there is a strong
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affinity for ODPA to complex with Zn and prevent the formation of ZnTe

(under these conditions). After trying a number of coordinating and

non-coordinating solvents typically used for colloidal II-VI NC synthesis

(including heptadecane, octadecene, octadecylamine, hexadecylamine, oleic

acid and octyl ether), a mixture of TOPO and oleylamine was found to

form the NRHs seen in Figures 4.2a and 4.2d from CdSe NR seeds using

Et2Zn and TOP-Te as ZnTe precursors. Surprisingly, the second

component in these materials still had lattice constants that were too large

too be pure ZnTe (Figure 4.2a). Interestingly, the second component was

found to be almost entirely of the zinc blende phase and tended to nucleate

near stacking faults in the CdSe NR seeds as seen in Figure 4.2a. This

observation is consistent with zinc blende being the ZnTe equilibrium phase

[65]. With the electron beam focused near the second component of NRHs,

EDS revealed that while more Zn was present than previously, the ratio was

still less than expected.

We have used EDS here as a first estimate of NRH composition, but

EDS lacks the spatial resolution to spatially map composition effectively on

the NRH size scale. However, coupled with measurements of lattice

constant using TEM, we tentatively conclude that the second component

was in fact CdTe rich. We suspect that either significant OPDA-Cd

complex persists with the CdSe NRs even after extensive cleaning or that

oleylamine partially dissolves the CdSe NR seeds to provide the Cd

precursor for reaction with TOP-Te. A CdxZn1-xTe component is likely

present in these structures, however, systematically controlling this

composition is likely to be difficult.
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4.2 Tuning the composition in CdSe/CdSexTe1-x NRHs

Because we ultimately could not grow pure ZnTe on CdSe NRs, the

CdSe/CdxZn1-xTe system was determined inadequate for a systematic

study of strain through alloying. We tried various single pot and multi-pot

strategies to make non-alloyed CdSe/ZnTe and always encountered a CdTe

rich second component. Having had success synthesizing non-alloyed

CdSe/CdTe previously, as an alternative way to systematically modify the

type II heterointerface, we investigated CdSe/CdSexTe1-x alloyed NRHs.

Figure 4.4: b,c, High magnification TEM images of initial attempts at
forming CdSe/CdSexTe1-x NRHs using the a similar recipe as the linear
CdSe/CdTe NRHs except with a 2:1 (b) and 1:2 (c) ratio of Se:Te
precursor in the second (heterostructure forming) injection. a,d, High
resolution TEM images of CdSe NRs (a)and CdSe/CdTe NRHs (d)
synthesized with an identical recipe as b and c except only Se and Te were
included in the second injection. The total molar amount of Se and Te is
noted for each case.

Initially, we tried to use the same synthesis procedure as with linear

CdSe/CdTe (non-alloyed) NRHs except we injected 2:1 and 1:2 mixtures of

Se:Te (dissolved in TOP) into a hot reaction mixture containing the CdSe

NR seeds and excess ODPA-Te in expectation of forming

CdSe/CdSe0.67Te0.33 and CdSe/CdSe0.33Te0.67 NRHs. The absorption and

PL of these cases were nearly identical to that of the non-alloyed linear
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NRHs and TEM analysis indicated that the primary effect of increasing the

amount of Te content in the second injection was to increase the length of

the NRHs as seen in Figure 4.4. Statistical analysis of lattice constants in

TEM images revealed that the second component was still far more CdTe

rich than expected from the Te:Se precursor ratio. Bailey et al. reported

the synthesis of CdSexTe1-x NCs under similar conditions and noted that

the reactivity of Te towards Cd is “considerably higher” than Se and that

as a result, the reaction rate of CdTe is roughly double that of CdSe [66].

Smith et al. similarly had difficulty in forming PbSe rich PbSexTe1-x alloyed

NCs using TOP-Te and TOP-Se and ultimately used more reactive Se

precursors [67].

Figure 4.5: a, Characteristic TEM images of CdSe/CdSexTe1-x NRHs
formed from a fixed (and excess) amount of Se (0.80 mmol) and various
amounts of Te co-injected slowly. b, Average lattice constant measured in
the tips (left y-axis) of the NRHs is shown along with composition assigned
(right y-axis) from these measurements according to Vegard’s Law.

Considering these relevant reports, we adjusted the synthesis in two

ways. First, we injected the precursors very slowly to push the reaction to a

concentration limited regime rather than a reaction rate limited regime so

as to not form a graded composition as the TOP-Te precursor reacted and
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Figure 4.6: a,b, The average length (a) and width (b) of alloyed NRHs
measured from TEM images as a function of amount of Te co-injected with
a fixed amount of Se (0.80 mmol). The length and width increases in terms
of monolayers is shown on the right y-axis of each figure. Linear fits are
shown in red.

got used up more quickly. Second, we injected an excess and fixed amount

of Se precursor (0.80 mmol) while varying only the amount of TOP-Te. We

hypothesize that due to the lower reactivity of TOP-Se, the chemical yield

of this precursor was lower than that of TOP-Te and thus, more Se is

needed than Te to form equivalent amounts of CdSe and CdTe. Ultimately,

by slow injection of Se and Te precursors with an excess of Se, we were able

to achieve CdSe/CdSexTe1-x NRHs with controlled composition over the

entire range of alloys (based on TEM analysis, see Figure 4.5). It is worth

noting that because we used a fixed amount of Se and changed only the

amount of Te, the total molar amount of precursor injected in the second

step did change. As the total amount of precursor increased, the length of

the NRHs also increased but the average width did not significantly change

(see Figures 4.6a and 4.6b).

While varying the composition of alloyed NRHs, we monitored the

absorption of the NRHs (Figure 4.7). The absorption peak associated with

the CdSe 1s states (∼600 nm) did not significantly redshift following the

deposition of the second component. However, as the composition was
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Figure 4.7: Absorption spectra of CdSe NR seeds (black) and various
alloyed NRHs synthesized by varying only the amount of Te co-injected
with TOP-Se. The absorption for the 0.15 mmol Te case (green)
corresponds with the blue PL curve in 4.8a.

varied to increase the CdTe composition (decreasing x), a new shoulder

appeared and shifted to the red. We attribute this shoulder to the

CdSexTe1-x 1s excitation and the decreasing energy of this feature with

increasing CdTe content (x decreasing) is consistent with a reduction in the

band gap as a result of alloying.

The photoluminescence (PL) of the CdSe NR seeds at half way

through Se/Te precursor injection and of the final products were also

monitored. Figure 4.8a depicts the wide range over which the PL could be

varied in these NRHs. To synthesize CdSe/CdSe0.5Te0.5 NRHs we used 0.15

mmol Te based on the results outlined in Figure 4.5b. As can be seen, the

PL energy, which roughly estimates the energy of the heterointerface charge

separated state (CSS), redshifts with increasing size (half to full injection)

and with increasing CdTe composition (decreasing x). Both results are

expected because reduced confinement in the second component should

reduce the band gap and hence also the spatially indirect interface band
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Figure 4.8: a, Photoluminescence of CdSe NR seeds (black), 50% alloy
(blue) and non-alloyed (red) NRHs are shown. Also shown is the PL for the
half injection point of the 50% alloy NRHs (purple). The PL intensities
have been scaled to appear equal in magnitude. b, The change in PL peak
energy as a function of Te amount injected (with a fixed amount of TOP-Se
(0.80 mmol)) for half (black) and full (red) injection of the precursors to
monitor the size effect on PL (half injection is smaller).

gap (difference between the CdSe conduction band and CdSexTe1-x valence

band energies). Further, as the composition approaches the non-alloyed

CdSe/CdTe case (x = 0.0), the CdSexTe1-x valence band position increases

which reduces the spatially indirect interface band gap associated with the

CSS.

4.3 Quantitative analysis of the CdSe/CdSexTe1-x

heterointerface using STEM Z-contrast

Vegards Law, which states that a linear relationship exists between lattice

constant and alloy composition at a constant temperature, has been shown

to be valid for the CdSexTe1-x alloy [66, 68]. Therefore, as a first

approximation of composition, we measured the average lattice constant in

the tips and apply Vegards Law to assign composition (Figure 4.5). This

approach is further strengthened by TEM size statistics of the NRHs

confirming that they are sufficiently longer than the seeds to comfortably
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Figure 4.9: a, High resolution STEM image of a CdSe/CdSexTe1-x NRH.
Boxed regions correspond with the integrated line-scans in b and c. The
interface (dashed line) is estimated based on comparisons of line-scans of
cation-anion (Cd-chalcogen) pairs in the image. b, Raw line-scans of two
cation-anion (Cd-chalcogen) pairs corresponding with the boxed regions
(A,B) in a. Line-scan A is assigned to CdSe since one peak is substantially
higher than the other, and also because this region is near the center of the
NRH. The higher peak is assigned to Cd having a much larger atomic
number than Se. Line-scan B is assigned to the alloy since the peaks are
closer in magnitude. The higher peak in B has the same crystallographic
orientation (or equivalently, the left side of line-scan) as the higher peak in
A, thus it is also assigned to the Cd column while the second peak is
assigned to a combination of Te and Se atoms in that column. c, Longer
integrated line-scan across the length of the NRH (in the CdSe region) as
indicated by boxed region C in a. The non-negligible scattering away from
the NRH is averaged to measure a “background” which is subtracted as a
constant from the raw intensity profiles to compute the changes in intensity
we report.

use ∼10 lattice fringes from the tip to measure composition of the second

component (Figure 4.6a). While TEM imaging is excellent for statistical

analysis of NRH size statistics and average lattice constants, alone it fails

at characterizing the interface, particularly the interfacial strain, because

composition effects on lattice constant cannot be easily differentiated from

53



strain effects. Having already established that Z-contrast inversion in

aberration corrected scanning transmission electron microscopy (STEM)

with a high angle annular dark field detector (HAADF) is excellent for

establishing the heterointerface in non-alloyed NRHs [58], we now apply

this technique to quantitatively characterize the structure of alloyed NRHs.

HAADF STEM is well established as a quantitative technique for

elemental analysis [69]. It has been used for analysis of heterostructure

interfaces [70], lattice point defects [71] and nanocrystals [72] with atomic

column resolution. CdSe/CdSexTe1-x NRHs are particularly suited for this

technique because of the large difference in atomic number between Se and

Te, and also their small thickness. Further, because of the inherent

anisotropy in NRHs, atomic column analysis can be easily conducted on

each component (provided the right zone axis is available) independent of

each other as opposed to core/shell NCHs.

Our approach to investigating NRHs with HAADF STEM is outlined

in Figure 4.9. First, we search for a NRH with the [1 1 2 0] zone axis where

the columns of cations and anions align with the electron beam. This is

typically not difficult because in low magnification there is a difference in

contrast between on axis and off axis NRHs. Using image analysis software

(Digital Micrograph) we take integrated line-scans across cation-anion pairs

in the high magnification image. The line-scans reveal two peaks

corresponding with the Cd column and the Se/Te column (Figure 4.9b).

Based on lower magnification images of the entire NRH telling us where the

CdSe seed probably is and also based on the peak height difference in the

line scans, we assign one side of the peaks in scan profiles to the Cd column,

the other peak to the chalcogen column. In every lattice plane along the

length of the NRH ({0 0 0 1} planes), the Cd (or chalcogen) column will
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remain on the same side due to the crystal structure. After subtracting a

constant due to the baseline scattering from the carbon support (Figure

4.9c), we calculate the peak intensity difference from the Cd column to the

chalcogen column. For the non alloyed case, across the interface this peak

intensity difference will change in sign or “invert” since Se has a smaller

atomic number than Cd but Te has a larger atomic number. We refer to

this this change in sign of peak intensity difference “Z-contrast inversion.”

