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Semiconductor nanocrystal quantum dots (NQDs) have long demonstrated potential in a

broad range of optoelectronics applications such as lasers, light-emitting diodes (LEDs), pho-

tovoltaic solar cells, photo- and biosensors, etc. Exhibiting pronounced quantum-confinement

effects (hence the popular name “quantum dots”), these nanocrystals feature discrete ab-

sorption signatures, tunable photophysical properties along with high photoluminescence

(PL) emission quantum yield (PLQY) and the ability of easy chemical manipulation and

processing. The ability to solution-process and assemble them on a variety of substrates and

in various architectures enables their use in emerging functional materials.

As confinement “squeezes” charge carriers into a shrinking volume, spatial co-location is

influenced by strong Coulombic interactions and facilitates the formation of bound carrier

states, the excitons. This induces size-dependent changes in the density of the electronic

states, strongly affecting band-edge emission energy. Single e-h pair (exciton, X) occupies

lowest bound state and typically undergoes radiative recombination (for high PLQY sam-

ples). Higher-order excitonic states such as charged excitons (trions) and neutral multiexci-

tons (MX) may be formed as well. Their behavior is, however, more complex as trions and

MXs are typically affected by non-radiative Auger recombination that dramatically reduces

their emission efficiency. Nevertheless, MX states are extremely important for lasing and
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solar conversion applications where they are thought to amend the Shockley – Queisser (SQ)

limit of single-junction cell.

Although a simple confinement picture allows capturing a number of salient features in the

NQD’s behavior, the synthesized nanocrystals represent much more complex entities. In

particular, synthetic nuances and surface chemistry play crucial part affecting PL properties

and charge transfer in nanocrystal systems. The majority of NQD-based solid-state architec-

tures are based on charge-transfer schemes where the quality and nature of surface ligands

plays a defining role. Nevertheless, the emergence of hybrid systems based on non-radiative

(near-field, NRET) and radiative (far-field, RET) energy transfer between the components

has gained research attention. In particular, non-contact ET between NQDs and semicon-

ductor substrates (Si, GaAs) have been demonstrated as a viable approach to harvest solar

energy by avoiding some pitfalls of charge transfer based systems, such as low charge carrier

mobility and interfacial trapping in NQD systems.

In this dissertation, we start with a comparative experimental study of excitons and multiex-

citons in large core/shell, “giant” CdSe/CdS NQDs. By using single particle PL spectroscopy,

we observed the appearance of up to 8 well-defined intensity levels with discrete emission

lifetimes at various excitation powers. By using scaling approach to describe Auger and

radiative recombination rates, we assigned these states to singly and doubly charged exci-

ton, biexciton and triexciton states. We have confirmed that Auger decay of the biexciton

state is comprised of a superposition of the Auger decays of the negatively (X-) and posi-

tively (X+) charged excitons. Next, we employed such “giant” NQDs to study the energy

transfer of trions and biexcitons into underlying crystalline Si. Using statistical analysis of

thousands of PL lifetime traces at different emission wavelengths, we confirmed that the ra-

diative decay rates for trions and biexcitons on all substrates scale according to the number

of available recombination channels while Auger rates remain unchanged. We obtained ET
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transfer efficiencies of ca. 55% and 45% for biexcitons and trions, indicating the feasibility

of multiexciton harvesting through energy transfer approach.

To expand the range of possible interacting substrates, we studied ET from NQDs into 2D

atomic monolayers of transition metal dichalcogenides (TMDC). Monolayer TMDCs have

been recently discovered as a new class of semiconductor materials with high carrier mobility,

direct optical bandgaps and large excitonic binding energies due to the reduced dielectric

screening. As a result, such strong optical responses make TMDCs great candidates for novel

types of optoelectronics devices with enhanced functionalities. Using both time-resolved PL

and femtosecond transient pump-probe optical techniques, we studied near-field ET from

CdSe NQDs into MoS2 monolayers. By monitoring PL lifetime quenching of NQD emission

we recorded over 95% transfer efficiency into MoS2 flakes. Concurrently, we observed an order

of magnitude enhancement of the PL emission from MoS2 monolayer by the energy influx

from proximal NQDs. By directly monitoring femtosecond transient absorption dynamics of

excitons in MoS2, we estimated 10 times increase of MoS2 PLQY by slow, ns-scale “feeding”

of excitons from nearby NQDs, thus avoiding detrimental Auger recombination of primary

excitons in MoS2. These observations confirm ET methods to be applicable to the design of

novel optoelectronics devices based on 2D atomic layers.
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CHAPTER 1