For the alloyed NRHs, the peak intensity difference doesn’t necessarily

invert (depending on the Te concentration), nor do we expect it to.

Figure 4.10: a,b, Characteristic high resolution abberation correction
HAADF STEM images of a CdSe NR (a) and CdTe NR (b) used to
establish the baseline Z-contrast (control sample)

In order to quantify alloy composition from HAADF-STEM images,

Z-contrasts in control CdSe and CdTe non-alloyed NRs need to be analyzed

to establish the limits. Figure 4.10 shows examples of the high resolution

STEM images that were used to quantify the baseline Z-contrast for each

material. We find that on average a column of Se atoms has a 25.8% (with

11.9% standard deviation and 2.14% standard error) lower scattering

55



intensity than a column of Cd atoms in CdSe NRs, while a column of Te

atoms has a 4.4% (with 11.5% standard deviation and 1.84% standard

error) higher scattering intensity, on average, in CdTe NRs (e.g. to get

these numbers we took the raw scan profiles, subtracted the background

scattering constant for the image, then computed Z-contrast = (Se/Te peak

intensity - Cd peak intensity)/Cd peak intensity). While these scattering

intensities are lower than what one would expect from the Z2 dependence of

the scattering cross section, a number of factors could reduce the contrast

from the ideal case. Factors such as; scattering from capping molecules,

thickness effects, possible thin shell growth, and microscope resolution (via

overlap of scattering profiles). Additional atomistic modeling could

potentially be used to separate out the contribution of such effects on the

total observed contrast. Scattering from the thin carbon support film is

20-30% of the total and has been subtracted from the measured intensities

in each image by averaging the scattering intensity in a region far from any

NRs (or NRHs) in all values reported.

Before continuing we should address the question of the source of the

seemingly large standard deviation. There are a number of possible sources

of the deviation in measured scattering intensities; some may be desirable,

others avoidable. For example, variations from scattering due to capping

molecules, support film variations and surface oxidation/contamination

may be reduced with special care in the sample preparation (see Methods).

Variations due to the capping molecules are not completely avoidable since

the NRHs are inherently prepared with them. We used the thinnest

available carbon support film but variations in contrast due exclusively to

the support (away from a NRH) were still ∼20% of the background (see

Figure 4.9c). Alternatively, scattering intensity (or the lack thereof) arising

56



Figure 4.11: a, STEM image of a non alloyed (linear) NRH with lattice
planes numbered and the estimated junction region shown at the dashed
line. b, Average Z-contrast (corrected for background) as a percent change
in the scattering intensity (electron count) from the Cd (cation) column to
the Te (anion) column for each lattice plane in a (black). The contrast is
averaged on each side of the estimated junction and shown as horizontal
(red) lines with the average values shown.

from lattice defects or the discreteness of alloying would certainly appear in

the data and if resolved, could provide new insights. For example, in a

CdSe0.5Te0.5 alloy, a single chalcogen column of only ten atoms should on

average have five Se ions and five Te ions. Due to phase segregation or

perhaps just by chance, some columns could have more or less than the

average 50:50 ratio in the alloy. The distribution of any inhomogeneity in

the alloy composition would certainly be of interest. Despite these

limitations, we find that by averaging over multiple columns in a plane, we

can achieve a reasonably low standard error in the measurements (standard

error = standard deviation / square root of number counted). In this way,

we essentially compress the data for an entire plane of atoms into a single

row of data points along the length of a NRH. In other materials with

thicker crystals (or wider NRHs), the standard deviation in measurements

is likely to be lower because a single column contains a larger number of
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atoms reducing the relative effect of deviations due to the support film and

capping molecules.

Analysis of non-alloyed NRHs (Figure 4.11) agrees well with the

measured values for single component NRs with -24.5% (1.5% standard

error) scattering intensity of the Se column relative to the Cd column on

the CdSe seed side and +4.4% (2.5% standard error) intensity from Te to

Cd columns on the CdTe side. The interface was abrupt, appearing to

occur over a single atomic step. The consistency of this non-alloyed result

with the control data on single component NRs supports the applicability

of the technique to alloyed NRHs.

Figure 4.12: a, High magnification STEM image, made from a mosaic of
two images, of an alloyed NRH made from 0.4 mmol of Te injected (with
0.80 mmol Se) for the second component with lattice planes numbered and
the estimated junction region shown between the dashed lines. A low
magnification STEM image of the same NRH is shown inset. b, Average
Z-contrast (corrected for background) as a percent change in the scattering
intensity (electron count) from the Cd (cation) column to the chalcogen
(anion) column for each lattice plane in a (black). The contrast is averaged
on each side of the estimated junction region and shown as horizontal (red)
lines with the average values shown.
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In the most Cd rich alloy we synthesized (0.4 mmol Te), the peak

intensity differences (side averaged at -17.2% and +3.7%) were similar to

the non-alloyed case except slightly lower overall (Figure 4.12). In the tip,

the contrast was expected to be slightly lower since the incorporation of Se

should reduce the scattering intensity of the chalcogen column (relative to

the Cd column). The reduced intensity in the seed portion of the NRH is

likely due to a thin shell of CdSexTe1-x which is on average ∼2 monolayers

in thickness according to Figure 4.6b. The interface in this particular NRH

was less sharp than in the non-alloyed NRH shown in Figure 4.11, occurring

over 2-5 atomic steps.

Figure 4.13: a, High magnification and low magnification (inset) STEM
images of the same alloyed NRH made from 0.3 mmol of Te injected (with
0.80 mmol Se) for the second component with lattice planes numbered and
the estimated junction region shown between the dashed lines. b, Average
peak intensity change (corrected for background) as a percent change in the
scattering intensity (electron count) from the Cd (cation) column to the
chalcogen (anion) column for each lattice plane in a (black). The contrast
is averaged on each side of the estimated junction region and shown as
horizontal (red) lines with the average values shown.

Decreasing the CdTe content in the second component with the 0.3
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mmol Te case, we see the side averaged Z-contrast in the tip (-2.2%) further

reduced, as expected (Figure 4.13). With this alloy, the Z-contrast inversion

is no longer observed across the interface as Cd column scattering is greater

than the chalcogen column scattering at each plane in the NRH on average.

In this case, the Z-contrast observed in the seed more closely matched the

non-alloyed and control cases at -23.7%. Further, the interface was sharp

happening over ∼2 atomic steps. The interface region (between the dashed

white lines in Figure 4.13a), occurring over a single c-axis plane, did not

have easily resolvable pairs of cation-anion peaks (unlike the ones seen in

Figure 4.9b). Since these peak intensities could not be resolved, the

Z-contrast for this plane was left out.

Figure 4.14: a, STEM image of an alloyed NRH made from 0.2 mmol of Te
injected (with 0.80 mmol Se) for the second component with lattice planes
numbered and the estimated junction region shown between the dashed
lines. b, Average Z-contrast (corrected for background) as a percent change
in the scattering intensity (electron count) from the Cd (cation) column to
the chalcogen (anion) column for each lattice plane in a (black). The
contrast is averaged on each side of the estimated junction region and
shown as horizontal (red) lines with the average values shown.

In the 0.2 Te case, approaching the x=0.5 alloy (Figure 4.14), the

Z-contrast is further reduced in the tip region (-4.8%) continuing the trend
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of decreasing tip anion-cation Z-contrast with increasing CdSe content

(expected). While the interface is more difficult to resolve in this case, it

appears to be abrupt. With the assigned interface (dashed white line in

Figure 4.14a, all planes beyond this region have an average peak intensity

difference of -22.3% which is again consistent with the measurement of

non-alloyed NRH and CdSe NR control case. This is the point where the

relatively large standard deviation begins to limit the technique as the

scatter in plane Z-contrast becomes on the order of the change in contrast

from the tip region to the seed region.

Figure 4.15: a,b, Low a and high b magnification STEM images of the
same alloyed NRH made from 0.1 mmol of Te injected (with 0.80 mmol Se)
for the second component with lattice planes numbered. c, The Z-contrast
(corrected for background) for each individual column (green and blue) and
their average (black) as a percent change in the scattering intensity
(electron count) from the Cd (cation) column to the chalcogen (anion)
column for each line (A,B) along the c-axis of the NRH in a. The contrast
is averaged for all columns measured and shown as a single horizontal (red)
line. A junction could not be resolved and is presumed to be outside of this
image.

The final case to examine is the CdSe rich alloy synthesized with 0.1

mmol of Te (Figure 4.15). We did not attempt to resolve the interface in

this case and only focused on the tip region. In Figure 4.15c we plot the
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anion-cation Z-contrast for two rows of atoms (A,B) along the NRH then

average them to demonstrate the importance of plane averaging. When we

average all of the columns we get -14.7% which agrees with expectations for

this alloy.

Figure 4.16: a, Aggregate average tip Z-contrast data as a function of Te
co-injected from the previous figures. Error bars are the standard error for
each case. b, Average tip Z-contrast versus average tip lattice constant
(measured via TEM) (bottom x-axis). Composition computed from the
lattice constants using Vegard’s Law is also shown (top x-axis). Error bars
for the lattice constants are the standard deviations for each average. A
linear fit of the data is shown in red.

The tip Z-contrast statistics from each CdSe/CdSexTe1-x alloy are

plotted in Figure 4.16a. There is a clear trend of increasing NRH tip

Z-contrast as the amount of Te co-injected (with Se) increases. Recall that

as the amount of Te (Z = 52) in the chalcogen columns increases the

amount of Se (Z = 34) decreases (due to the stoichiometry balance), and so

the scattering from these columns approaches and eventually overtakes the

scattering from the Cd columns (Z = 48). This observation is further

evidence that we are systematically controlling the composition of the alloy

in these NRHs. When correlated with tip lattice constants (Figure 4.16b),

we observe a linear relationship. A linear relationship has been reported

previously between Z-contrast and lattice constant in aberration-corrected
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imaging of InAsxP1-x thin films [73], but we are the first to report such a

trend in the CdSexTe1-x alloy. The linearity of this relationship means that

we can use Z-contrast to spatially map composition in NRHs. However, the

large deviation in measured Z-contrast in a given region of the NRH means

that multiple columns must be averaged for a reliable estimation of

composition. If scattering from the carbon support film could be reduced or

eliminated, the measurement could become accurate enough to not rely on

column averaging. Conversely, if larger diameter NRHs were studied then

the signal from these NRHs might outweigh any deviations in scattering

from the support film.

4.4 Conclusions from the synthesis and

characterization of alloyed NRHs

While the CdSe/CdxZn1-xTe system should, in principle, be a nice system

for studying the effect of strain, hurdles in the synthesis of these NRHs

limited our ability to conduct a systematic study. The CdSe/CdSexTe1-x

system also initially proved to be difficult to achieve with control, but we

were able to synthesize NRHs with the full range of compositions. TEM

analysis provided the initial evidence that we were making an alloyed

second component and analysis of Z-contrast in atomic column resolution

STEM images supported these results. STEM analysis suggests that even

in the alloyed NRHs the interface is typically very abrupt (a few atomic

steps) which agreed with our prior observations of interfaces in linear

(non-alloyed) CdSe/CdTe NRHs. For the time being, using STEM

Z-contrast is not the ideal technique for estimating composition spatially in

NRHs because of the large standard deviation in scattering intensities
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which are likely due to variations in the support film scattering mostly. As

a result, many columns must be individually measured and averaged which

reduces the spatial resolution of the technique and takes a large amount of

time. Lattice constant analysis in TEM images does not require an

aberration corrected STEM and is much faster as a method of determining

composition. With image analysis algorithms, which could take a STEM

image, assign anion-cation columns, and compute the Z-contrast

automatically, the process could greatly be sped up.

Having established the heterointerface in alloyed NRHs to be a few

atomic steps in thickness, we can now assign lattice constant variation

outside of this region purely to strain. Analysis of TEM images shows the

lattice constant change to be similarly abrupt (see Figure 3.5) suggesting

that in the case of the linear NRHs, both alloyed and non alloyed, the strain

field is highly localized near the interface. Any band bending and associated

charge barriers due to strain are likely to be also localized near the interface

and be extremely thin. Conversely, the strain field and associated band

bending in curved NRHs is expected to be more delocalized. We have not

carried out a rigorous study of the interface in curved NRHs using STEM

because the partial coverage of CdTe around the CdSe (not just at the tips)

means that it would be difficult to distinguish between an alloy and a shell.

Because the PL arising in type II NCHs primarily results from

recombination at the heterointerface, analysis of the energy of emitted

photons can be a reasonable indication of the CSS energy or the “spatially

indirect” band gap at the heterointerface. We observed a tuning of the CSS

PL energy over the composition range by ∼0.5 eV (Figures 4.8 and 4.17).

This PL shift is roughly equal to the the estimated valence band offset

between CdSe and CdTe of ∼0.6 eV. When plotted against the measured

64



Figure 4.17: The change in PL energy as a function of average Z-contrast in
the tips of alloyed NRHs. A linear fit to the data is shown.

Z-contrast in the tips, the change in PL energy is nearly linear. Since the

CSS energy is set by the difference between the CdSe conduction band

energy and the CdSexTe1-x valence band energy (at the type II interface),

the CSS PL energy should be tuned by changes in the CdSexTe1-x valence

band as we observe. There are probably too many factors involved to pull

out a strain effect on band structure from PL alone, however, we do not see

any sign of a modification to the CSS recombination energy due to

anything other than a shift in the valence band of the CdSexTe1-x alloy.

The next step for the CdSe/CdSexTe1-x system is to explore how

changes in the interfacial band structure correlates with changes in the

charge kinetics of the NRHs. Understanding how these transfer rates can

be modified, and how they compare with competing charge trapping rates,

will be critical for establishing the utility of type II NRHs for solar cells.
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4.5 Methods

4.5.1 General considerations

The single pot reactions were carried out in a standard Schlenk line under

N2 atmosphere. Technical grade trioctylphosphine oxide (TOPO) (90%),

technical grade trioctylphosphine (TOP) (90%), technical grade oleylamine

(70%), CdO (99.5%), Se powder (99.99%), and Te powder (99.9%) were

obtained from Sigma Aldrich. ACS grade chloroform, methanol, butanol,

and toluene were obtained from Fischer Scientific. N-octadecyl phosphonic

acid (ODPA) was obtained from PCI Synthesis. Et2Zn (99.9%) was

obtained from STREM Chemicals. Materials were used as received.

4.5.2 Synthesis of CdSe NR seeds for CdSe/CdxZn1-xTe NRHs

Seed CdSe nanorods. First, 2.5 g (6.5 mmol) of TOPO, 1.30 g (3.9 mmol)

of ODPA and 0.205 g (1.6 mmol) of CdO were added to a 50 ml three-neck

round-bottom flask. The reaction mixture was then degassed at 150 ◦C for

1 h under vacuum with occasional N2 purges. The reaction mixture was

then heated to 300 ◦C under vigorous stirring to form ODPA-Cd complex

until the solution became transparent and colorless, typically after 1 h. The

solvent was cooled to 150 ◦C and degassed for an additional 10 min to

remove O2 and H2O produced during complexation. At 320 ◦C under N2, a

solution containing 0.1023 g (1.3 mmol) Se dissolved in 1.6 g (4.3 mmol)

TOP and 0.3 ml toluene was swiftly injected. The reaction mixture was

quenched to 260 ◦C where the growth was carried out, the solution changes

color from light red to dark maroon over this period. After 15 min at 260

◦C, the reaction mixture was rapidly cooled to 100 ◦C where an aliquot of

66



the seed CdSe nanorods was taken for analysis.

4.5.3 Synthesis of CdSe/CdxZn1-xTe NRHs in a single pot

Subsequent growth of CdxZn1-xTe was carried out by addition of Zn and Te

reagents to the same reaction vessel maintained under N2. Following the

formation of CdSe NR seeds, the reaction temperature was adjusted to 170

◦C at which point 0.5 ml 1M TOP-Te in TOP (0.5 mmol Te) and 0.06 ml

Et2Zn (0.5 mmol) diluted with 4ml of TOP was injected at a rate of ∼14

ml/h via syringe pump. The reaction mixture was stirred for an additional

∼45 min at 170 ◦C before the heating mantle was removed and the flask

was rapidly cooled by air jet. Cleaning and storage procedures were same

as described previously for linear and curved NRHs.

4.5.4 Synthesis of CdSe/CdxZn1-xTe NRHs in a second pot

Following the synthesis and cleaning (once) of CdSe NR seeds, they were

dissolved in a “standard” concentration solution of chloroform. This

standard solution had an optical density of 0.41 at 600 nm when 0.1 ml was

dissolved in 3 ml chloroform in a 1 cm path length cuvette. Next, 2.0 g

TOPO (5.17 mmol) and 0.689 g oleylamine (2.58 mmol) were added to a

fresh 50 ml three neck flask and degassed at 120 - 130 ◦C for 1 h. Then, 0.3

ml (∼10 mg after vacuum drying 1h) of the “standard” CdSe solution was

added and the reaction mixture was degassed for an additional 15 min.

Subsequent growth of CdxZn1-xTe was carried out by addition of Zn and Te

reagents to the same reaction vessel maintained under N2. The reaction

temperature was adjusted to 190 ◦C at which point 0.5 ml 1M TOP-Te in

TOP (0.5 mmol Te) and 0.03 ml Et2Zn (0.25 mmol) diluted with 2ml of
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TOP was injected swiftly. The temperature quenched to 145 ◦C following

the swift injection and then was set to 160 ◦C for 1h before the heating

mantle was removed and the flask was rapidly cooled by air jet. Cleaning

and storage procedures were same as described previously for linear and

curved NRHs.

4.5.5 Synthesis of CdSe NR seeds for CdSe/CdSexTe1-x NRHs

First, 2.0 g (5.2 mmol) of TOPO, 0.67 g (2.0 mmol) of ODPA and 0.13 g

(1.0 mmol) of CdO were added to a 50 ml three-neck round-bottom flask.

The reaction mixture was degassed at 150 ◦C for 1 h under vacuum with

occasional N2 purges then heated to 350 ◦C under N2 with vigorous

stirring. The solution became transparent and colorless after 2 h indicating

ODPA-Cd complex formation. The reaction mixture was cooled to 150 ◦C

and degassed for an additional 10 min to remove O2 and H2O produced

during complexation then heated again under N2. At 320 ◦C, a solution

containing 1.5 ml of 0.33 M TOP-Se in TOP (0.5 mmol) and 0.25 ml of

anhydrous toluene was swiftly injected. The reaction mixture was quenched

to 260 ◦C where the growth was carried out. After 20 min at 260 ◦C an

aliquot of the seed CdSe NRs was taken for analysis.

4.5.6 Synthesis of linear CdSe/CdTe NRHs

To the reaction mixture containing CdSe NR seeds at 250 ◦C under N2,

0.80 ml of 1M TOP-Se with varying amounts (0.0 - 0.4 ml) of 1 M TOP-Te

in TOP diluted with additional TOP to make the total volume equal to 2.0

ml was injected at a rate of 8 ml/h via syringe pump. The reaction mixture

was aged for an additional 5 min at 250 ◦C before the heating mantle was
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removed and the flask was rapidly cooled by air jet. An aliquot of the

NRHs was taken halfway through the injection for analysis. Upon

completion of reaction, the final product was cleaned by precipitation with

methanol (80%) and butanol (20%), then stored as a solution in chloroform

under N2 atmosphere.

4.5.7 TEM/STEM

Transmission electron microscopy (TEM) samples were prepared on Cu

grids with ultra thin carbon film (<2nm) on lacey carbon support from a

dilute solution of NCs cleaned twice then dissolved in chloroform. A low

intensity, wide area electron beam shower was conducted for 30 min prior

to imaging to limit the migration of contaminants, particularly organics,

due to electron beam heating. The beam shower was critical for taking

multiple ultra high magnification images on the same NRH with good

contrast. TEM analysis was carried out with a JEOL 2100 TEM operating

at 200 kV. STEM and some TEM analyses were carried out with a JEOL

2200 aberration corrected STEM/TEM operating at 200 kV.

4.5.8 Absorption and photoluminescence

UV-vis absorption spectra were obtained with Agilent 8453 photodiode

array spectrometer. Photoluminescence spectra were collected with a

Horiba Jobin Yvon FluoroMax-3 fluorometer.

4.5.9 XRD and EDS

Rigaku Geigerflex with the D-MAX system was used for the acquisition of

powder X-ray diffraction patterns. EDS analysis was carried out with a
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JEOL 2010f STEM operating at 200 kV.

70



CHAPTER 5

TRANSIENT ABSORPTION
SPECTROSCOPY OF NANOROD

HETEROSTRUCTURES

Having investigated a number of strategies for the synthesis and structural

characterization of type II (semiconductor) NRHs, we would like to

understand more about the band structure of these new materials.

Absorption is convenient for studying the availability of states in the the

conduction band to which electrons in the, often higher density (of states),

valence band can be excited from. Photoluminescence is an excellent tool

for probing the recombination energies of these excited electrons, typically

once they have relaxed to the lowest energy states available in the

conduction band. The simplicity of these techniques, and the wide

availability of instruments to take these measurements, has made them

standard methods for characterization of nanocrystals immediately

following their synthesis. However, because absorption and PL are steady

state techniques (as we have reported thusfar), they tell nothing about the

kinetics of excited electrons (and/or holes) within the modified (from bulk)

band structures of nanocrystals and of NCHs.

Transient absorption spectroscopy (TA) is a technique well suited for

investigating the kinetics of charge processes in NCHs [74–77]. By

observing the rates and wavelengths of absorption bleach (change in

absorption (∆A) <0) and the recovery of absorption, we can asses the rates

of charge transfer across the heterointerface and compare them to rates of

competing processes such as charge trapping and recombination.
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Figure 5.1: a, Typical absorption spectra for linear NRHs with the three
primary absorption transitions of interest labeled (CdSe 1s (I), CdSe/CdTe
(II) and CSS (III)). b, Approximate quantum confined (but unstrained)
band diagram for CdSe/CdTe NRHs with the primary absorption
transitions (I-III) from a labeled. The approximate positions of the
conduction and valence bands of CdSe0.5Te0.5 in the alloyed NRHs we
studied are shown as dotted lines. We primarily attempt to pump the
second component of the NRHs (CdTe or CdSe0.5Te0.5), transition II, which
initially fills these states and bleaches the (II) transition from occurring.
On a very short time scale, the excited electron is expected to relax across
the heterojunction (arrow) to the CdSe conduction band, causing a rise in
the bleach of transitions I and III as the bleach of transition II recovers. We
can not rule out the pumping of transition III while we pump the higher
energy transition II. Not shown are competing transitions to mid-gap
surface (electron and hole) trap states which occur in both single
component NRs and NRHs.

5.1 Ultrafast transient absorption for probing charge

separation processes

The TA spectra for CdSe and CdTe NRs exhibit the strongest bleach at

wavelengths longer than the pump (lower in photon energy) and

corresponding precisely with the 1s peak in their absorption spectra (Figure

5.2). In addition to the peak wavelengths, the shape and extinction of the

TA spectra at wavelengths longer than the pump wavelength strongly

match the absorption for each case. These observations indicate that the

bleach is due to the filling of the 1s states by pump excited electrons which

reduce the number of available states, and consequently, reduces the
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Figure 5.2: a,b, TA spectra for CdSe (a) and CdTe (b) NRs pumped at
∼590 nm and ∼650 nm respectively (pump wavelength noted by the dashed
line) at different delays (see legend) from the ∼200 fs duration laser pulse.
c,d, Absorption spectra of the same CdSe (c) and CdTe NRs (d) (pump
noted by the dashed line).

absorption at the corresponding wavelengths. An absorption bleach is also

observed for the absorption corresponding to the 1p states, however, a

similarly large absorption is induced ∼30 nm to the red of the 1p bleaches.

Therefore, we assign the bleach at the 1p states to a shift in absorption

rather than a state filling phenomena. Interestingly, the 1d state of CdTe

also appears to undergo a Stark shift although these energies are outside

the spectral range of the instrument for CdSe. These observations are

consistent with prior reports of the quantum confined Stark effect in which

the energy of states above the (1s) ground state, e.g. the 1p and 1d states,

are shifted to lower energy as a result of the electric field due the the

presence of an exciton. The Stark effect may be even larger in NRs due to

the inherent anisotropy of the crystal (and exciton). In addition, the
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electric field of the dipole due to the polarity of the tip facets in a NR may

contribute. Further, trapping of electrons (and/or) holes at surfaces may

also induce a Stark shift to the absorption. A thorough analysis of the

kinetics of electric field induced shift in higher energy states is left for

future work.

Figure 5.3: a,b, TA bleach kinetics for CdSe (a) and CdTe (b) NRs
pumped at ∼590 nm and ∼650 nm respectively by a ∼200 fs duration laser
pulse. The CdSe bleach is probed at 600nm while the CdTe bleach is probed
at 675 nm. The kinetics are normalized to assign the bleach at 2 ps to be
equal to -1. Time zero is set by the estimated peak of the pump signal.

The CdSe and CdTe NR short delay kinetics do not exhibit any clear

features on the ultra fast (<2ps) time scale following the initial rise due to

the pump. This observation indicates that charge trapping and

recombination processed occur on a longer time scale, and thus, any

features observed on this time scale for the NRHs can probably be

attributed to charge kinetics associated with charge transfer. We point out

that the time scale of the initial rise in the bleach is due to the abruptness

of the convoluted pump and probe (instrument response function) which is

estimated to have a ∼250 fs temporal width.

Unlike the single component CdSe and CdTe NRs, NRHs exhibit the

largest bleach at shorter wavelength (higher energy) than the pump (Figure

5.4). This strongly supports the notion that electrons excited by the pump
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Figure 5.4: a,b,c, TA spectra for linear (a), CdSe/CdSe0.5Te0.5 alloyed (b)
and curved (c) NRHs pumped at ∼650 nm (pump noted by the dashed
line) at different delays (see legend) from the ∼200 fs duration laser pulse.
d,e,f, Absorption spectra of the same linear (d), CdSe/CdSe0.5Te0.5 alloyed
(e) and curved (f) NRHs.

in CdTe or CdSe0.5Te0.5 alloy regions are being transfered to the CdSe seeds.

We expect the lowest energy state of the electron to be found in the CdSe

seeds and the strongest bleach matches well with the 1s peak of the CdSe

seed contribution to the NRH absorption. In addition to the primary bleach

of CdSe 1s absorption following the pump, we also observe a significant

bleach of the CdTe 1s absorption features in the linear NRHs which rapidly

dissipates to leave only a CSS tail in the TA signal (Figure 5.4a), which we

attribute to CSS absorption. In the alloyed (Figure 5.4b) and curved NRHs

(Figure 5.4c), features associated primarily to the second component are

more difficult to distinguish, however, a significant CSS absorption bleach is

clearly present in the curved NRHs out to long wavelengths (Figure 5.4c).

While establishing a peak for the CSS signal is difficult, the shape of the

feature we associate with CSS in the NRH absorption spectra (tail
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extending into the red) matches the longer wavelength region of the TA

spectra (Figure 5.4f). While signal past 800 nm is near the presence of

measurement artifacts, there does appear to be a peak in the curved NRH

TA spectra near ∼825 nm which we attribute to the lowest energy CSS

state. There are no such features in either the linear or alloyed NRHs.

Like the single component CdSe and CdTe NRs, the NRHs all

exhibit a spectral shift in the 1p CdSe states to longer wavelength which is

likely related to the Stark effect (features <∼600 nm). The Stark effect

may be more pronounced in the NRHs than the NRs due to electric fields

associated with strain and the charge separated state. Further, the Stark

features appear larger in the curved NRHs relative to the main CdSe 1s

bleach than in the other cases. While the cause of this more pronounced

Stark feature is unclear, it may be due, in part, to an increased broadness

of the band energies (note the broader absorption features). More work is

needed to understand the Stark effect in type II NRHs.

The linear NRH kinetics (Figure 5.5a) exhibit a rapid, ∼650 fs,

decay of the CdTe bleach on a similar time scale as the CSS bleach rises

(∼400 fs). The CdSe bleach of the linear NRHs rises surprisingly fast,

<250fs (faster than the instrument response time), which might mean that

our time zero correction is off such that part of the instantaneous rise is

included in the fit. These observations indicate rapid electron transfer in

agreement with previous reports ∼500 fs. The alloyed NRH kinetics

(Figure 5.5b) have a very similar time constants for the linear NRHs,

however, the CdTe bleach does not recover as much (same time constant,

lower amplitude exponential fit). This is possibly evidence of a de-localized

electron within the alloyed NRHs due to the smaller conduction band offset

(5.1). If this is the case, the alloyed NRHs would have a quasi type II band
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offset in which the hole remains localized in CdTe, while the de-localized

electron bleaches the the absorption of both CdSe and CdTe, thus the

initial CdTe bleach would not recover (much).

Figure 5.5: a,b,c, Short delay TA bleach kinetics for linear (a),
CdSe/CdSe0.5Te0.5 alloyed (b) and curved (c) NRHs pumped at ∼650 nm
by a ∼200 fs duration laser pulse. The CdSe 1s (black), CdTe 1s (or
CdSeTe) (red) and CSS (blue) (not for the alloy) bleaches are probed at
600 nm (actually 625 for the curved NRHs), 665 nm and 740 nm
respectively. The kinetics are normalized to assign the bleach at 2 ps to be
equal to -1. Time zero is set by the estimated peak of the pump signal and
set as the same for each measurement. The data has been corrected for
solvent response (chirp correction) and reduced in spectral resolution. The
data was fit with single exponentials (shown), time constants are inset.

The curved NRH kinetics (Figure 5.5c) exhibit distinctly different

behavior from the other two cases. First, at all three relevant wavelengths,

the curved NRHs exhibit a rise in bleach with almost identical kinetics,

both in time (330 - 550 fs) and magnitude. The difference between 330 fs

and 550 fs is probably negligible given the signal to noise ratio. The fact

that we don’t see a decaying bleach when we pump at 665 nm (“CdTe”) is

probably more of an indication of the broadness of the CdTe absorption in

these structures, which we already expect from the lack of a observable

peak in the curved NRH absorption spectrum attributed to CdTe.

However, the apparently much slower rise of the CdSe bleach (∼450 fs) is

unusual. The large magnitude of the exponential features is also unusual,
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and suggests a smaller contribution of instantaneous bleach than in the

other cases. We previously observed (Figures 3.2b, 3.4, 3.13c and 3.6) that

the strain field in curved NRHs is more de-localized, therefore, any barrier

appearing in the conduction band at the heterointerface (see Figure 4.1b)

could be similarly wide. A wider barrier would mean that the tunneling

rate from the CdTe region to the CdSe region is slower. Strain may be

somehow be creating a metastable intermediate state to which electrons

first transition to before eventually reaching the CdSe conduction band.

Alternatively, strain may be somehow slowing down the relaxation of hot

(excited) carriers in the conduction band of curved NRHs.

Figure 5.6: a,b,c, Long delay TA bleach kinetics for linear (a),
CdSe/CdSe0.5Te0.5 alloyed (b) and curved (c) NRHs pumped at ∼650 nm.
The CdSe 1s bleach is probed at 600 nm for linear (a) and alloyed (b)
NRHs, at 625 nm for curved NRHs (c). The kinetics are normalized to
assign the maximum bleach (time = 0 on this temporal scale) to be equal
to -1. Time zero is set by the estimated peak of the bleach signal. The data
in each case is fit with a sum of three exponentials (red), time constants are
shown (inset). The bleach kinetics at other wavelengths are not shown
because only the CdSe bleach is present on these time scales (with
reasonable signal to noise).
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5.2 Long delay transient absorption for measuring

recombination kinetics

Alloyed and linear NRHs exhibit similar long delay time constants, but

alloyed NRHs appear to have a larger component of the signal coming from

the longer time constant, likely due to fewer electron traps associated with

CdTe. This seems unusual because one would expect more electron-hole

wave function overlap at the interface in the alloyed NRHs which should

speed up recombination. However, since the quantum yield of PL in the

NRHs is extremely low (<0.1%), recombination can be assumed to be

dominated by non-radiative processes such as trap mediated and Auger

recombination. Curved NRHs show the shortest time constants which may

be simply explained by the larger interface area in these structures

(enhancing recombination across the heterointerface). Further, the closer

proximity of the type II interface (on average) to the surface in curved

NRHs could help speed up surface trapping and recombination. Yet

another possibility is the presence of strain induced defects which trap

electrons and speed up non-radiative recombination. We have already

shown the PL in curved structures to be at least an order of magnitude

lower (or completely absent for larger CdSe seeds) than the already

extremely weak PL from linear NRHs (see Figure 3.15), so the observation

of faster recombination is not surprising.

In comparison to NRHs, CdSe and CdTe NR long delay kinetics

(Figure 5.7) both demonstrate faster bleach recovery times. This indicates

that recombination happens faster in the single component NRs and there

are a few good explanations. First, CdSe and CdTe NRs both exhibit

relatively high PL quantum yield indicating much more efficient radiative
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Figure 5.7: a,b, Long delay TA bleach kinetics for CdSe (a) and CdTe (b)
NRs pumped at pumped at ∼590 nm and ∼650 nm respectively. The CdSe
1s bleach is probed at 600 nm for CdSe NRs (a) and at 675 nm for the
CdTe NRs (b). The kinetics are normalized to assign the maximum bleach
(time = 0 on this temporal scale) to be equal to -1. Time zero is set by the
estimated peak of the bleach signal. The data in each case is fit with a sum
of three exponentials (red), time constants are shown (inset).

recombination processes. Second, surface traps are more likely to capture

electrons (and recover bleach) since the electron wavefunction is spread out

over the entire NR. Regarding the faster recombination rate in CdTe NRs,

previous reports have found surface oxidation related electron traps [78] to

be common with CdTe NCs. Even though we prepared these samples

carefully under a N2 environment and conducted these measurements the

day after, CdTe NRs still exhibited a faster decay time. Older CdTe NRs

exhibited much faster bleach decays (not shown).

5.3 Conclusions about carrier dynamics in type II

NRHs

There are multiple relevant conclusions to be made about carrier dynamics

from this study of transient absorption (TA) spectroscopy. First, we

confirmed the relevance of prior TA reports on type II NCHs to our linear

CdSe/CdTe NRHs in that we observed rapid and long lived exciton
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dissociation. We found the rate to be similarly fast for the

CdSe/CdSe0.5Te0.5 alloyed NRHs but observed an absence of CdTe bleach

recovery which likely indicated a de-localized electron and a quasi-type II

heterojunction. Finally, the curved NRHs showed a slightly slower exciton

dissociation rate and a faster recombination rate. We have some ideas

about how the surface and/or strain could play a role in the distinct

spectra kinetics of curved NRHs but the complexity of their band structure

makes a final answer difficult.

5.4 Methods

5.4.1 Short delay transient absorption spectroscopy
measurements

All TA measurements were conducted at the Argonne Center for Nanoscale

Materials in collaboration with Dr. Matt Pelton. Short delay measurements

were carried out using a Helios spectrometer (Ultrafast Systems). An

amplified Ti:Sapphire pulse (800 nm, 120 fs, 0.5 µJ/pulse, 1.67 kHz

repetition rate Spectra-Physics Spitfire Pro) was split into two beams. The

first beam, containing 10% of the power, was focused into a sapphire

window to generate a white light continuum (440 nm 750 nm), which

serves as the probe. The other beam, containing 90% of the power, was sent

into an optical parametric amplifier (Spectra-Physics TOPAS) to generate

the pump beam. After the pump beam passes through a depolarizer, it is

focused and overlapped with the probe beam at the sample. The pump

power was chosen to be 150 nJ/pulse (250 µW power); at these pump

energies, we observed no power-dependent kinetic features corresponding to

multiexciton decay, indicating that each nanorod absorbs on average less
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than one photon per pulse. The pump-probe delay is controlled with a

mechanical delay line. All samples were dissolved in anhydrous toluene and

stirred during measurements. Pump wavelengths of 590 nm for CdSe NRs

and 650 nm for all other samples were used. Absorption spectra of the

samples were found to be identical before and after the transient-absorption

experiments, indicating that the measurements do not damage the samples.

5.4.2 Short delay transient absorption spectroscopy
measurements

Long delay measurements were carried out using a EOS spectrometer

(Ultrafast Systems). An amplified Ti:Sapphire pulse (800 nm, 120 fs, 0.5

µJ/pulse, 1.0 kHz repetition rate Spectra-Physics Spitfire Pro) was sent

into an optical parametric amplifier (Spectra-Physics TOPAS) to generate

the pump beam. After the pump beam passes through a depolarizer, it is

focused and overlapped with the probe beam at the sample. The pump

power was chosen to be 250 nJ/pulse (250 µW power); at these pump

energies, we observed no power-dependent kinetic features corresponding to

multiexciton decay, indicating that each nanorod absorbs on average less

than one photon per pulse. The probe is generated by sending a

lower-power pulsed laser through a photonic-crystal fiber, generating a

broadband probe directly. The probe runs independently of the pulse

leading to stochastic delays which are measured electronically for each

pulse. All samples were dissolved in anhydrous toluene and stirred during

measurements. Pump wavelengths of 590 nm for CdSe NRs and 650 nm for

all other samples were used. Absorption spectra of the samples were found

to be identical before and after the transient-absorption experiments,

indicating that the measurements do not damage the samples.
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5.4.3 General synthesis considerations

Reactions were carried out in a standard Schlenk line under N2 atmosphere.

Technical grade trioctylphosphine oxide (TOPO) (90%), technical grade

trioctylphosphine (TOP) (90%), CdO (99.5%), Se powder (99.99%), Te

powder (99.9%), anhydrous methanol (99.8%) and anhydrous toluene

(99.8%) were obtained from Sigma Aldrich. ACS grade chloroform, ethanol,

methanol, butanol, xylenes, hexanes and toluene were obtained from

Fischer Scientific. N-octadecyl phosphonic acid (ODPA) was obtained from

PCI Synthesis. Materials were used as received.

5.4.4 Synthesis of seed CdSe NRs

First, 2.0 g (5.2 mmol) of TOPO, 0.67 g (2.0 mmol) of ODPA and 0.13 g

(1.0 mmol) of CdO were added to a 50 ml three-neck round-bottom flask.

The reaction mixture was degassed at 150 ◦C for 1 h under vacuum with

occasional N2 purges then heated to 350 ◦C under N2 with vigorous

stirring. The solution became transparent and colorless after 2 h indicating

ODPA-Cd complex formation. The reaction mixture was cooled to 150 ◦C

and degassed for an additional 10 min to remove O2 and H2O produced

during complexation then heated again under N2. At 320 ◦C, a solution

containing 1.5 ml of 0.33 M (TOPSe) and 0.25 ml of anhydrous toluene was

swiftly injected. The reaction mixture was quenched to 260 ◦C where the

growth was carried out. After 20 min at 260 ◦C an aliquot of the seed CdSe

NRs was taken for analysis.
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5.4.5 Synthesis of linear CdTe NRs

For comparisons of similar sizes, additional growth of CdSe and CdTe NRs

were carried out. Following the formation of CdTe NR seeds, the mixture

was cooled slightly to 250 ◦C under N2 where 2.0 ml of 0.25 M TOP-Te was

injected at a rate of 8 ml/h via syringe pump. The reaction mixture was

aged for an additional 5 min at 250 ◦C before the heating mantle was

removed and the flask was rapidly cooled by air jet. Upon completion of

reaction, the final product was cleaned by precipitation with methanol

(80%) and butanol (20%), then stored as a solution in anhydrous toluene

under N2 atmosphere.

5.4.6 Synthesis of linear CdSe/CdTe NRHs

To the reaction mixture containing CdSe NR seeds at 250 ◦C under N2, 0.5

ml of 1 M TOP-Te in TOP diluted with additional 1.5 ml of TOP was

injected at a rate of 8 ml/h via syringe pump. The reaction mixture was

aged for an additional 5 min at 250 ◦C before the heating mantle was

removed and the flask was rapidly cooled by air jet. Upon completion of

reaction, the final product was cleaned by precipitation with methanol

(80%) and butanol (20%), then stored as a solution in anhydrous toluene

under N2 atmosphere.

5.4.7 Synthesis of linear CdSe/CdSe0.5Te0.5 alloyed NRHs

To the reaction mixture containing CdSe NR seeds at 250 ◦C under N2,

0.15 ml of 1 M TOP-Te and 0.80 mmol of 1M TOP-Se diluted with an

additional 1.05 ml of TOP was injected at a rate of 8 ml/h via syringe

pump. The reaction mixture was aged for an additional 5 min at 250 ◦C
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before the heating mantle was removed and the flask was rapidly cooled by

air jet. Upon completion of reaction, the final product was cleaned by

precipitation with methanol (80%) and butanol (20%), then stored as a

solution in anhydrous toluene under N2 atmosphere.

5.4.8 Synthesis of curved CdSe/CdTe NRHs

Following the formation of CdSe NR seeds, the reaction mixture maintained

under N2 was heated to 300 ◦C where 0.5 ml of 1 M TOP-Te in TOP

diluted with additional 1.5ml of TOP was injected at a rate of 8 ml/h via

syringe pump (total injection time ∼15 min). The reaction mixture was

aged for an additional 5 min at 300 ◦C before the heating mantle was

removed and the flask was rapidly cooled by air jet. Upon completion of

reaction, the final product was cleaned by precipitation with methanol

(80%) and butanol (20%), then stored as a solution in anhydrous toluene

under N2 atmosphere.
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CHAPTER 6

PHOTOVOLTAICS INTEGRATING
NANOROD HETEROSTRUCTURES

Significant components of this chapter were submitted as “Integration of
Type II Nanorod Heterostructures into Photovoltaics” to Nature
Nanotechnology.

High quality epitaxial interfaces and delicate control over shape

anisotropy achievable by versatile wet chemical synthesis make nanorod

heterostructures (NRHs) with staggered band offsets efficient in separating

and directing photo-generated carriers. These characteristics are also

salient features useful for improving both the performance and the

cost-effectiveness of photovoltaics (PVs). However, difficulties in carrier

transport and extraction have imposed severe limitations, outweighing the

benefits of enhanced charge separation. Hence integration of type II NRHs

into PVs has thus far been unfruitful. Here, we demonstrate PVs that

utilize NRHs as an extremely thin absorber between electron and hole

transporting layers. In the limit approaching monolayer thickness, PVs

incorporating NRHs have three times the short circuit current and

conversion efficiency of devices made from their single component

counterparts. Comparisons between linear and curved NRHs are also made

revealing the importance of internal geometry and heterointerfacial area for

enhanced contribution of charge-separated state absorption to photocurrent

and in contacting charge transport layers.

Solar cells incorporating semiconductor nanocrystals (NCs) have
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dramatically improved in recent years with power conversion efficiencies

breaking 5% [79] and photon-to-current-conversion efficiencies above 100%

[80] as new ways to utilize these quantum confined structures have been

developed. Improvements in efficiency combined with versatile and scalable

solution processibility (e.g., easy thin film formation at ambient conditions,

incorporation into light scattering and guiding media, etc.) make

integration of NCs into next generation PVs very attractive. Type II band

offset nanocrystal heterostructures (NCHs) with epitaxial junctions

between two different semiconductors exhibit additional advantages such as

ultrafast photoinduced charge separation [74] and increased carrier lifetimes

[75]. Type II NCHs can be synthesized in a variety of sizes and shapes with

only minor modifications to the synthesis of single component NCs.

Anisotropic (non-core/shell) type II NCHs, NRHs for example, are of

particular interest because each component has exposed surface necessary

for carrier extraction. Anisotropic shape also provides directionality in

guiding carriers. With strong absorption in the spectral range relevant for

solar applications and well-established synthesis, CdSe/CdTe NRHs are

especially promising PV materials [81–83]. The type II heterointerface leads

to charge separated state (CSS) absorption with a smaller binding energy

penalty for dissociation and allows lower energy photons to be captured

without sacrificing open circuit voltage (VOC). Interfacial lattice strain can

also lead to further benefits [33]. For example, deposition of CdTe onto

CdSe NR seeds could be easily varied from tip only growth of “linear”

NRHs to partial side growth of highly strained “curved” NRHs [58]

providing additional means of tuning electronic structure to manipulate

photogenerated charges.

The built-in band offset, directionality in charge separation, and
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size/strain-tunable spectral response are salient features of CdSe/CdTe

NRHs that could lead to significant advances in PVs. However, the ability

of NRHs to improve PV performance has yet to be demonstrated. In

general, undesirable aspects such as surface charge traps and inefficient

carrier transport, rather than advantages brought forth by the type II

interface and nanometer size scale, can limit performance [49]. Hence, it is

critical to identify the optimal role(s) of NRHs when integrating them into

PVs. With the exception of quantum dot sensitized solar cells, where

incompatibility of most NCs with the corrosive electrolyte is a major

roadblock [84], previous applications of NCs in PVs used NCs as both a

light absorber and a charge transport medium. Charge transport through a

NC film is quite inefficient due to the existence of surface traps and NC-NC

hopping barriers [85–87] in addition to large charging energies [88]. Single

phase NCs may act as an effective absorber in polymer-NC

(donor-acceptor) bulk heterojunction solar cells [27] but once free carriers

are created, electrons must find a pathway through interconnecting NCs to

be extracted at the contact. Schottky junction solar cells incorporating

NCs between conductors of differing work functions have been

demonstrated as well [21] but again rely on inefficient transport of carriers

through the NC film. While significant carrier mobilities have been

observed in chemically treated (via ligand exchange) [87, 89–92] and doped

NC solids [85, 93], expected discontinuities in the conduction and valence

bands that lead to carrier trapping [90] make transport inherently more

difficult through a film of type II NRHs. Geyer et al. recently found that

transport through films of CdSe/CdTe nanobarbells was dominated by hole

transport and was nearly identical to transport through p-type films of

CdTe NCs because it was dominated by interconnecting pathways of CdTe
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domains [78]. If CdSe/CdTe NRHs are to be used as absorbers in solar

cells, both electrons and holes need to be transported (in the opposite

directions) through the film.

Hence the key question we seek to address here is how to exploit

advantages of type II band offset in NRHs while circumventing problems of

carrier transport. Through proof-of-concept PVs Incorporating Nanocrystal

Heterostructures (PINCHs), we demonstrate more than two-fold

improvement in the overall conversion efficiency with CdSe/CdTe NRHs

when compared to non-heterostructured single component nanorod (NR)

devices. The improvement arises from both increased photovoltage and

increased photocurrent. Enhanced CSS absorption in curved NRHs leads to

further improvement in photocurrent. Active layer thickness dependence

observed provides insights for improving PINCH device design.

6.1 PINCH: Type II NRHs as extremely thin absorbers

In order to exploit efficient charge separation in type II NRHs without

being limited by carrier transport and extraction, our solar cell design relies

on a strategy similar to the extremely thin absorber (ETA) concept

proposed by Kaiser et al. [94]. In an ETA solar cell, two wide gap

semiconductors forming a rectifying junction and having appropriate band

energies sandwich an extremely thin film of typically intrinsic absorbing

material. Here, our PINCH devices are similar to ETA solar cells with type

II NRHs as the absorber. The key difference is that the NRHs with high

quality epitaxial heterointerface also act as the charge separator unlike

ETA solar cells where charge separation occurs at often less well-defined

absorber/wide gap semiconductor interface. Photogenerated electrons in
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NRHs are transferred to a wide gap electron transport layer (ETL) while

holes are transferred to a wide gap hole transport layer (HTL). Both ETL

and HTL should be chosen for high conductivity, photostability and

appropriate band energies to block minority carriers. This approach avoids

exciton diffusion as the working principle, is expected to greatly improve

exciton dissociation efficiencies and does not require carrier transport

through multiple NRHs.

Figure 6.1: a, Schematic of PINCH device structure. b, An SEM cross
section of an actual device which contains four dips of linear NRHs for the
absorbing layer. c, The device band diagram for an ideally aligned NRH.
Band edge positions are aproximated based on reported band energies
relative to vacuum level in addition to the band gaps experimentally
measured via absorption spectra. d, Band diagram for a NRH with a
non-ideal alignment.

As a proof-of-concept, we have fabricated devices with the layered

structure depicted in Figure 6.1a. A scanning electron microscopy (SEM)
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image of the cross-section of a device is shown in Figure 6.1b. Four types of

absorber layers, CdSe NRs, CdTe NRs, linear CdSe/CdTe NRHs, and

curved CdSe/CdTe NRHs, have been compared. As seen in the

approximate band diagram of a NRH device in Figure 6.1c, there is a clear

driving force for electrons to migrate towards the fluorinated tin oxide

(FTO) contact and for holes to head towards the Au contact. The ideal

alignment is then for CdSe to contact TiO2 (the ETL) and CdTe to contact

poly(3-octylthiophene-2,5-diyl) (P3OT, the HTL). If a NRH is not

appropriately aligned with the transport layers as shown in Figure 6.1d, the

transport/blocking layers still prevent the NRH from acting like a shunt

but carriers may become trapped. We anticipate a combination of both

types of band arrangements in our devices where we expect the NRHs to be

randomly oriented.

With the exception of devices fabricated to examine layer thickness

dependence discussed later, all devices consist of an absorber NR or NRH

layer formed by a single dip coating step resulting in approximately 40 nm

in thickness (based on SEM imaging and estimated from optical density

using reported extinction coefficients [95]). Transmission electron

microscopy (TEM) images of NRs and NRHs used in this study are shown

in Figures 6.2a through 6.2d along with their absorption and

photoluminescence (PL) spectra in solution. The syntheses are based on

previous reports [75] in which CdSe or CdTe is grown epitaxially on seed

CdSe NRs (or CdTe NRs for the CdTe only case) in a single pot (see

methods). The NRs and NRHs are recapped with pyridine and dissolved in

a solution of methanol and pyridine for dip coating.

The photocurrent action spectra (photocurrent relative to incident

photons), also known as external quantum efficiency (EQE), of all 4 types
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Figure 6.2: a-d, The absorption, photoluminescence, TEM image (inset)
and structural schematic (inset) for the CdSe NRs (a), CdTe NRs (b),
linear NRHs (c), and curved NRHs (d) used in this study. The scale bars of
TEM images are 5 nm. Left inset in c shows optical transitions within the
type II CdSe/CdTe band structure which correspond to CdSe (I), CdTe (II)
and CSS (III) absorption features.

of devices are plotted in Figures 6.3a-6.3d. Features corresponding to

exciton transitions are visible in the photocurrent indicating that, through

all device processing steps, quantum confinement is maintained. Absorption

spectra of films of NRs and NRHs even after drying in vacuum oven further

confirm quantum confinement effects to be maintained (Figure 6.4). CdSe

and CdTe NR control devices exhibit expected behavior in their

photocurrent action spectra. The zero-bias photocurrent peak at the

photon energy corresponding to the first exciton transition peak of CdTe is

missing in both the CdTe NR control device and linear NRH device. These

results are consistent with what has been observed in layered CdSe/CdTe

NC PV cells previously reported [78]. This reduced contribution of direct

CdTe excitation is likely caused by electron traps arising from CdTe surface
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Figure 6.3: a-d, The EQE of devices formed from single dip (∼40 nm film)
coating of recapped CdSe NRs (a), CdTe NRs (b), linear NRHs (c), and
curved NRHs (d) shown along with the corresponding as-synthesized
solution absorption spectra.

oxidation which competes with the electron transfer across the

heterointerface. Although the broad absorption feature near the CdTe first

exciton transition makes it difficult to distinguish, we suspect the same

effect to be occurring in the curved NRH devices. These results indicate

that photoexcitations that lead to both electrons and holes being generated

in the CdTe region of NRHs are not very beneficial to PV performance.

However, the key result is that devices incorporating curved NRHs exhibit

significant photocurrent responses in the red tail of the spectrum which

arises from CSS excitation at the heterointerface. Unlike previous report of

layered device geometry consisting of CdSe NCs, linear CdSe/CdTe NRHs

and CdTe NCs [78], photon energy absorbed directly into spatially

separated excitons in our NRH devices do contribute significantly to the

photocurrent (even at zero-bias), particularly in the case of the curved
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NRHs. Because curved NRHs have a greater interfacial area, they are

observed to have a larger CSS absorption cross section (Figure 6.1G) than

the linear NRHs. The weakly bound electrons and holes in the CSS are

more likely to be efficiently converted to free carriers that contribute to

photocurrent. Further, large CSS absorption allows for low energy (sub

band gap) photons to significantly contribute to photocurrent without

sacrificing open circuit voltage which is, in principle, determined by the

band energies.

Figure 6.4: a-d, The change in absorbance of films following dip coating of
CdSe (a), CdTe (b) NRs, linear (c) and curved (d) NRHs before and after
the vacuum oven treatment at 100 ◦C for 24 h. Absorbance from
glass/FTO/TiO2 substrate prior to NR/NRH film deposition has been
subtracted.
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6.2 JV characteristics

Having established that CSS transitions in NRHs can meaningfully

contribute to PV performance in our PINCH devices, we compare current

density versus voltage (JV) characteristics of the 4 devices under AM 1.5G

simulated sunlight (100 mW/cm2) in Figure 6.5. The dark currents are

more than an order of magnitude smaller at all biases (except near the

VOC) and all NR and NRH devices outperformed the control device

consisting of direct TiO2/P3OT interface (Figure 6.6). The highest VOC is

observed in devices with linear NRHs (∼0.60V) followed by curved NRHs

(∼0.50V), CdTe NRs (∼0.40V) then CdSe NRs (∼0.10V).

Figure 6.5: Current density (J) versus voltage (V) is plotted for devices
incorporating a single dip (∼40 nm film) of recapped CdSe NRs, CdTe
NRs, linear NRHs (l-NRHs) and curved NRHs (c-NRHs) under
100mW/cm2 AM1.5 filtered light. The values of the open circuit voltage
(VOC), short circuit current (JSC) and fill factor (FF) from each curve are
also shown (inset).

The maximum possible VOC for these devices should be determined

by the ETL (TiO2) conduction band to HTL (P3OT) valence band offset
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which is approximately 1.1V. Less than the maximum possible VOC reflects

recombination processes present in the cell. The lowest VOC observed in

CdSe NR control device may be explained by inefficient charge separation

which is expected to occur at the interface of CdSe NRs and the transport

layers. Low short circuit current density (JSC) in CdTe NR device may be

due to oxidation induced electron traps. The higher VOC in CdTe NR

device than the larger band gap CdSe NR device may be attributed to a

larger driving force (conduction band offset) for electron transfer from

CdTe to TiO2 [96]. Devices incorporating NRHs, which are inherently good

at charge separation, exhibit significantly better performance than the

single component NR control devices (higher VOC and JSC). The conversion

efficiencies in the linear and the curved NRH devices are similar and

roughly triple the CdTe devices. The improvement is even greater when

compared with devices using CdSe NRs (seven times or better).

Figure 6.6: a, JV characteristics of single dip NR and NRH devices in the
dark. The dark JV characteristics of a device made without NRs or NRHs
but with two spin coatings of P3OT is also shown to demonstrate the
rectifying nature of the P3OT/TiO2 junction. b, JV characteristics of
devices made without NRs or NRHs but with two and four spin coatings of
P3OT under 100mW/cm2 AM1.5 filtered light.

While the thinness of NRH films (only slightly thicker than the

average length of individual NRHs) removes the necessity of inefficient
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transport through multiple NRHs, carrier extraction, especially electron

extraction, may be expected to be problematic due to CdTe surface

oxidation leading to electron traps [78]. Increased JSC and VOC from the

PINCH devices incorporating NRHs indicate that direct contact with

transport layers can effectively compete with potential carrier trapping at

the NRH surface. In particular, electron transfer to TiO2 from NRHs

should be more efficient then in single component NR cases. In devices

consisting of only CdSe NRs as the absorbing layer, surface oxidation

induced electron traps are not as problematic but charge separation, which

should occur at the NR-transport layer interface, is expected to be less

efficient due to interfacial recombination sites. Furthermore, charge transfer

into the transport layer needs to overcome large exciton binding energies in

CdSe NRs whereas electrons are already separated from holes in NRHs. In

CdTe NR only control devices, similar exciton dissociation problem is also

present. While surface oxide electron traps may enhance local charge

separation, it would make electron transfer into TiO2 energetically less

favorable. In photoexcited NRHs, which have relaxed to the CSS, electrons

are already separated from the holes and localized in CdSe (away from

CdTe surface electron traps). Therefore, electron extraction into TiO2 can

compete effectively with trapping at the CdTe surface. Significantly higher

JSC in devices incorporating curved NRHs than in those with linear NRHs

may be explained by the fact that curved structures with partial side

growth of CdTe have larger CdSe/CdTe interfacial area, enhancing charge

separation.

While JSC and VOC both improve, NRH devices exhibit a somewhat

unusual inflection point in their JV characteristics which then leads to a

lower fill factor (FF). One explanation for the inflection point at ∼0.3V is
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that this is where the misaligned NRHs (i.e., when CdSe and CdTe contact

the wrong transport layers as shown schematically in 6.2d) contribute to

the PV response. At low biases (<0.3V), misaligned NRHs do not

contribute or contribute weakly to photocurrent due to charge traps (Figure

6.1d) CdSe-HTL and CdTe-ETL offsets prevent carrier injection from

transport layers to NRHs. When there is a large enough forward bias,

charges in the transport layers can now overcome the NRH-transport layer

band barriers and be injected into the misaligned NRHs where they

recombine and counter the photocurrent. Given that the conduction band

offset between TiO2 and CdTe is about 0.4V, the inflection point appearing

at ∼ 0.3V is consistent with a threshold external bias needed for electron

injection from ETL into the misaligned NRHs leading to recombination

with photo-generated holes. Assuming random orientation, the chance for

contact formation with the wrong transport layer should be about the same

as the favorable contact formation in curved NRHs where significant

amount of CdTe deposits on the sides of the seed CdSe NRs. On the other

hand, different orientations of linear NRHs with CdTe only at the tips (i.e.,

more anisotropic shape) may lead to larger number of distinct but less

effective configurations in contacting the carrier transport layers which in

turn may make the inflection point in the JV characteristics less prominent

at the expense of reduced photocurrent. Hence methods to properly align

NRHs should lead to significant improvement in PV performance for both

types of NRHs.
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Figure 6.7: a-d, JV characteristics for each device fabricated with one, two
and four dipping cycles of CdSe NRs (a), CdTe NRs (b), linear NRHs (c),
and curved NRHs (d) contrasting the effect of increasing absorbing layer
thickness on performance of NR- vs. NRH-based devices. The
corresponding absorption spectra of these devices following each dipping
cycle are shown in Figure 6.6.

Figure 6.8: a,b, SEM cross sections of partially completed devices (without
P3OT and gold) with one and four dip coatings of linear NRHs. We
estimate that a single dip coating produces a ∼ 40 nm thick layer while
four dip coating cycles produces a film of approximately 150 nm thickness.
It can be seen that the NRH film does not penetrate into the mesoporus
TiO2 beyond the pore size of ∼30 nm.
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6.3 Divergent effects of increasing NR/NRH film

thickness

In addition to improving NRH alignment, the amount of absorbing layer

can be optimized to enhance PV performance. Our current device design

with ∼40 nm thick NR or NRH absorbing layer is only effective at

absorbing <10% of the incident light near the band edge transitions, which

is far from optimal. The simplest approach to achieving more absorption is

to increase the thickness of the absorbing layer. Additional NR/NRH

dipping cycles lead to increasing absorbance (Figure 6.9) consistent with

thickness increase observed by SEM (Figure 6.8) and a reduction in the

dark current (not shown). For the devices incorporating single component

NRs, this additional thickness leads to more photons being absorbed and

the photocurrent increases as does the photovoltage (Figures 6.7a and

6.7b). These enhancements are more pronounced in CdSe NRs since surface

oxidation of CdTe is expected to leave additional electron traps that

counteract increased photon absorption [78]. Conversely, for both the

curved and linear NRH incorporating PINCHs, additional dipping cycles

lead to significantly reduced photocurrent while the VOC remains unchanged

(Figs. 6.7c and 6.7d). The decrease in photocurrent is consistent with the

expectation that thicker film of NRHs would lead to barriers for carrier

transport which reduces the number of carriers that can be extracted. Note

that the single dip coating thickness of ∼40 nm is only slightly larger than

the average length of the NRHs (∼33 nm). The reduction in photocurrent

with NRH film thickness emphasize the importance of having both the ETL

and HTL in close proximity to (in contact with) an absorbing NRH for

producing photocurrent i.e., to avoid transport through multiple NRHs
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where type II band offset related traps (in addition to surface oxide traps of

CdTe) can make transport highly inefficient.

Figure 6.9: a-d, Absorbance of each device following one, two and four dip
coating cycles. Absorbance from glass/FTO/TiO2 substrate prior to
NR/NRH film deposition has been subtracted. The devices are the same as
the ones shown in Figure 6.7

6.4 Conclusions about integration of type II NRHs

into PV

With our relatively simple device design, we have shown that CSS

transitions arising from type II band offset NRHs can contribute

meaningfully to PV performance improvement. Our results also point to

areas of improvement in device design. The thickness effects suggest that in

order to exploit type II NRHs in solar cells, they need to be absorbers but

not charge transport media. Lower FFs, most likely arising from NRHs

being misaligned with transport layers, suggest improvements in NRH
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deposition process, which maximize contact between CdSe (CdTe)

component and ETL (HTL), would be beneficial. Interestingly, curved

NRHs with significant amount of CdTe grown on the sides of CdSe seed

NRs exhibit better performance than the linear NRHs when deposited

randomly. By optimizing the internal structure of individual NRHs to

promote CSS absorption we are able to greatly enhance PV performance.

Nearly a factor 2 larger JSC observed in curved NRH devices (over the

linear NRH devices) is indicative of this importance. In addition to the

increasing heterointerface area and NRH morphology that optimizes proper

contact with the ETL and HTL, lattice strain within NRHs may also be an

important factor.

6.5 Methods

6.5.1 General considerations

Reactions were carried out in a standard Schlenk line under N2 atmosphere.

Technical grade trioctylphosphine oxide (TOPO) (90%), technical grade

trioctylphosphine (TOP) (90%), CdO (99.5%), Se powder (99.99%), Te

powder (99.9%), Titanium (IV) isopropoxide (TTIP) (99.99%), electronic

grade regioregular poly(3-octylthiophene-2,5-diyl) (P3OT) (99.995%),

acetylacetone (99.5%), anhydrous methanol (99.8%), anhydrous pyridine

(99.8%) and anhydrous toluene (99.8%) were obtained from Sigma Aldrich.

ACS grade chloroform, ethanol, methanol, butanol, xylenes, hexanes and

toluene were obtained from Fischer Scientific. N-octadecyl phosphonic acid

(ODPA) was obtained from PCI Synthesis. DSL 90T anatase (>99%) TiO2

paste (20 wt%) was purchased from Dyesol. TEC 7 (7/sq) fluorinated tin
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oxide (FTO) on 2.3 mm thick glass with 80-82% visible transmission was

purchased from Pilkington. Materials were used as received.

6.5.2 Synthesis of seed CdSe and CdTe NRs

First, 2.0 g (5.2 mmol) of TOPO, 0.67 g (2.0 mmol) of ODPA and 0.13 g

(1.0 mmol) of CdO were added to a 50 ml three-neck round-bottom flask.

The reaction mixture was degassed at 150 ◦C for 1 h under vacuum with

occasional N2 purges then heated to 350 ◦C under N2 with vigorous

stirring. The solution became transparent and colorless after 2 h indicating

ODPA-Cd complex formation. The reaction mixture was cooled to 150 ◦C

and degassed for an additional 10 min to remove O2 and H2O produced

during complexation then heated again under N2. At 320 ◦C, a solution

containing 1.5 ml of 0.33 M (TOPSe) (or TOPTe for CdTe nanorods) and

0.25 ml of anhydrous toluene was swiftly injected. The reaction mixture

was quenched to 260 ◦C where the growth was carried out. After 20 min at

260 ◦C an aliquot of the seed CdSe (or CdTe) NRs was taken for analysis.

6.5.3 Synthesis of linear CdSe/CdSe and CdTe/CdTe
(non-heterostructured ) NRs

For comparisons of similar sizes, additional growth of CdSe and CdTe NRs

were carried out. Following the formation of CdSe (or CdTe) NR seeds, the

mixture was cooled slightly to 250 ◦C under N2 where 2.0 ml of 0.25 M

TOP-Se (for CdSe NRs) or TOP-Te (for CdTe NRs) was injected at a rate

of 8 ml/h via syringe pump. The reaction mixture was aged for an

additional 5 min at 250 ◦C before the heating mantle was removed and the

flask was rapidly cooled by air jet. Upon completion of reaction, the final
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product was cleaned by precipitation with methanol (80%) and butanol

(20%), then stored as a solution in chloroform under N2 atmosphere.

6.5.4 Synthesis of linear CdSe/CdTe NRHs

To the reaction mixture containing CdSe NR seeds at 250 ◦C under N2, 0.5

ml of 1 M TOP-Te in TOP diluted with additional 1.5 ml of TOP was

injected at a rate of 8 ml/h via syringe pump. The reaction mixture was

aged for an additional 5 min at 250 ◦C before the heating mantle was

removed and the flask was rapidly cooled by air jet. Upon completion of

reaction, the final product was cleaned by precipitation with methanol

(80%) and butanol (20%), then stored as a solution in chloroform under N2

atmosphere.

6.5.5 Synthesis of curved CdSe/CdTe NRHs

Following the formation of CdSe NR seeds, the reaction mixture maintained

under N2 was heated to 300 ◦C where 0.5 ml of 1 M TOP-Te in TOP diluted

with additional 1.5 ml of TOP was injected at a rate of 8 ml/h via syringe

pump (total injection time ∼15 min). The reaction mixture was aged for an

additional 5 min at 300 ◦C before the heating mantle was removed and the

flask was rapidly cooled by air jet. Upon completion of reaction, the final

product was cleaned by precipitation with methanol (80%) and butanol

(20%), then stored as a solution in chloroform under N2 atmosphere.

6.5.6 Recapping and Dipping Solution Preparation

The final reaction product except 1ml (for later analysis) was cleaned twice

by dissolving reaction product in chloroform, then precipitating with

104



methanol and butanol. The cleaned NRs or NRHs were then dissolved in a

minimal amount of chloroform and added with 10 ml (123.5 mmol)

anhydrous pyridine to a 50 ml three-neck round-bottom flask fitted with a

reflux condenser. N2 gas was bubbled for 1h at room temperature then the

mixture was stirred at 60 ◦C for 24 h under an N2 atmosphere. Following

the recapping, NRs or NRHs were precipitated with hexanes and the entire

solution was dissolved in 2 ml of anhydrous pyridine and 4 ml of anhydrous

methanol to form the dipping solution which was stored under N2

atmosphere.

6.5.7 Device Fabrication

FTO coated glass substrates were cut into 2 cm x 1.1 cm pieces for each

device then cleaned by sonication in acetone then rinsed with DI water and

isopropanol. 200 nm of dense TiO2 was deposited onto the substrates at

400◦C by spray pyrolysis (8.58 ml ethanol, 0.82 ml acetylacetone, 0.59 ml

TTIP per substrate). The dense TiO2 was removed from one edge of the

FTO/glass substrate with a razor blade to expose the back contact. A ∼1.5

µm thick layer of mesoporous TiO2 is screen printed with a 90T mesh from

Dysol paste and sintered at 500 ◦C in air with the following heat treatment:

room temperature to 500 ◦C at a rate of 3 ◦C/min, held at 500 ◦C for 1 hr,

then 500 ◦C to room temperature at a rate of -5 ◦C/min. The heat treated

substrates were dipped into pyridine recapped NR or NRH solutions and

dried with an N2 jet to produce a film that was optically homogeneous. A

∼30 nm film of P3OT was then spin coated at 2000 rpm in air from a

prepared solution of 34 mg P3OT in 0.29 g of chloroform and 12.6 g of

xylenes. To crosslink P3OT, reduce NR/NRH spacing and improve thermal
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stability, the devices were baked in a vacuum oven (∼100 torr) at 100 ◦C

for 24 h. A 100 nm Au top contact was evaporated by electron beam

evaporator at 0.5 Å/s at 5x10-6 torr using a shadow mask. The active area

of each device was 0.283 cm2.

6.5.8 Characterization

Transmission electron microscopy (TEM) samples were prepared on Cu

grids with thin carbon film from a dilute solution of NCs in chloroform.

TEM analysis was carried out with a JEOL 2100 TEM operating at 200

kV. HRTEM and STEM analyses were carried out with a JEOL 2200

aberration corrected STEM/TEM operating at 200 kV. SEM images were

taken with a Hitachi S-4800 at 10kV. Cross sections were prepared from

samples using a glass cutter then Pd/Au was sputtered onto the cross

section to reduce charging. UV-vis absorption spectra were obtained with

Agilent 8453 photodiode array spectrometer. Photoluminescence spectra

were collected with a Horiba Jobin Yvon FluoroMax-3 fluorometer. Dark

and light JV curves were measured immediately after device fabrication

using a Keithly 2400 Source Meter. The measurements were taken at

0.01V/step, 1 s/step. Simulated sunlight at 100mW/cm2 was generated by

a Newport solar simulator with an AM 1.5G filter. External quantum

efficiency was measured with an OL 750 Spectroradiometer under a light

bias. Measurements were taken in steps of 10 nm with a 1-2 s delay

between steps. The chopper frequency was set to 41 Hz.
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CHAPTER 7

CONCLUSIONS AND FUTURE
DIRECTIONS

7.1 Conclusions

With our work on the Fe3O4/CdS system, we have shown that the junction

formation step can be separated from growth while the average number of

CdS particles growing on Fe3O4 seeds can be maintained in anisotropic

NCH synthesis. By doing so, we have been able to examine how the

maximum number of heterojunctions that can form depend on the size of

the seed NCs and how the growth rate affects the resulting NCH

morphology. The emerging picture of the growth mechanism for anisotropic

Fe3O4/CdS NCHs from the results obtained is as follows. CdS can nucleate

on {1 1 1} planes of seed Fe3O4 NCs in either wurtzite or zinc blende form.

Slow growth leads to dots-on-dot morphologies where the maximum

number of CdS that can grow on Fe3O4 is mainly determined by the

interfacial strain. The strain may be considered to limit the nearest

possible distance between growing CdS particles. Rods-on-dot structures

arise at fast growth rates and these structures provide insights on the

heterointerfaces and how polytypism in CdS leads to three distinct

morphologies: “branched” structure when CdS nucleates as zinc blends and

“linear” and “kinked” structures with wurtzite nucleation. The branched

and the linear structures have the same junction planes with coincidence

sites -i.e. {1 1 1}CdS(Zinc Blende) or {0 0 0 1}CdS(Wurtzite) aligned with
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{1 1 1}Fe3O4 . The CdS junction planes of kinked structures are {1 0 1 1}

planes which in the presence of stacking faults may become nearly identical

to the {0 0 0 1} planes at the interface. While the overall wurtzite to zinc

blende ratio of the CdS nuclei does not appear to change very much with

size, the linear-to-kinked ratio increases with increasing seed Fe3O4 size

which may also be attributed to strain effects.

We have presented atomic resolution imaging of both linear and

curved CdSe/CdTe NRHs. In the absence of strain relieving defects,

surprisingly large compressive strain of ∼4% leading to an overall axial

deflection can be induced on the seed CdSe NRs when the larger lattice

CdTe deposits on both the tips and on the sides of the seeds. Linear barbell

NRHs exhibit sharp interfaces. Both types of NRHs exhibit absorption

features corresponding to charge transfer, expected of type II band offset

heterostructured materials. The linear barbell structures exhibit weak but

large Stokes-shifted PL at room temperature while the curved exhibit more

than an order of magnitude lower PL yield. Almost complete quenching of

PL in the curved NRHs may be associated with charge trapping at the

surface that is in close proximity to the heterointerface where charge

separation occurs. Combined with the ability to control the location of

CdTe on the seed CdSe NRs, strain effects observed here may provide new

approaches to directing separation of photogenerated carriers which may

facilitate incorporation of NRHs in various energy applications.

Despite difficulties in managing differences in precursor reactivity,

we developed a strategy for synthesizing alloyed CdSe/CdSexTe1-x NRHs

with controlled composition. We were able to verify the tuning of

composition both by TEM and Z-contrast HAADF-STEM analysis. In the

process, we found the interface to consistently be very sharp, a few
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monolayers in thickness, but were limited in resolution by column averaging

which was required to reduce the large deviations in scattering intensity

likely resulting mostly from the support film. As we tuned the composition,

we discovered a linear relationship between the change in PL energy (from

the CdSe seeds) with the composition. The magnitude of change in PL

energy of ∼0.5eV across the composition range was in good agreement with

the estimated valence band offset between CdSe and CdTe. This indicated

that the valence band of CdSexTe1-x was effectively tuned with the alloy

composition. The linear relationship suggested that strain did not play an

appreciable role in determining the energy of the CSS in these linear

structures.

We conducted a transient absorption (TA) spectroscopy study of

linear, alloyed and curved NRHs to uncover the dynamics of excited carriers

in these structures. We found extremely rapid charge separation in all cases

with the alloy and linear NRHs fastest. Long delay kinetics revealed a long

time constant component of the bleach decay not present in the single

component CdTe and CdSe NRs. This long decay component, while

relatively small in amplitude, hints at the potential for type II NRHs to

produce long lived carriers following the absorption of a photon. We were

not surprised to find faster recombination in the curved NRHs and suspect

the increase in interface area and/or proximity of the interface to the

surface plays a significant role.

Many studies of type II NRHs have been motivated by solar energy

applications yet few have actually incorporated these structures into devices

and none have demonstrated an improvement over single component

NC-based devices. With a relatively simple device, designed from the start

to take advantage of type II NRH’s attractive qualities, we were able to
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learn much about the role a type II NRH would play in a next generation

solar cell. First, type II NRHs need to act only as absorbers and not as

charge transporters. Second, NRHs should be optimized so as to promote

the contribution of charge separated states to their absorption since this

absorption of lower energy photons can meaningfully contribute to

photo-current without much of a voltage penalty. And finally, type II NRHs

should be aligned with transport layers so that each component of every

NRH is appropriately contacted. Even without a fully optimized device, on

a film thickness equivalent basis, we have shown that NRHs can outperform

their single phase (CdSe and CdTe) NR counterparts in the limit

approaching a single monolayer thickness of the absorbing film.

7.2 Future directions

Based on intuitive expectations about the strain effects on the interface

band structure, it may be favorable to use CdTe NRs as seeds or at least as

a comparison with the CdSe seeded system. With CdTe seeded

CdTe/CdxZn1-xTe NCHs, the seeds would be expected to be entirely under

compressive strain (in the absence of curvature) as opposed with CdSe

seeds. To probe even larger strains CdS, may be explored as a seed material

which has a 10% mismatch with CdTe and can easily be prepared as

wurtzite phase NRs with precision [97].

Another approach to isolating strain effects from band structure

effects could be to form a heterojunction of graded composition. By varying

the degree of grading one could in principle control the magnitude of strain.

CdSe/CdSexTe1-x may be a model system to demonstrate first, that

nanorod heterostructures of graded composition can be synthesized, and
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second, that there is some information about strain effects to be gleaned

when this graded composition NRH is compared with the abrupt

CdSe/CdTe case outlined in this thesis. A compositional gradient would be

achieved by varying the Te/Se ratio in a series of chalcogen precursor

injections.

In addition to TA, it would be ideal to measure radiative

recombination kinetics via time resolved PL simultaneously. Time resolved

PL would only be possible on the linear and alloyed NRHs (with reasonable

PL yield), however, by cooling curved NRHs the PL yield may increase

enough to conduct a time resolved study. PL decay times could be

correlated with TA bleach decay kinetics to extract the radiative

contribution to the overall recombination rates observed.

Regarding solar cell integration of type II NRHs, since our current

device design does not fully utilize incident photons, increasing the number

of NRHs in the absorption layer is necessary. This increase should be

achieved by conformally coating a high surface area ETL (or HTL) and

infilling with the HTL (or ETL) to avoid problems of carrier transport

through multiple NRHs. Given that NRHs do not penetrate mesoporous

ETL of ∼25 nm average diameter TiO2 very much, simply increasing the

TiO2 pore size may lead to a significant improvement.

7.3 Concluding remarks

Clearly, NRHs exhibit a number of seemingly attractive qualities for

photovoltaics. Absorbed photons generate physically separated electrons

and holes within the structure extremely rapidly and some of these carriers

persist for over 150 ns. We can tune the structures with relative ease in
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their size, shape and composition. These structural changes are well

correlated with changes in optical and electronic properties which may

enable us to choose properties first, then engineer NRHs to fit the design

criteria.

When it comes to practical application of these materials for solar

energy applications, serious challenges remain. The ideal application of

type II NRHs in a solar cell requires an extremely thin film, which is

uniformly thick and in which, the NRH components are appropriately

aligned with adjacent transport layers. Having an extremely thin film

doesn’t give any meaningful absorption, so the strategies must be developed

for channeling light into this film or increasing the film area/volume ratio

through a meso-porous structure. These approaches may not be applicable

with ultra cheap roll-to-roll processes currently used by the lowest cost PV

manufacturers. Further, oxidation of NRHs, particularly certain materials

(e.g. CdTe, PbSe, PbS), greatly reduces their utility. Since many PV

technologies already have this problem, the oxidation issue may not be so

worrying, but certainly it needs to be kept in mind.

Regarding the future applications of the work discussed in this

thesis, we would like to quote Dr. Herbert Kroemer, father of the

heterojunction, from his Nobel Lecture: “We must take a long-term look

when judging the applications potential of any new technology: It must not

be judged simply by how it might fit into already existing applications,

where the new discovery may have little chance to be used in the face of

competition with already entrenched technology. Dismissing it on the

grounds that it has no known applications will only stifle progress towards

those applications that will grow out of that technology. I do not think we

can realistically predict which new devices and applications may emerge,
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but I believe we can create an environment encouraging progress, by not

always asking immediately what any new science might be good for.” [98]

One of the most exciting aspects of this nanocrystal research, in

general, is how rapidly it is changing. In the last five years, NC solar cell

record efficiencies have more than doubled and are now approaching 10%.

There is still much we don’t know about how to take advantage of the

various attractive qualities of nanocrystals in useful ways, but new

discoveries are being made every day. The ease and scalability of colloidal

synthesis suggests that nanocrystals are a path towards cheap sustainable

solar energy harvesting. With a little luck and determination, we will

continue on the path astonishing progress we have made in these inspiring

times.
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