INTRODUCTION

In the past few decades, the demand for a new, sustainable source of energy, preferable clean

as well, grows rapidly, and as results, solar energy, one of the most promising candidates,

has been extensively researched and developed. In order to commercialize the usage of solar

energy, it is critical to find a good balance between efficiency and cost. Inherently, accord-

ing to the famous Shockley-Queisser(SQ) limit, the highest efficiency of a single junction

solar cell is about 30%(Shockley and Queisser, 1961). There are several possible approaches

to break the SQ limit. The most obvious approach is to make a muti-junction solar cell

to better utilize a larger part of the solar spectrum. However, it is hard to achieve large

scale application due to the unbearable high cost in the processes of fabrication. Another

approach is to utilize the excess energy above the band gap, which is historically difficult

because of the sub picosecond(Price et al., 2015; Doany and Grischkowsky, 1988) multiex-

citon recombination in bulk semiconductors. Thanks to the recent development of colloidal

semiconducting quantum dots(QDs), the multiexciton generation and harvesting became

more and more feasible. Majorly due to its quantum confinement effect(Takagahara and

Takeda, 1992), semiconductor quantum dots possess great electrical and optical properties,

such as high absorption cross section, tunable band gap, high quantum yield(QY) and etc.

Because of those great properties, quantum dots have already been commercialized in many

fields, such as QLED(Sun et al., 2012; Park et al., 2001; Caruge et al., 2008a), quantum

dot laser(Kirstaedter et al., 1994; Narukawa et al., 1997; Klimov et al., 2000) and etc. In

additional, efficient multiexciton generation is observed in various quantum dots as well.

However most of the generated multiexcitons are still annihilated within one nanosecond

by Auger effect, which makes it quite difficult to extract those generated multiexcitons. In

order to suppress Auger effect, a new type of quantum dots are introduced, in which a CdSe
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core is coated with a thick(more than 10 layers) monocrystalline CdS shell. These nanocrys-

tals, often called giant quantum dots(gQDs), shown strong or near completely suppression

of Auger effect.(Htoon et al., 2010; Park et al., 2011) Therefore, it is our primary target for

the study of multiexciton emission dynamics and the coupling from the multiexcitons into

different semiconductors.

In this dissertation, we start with an experimental study of the scaling of Auger recombi-

nation rates for up to 8 different excitonic states conducted on individual quantum dots. We

observed and assigned those discrete and well-defined emissive states into different high order

excitation and briefly confirmed the statistical scaling model for Auger and radiative rates.

In the following work, we use similar giant quantum dots to examine energy transfer from

those high order excitation into underlying crystalline Si. Apart from the characterization

of higher order excitation by single particle spectroscopy, we proceed with the quantitatively

comparison of photoluminescence signatures from (sub)monolayers of gQDs, which are as-

sembled on both SiO2 reference and on Si substrates. Thus, based on the statistical analysis,

we provided experimental evidence of the multiexciton energy transfer into a semiconductor

substrate.

In addition to traditional semiconductors, a newly developed two-dimensional(2D) tran-

sition metal dichalcogenides(TMDCs) also attracts a lot of interest in the field of optoelec-

tronics. Because of its direct optical band gap and good carrier mobility(Mak et al., 2010;

Splendiani et al., 2010; Rao et al., 2014), TMDCs, and especially MoS2 , became a fairly

good candidate for the next generation of solar harvesting devices.

In the second part of the dissertation, through 2D mapping of optical photoluminescence

decay lifetimes of quantum dots, we confirmed our prediction of efficient energy transfer from

various types of excitons into MoS2 . Then we further demonstrated the greatly enhanced

MoS2 PL properties through direct observation through transient absorption pump-probe

spectroscopy. It is clearly observed through the dynamic evolution of excitonic signatures as
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it is accepting energy from the QDs. Those findings, in general, indicated an efficient way

to harvest radiative charged and multiexciton species into electrically conducting substrates,

and potentially pave a way towards the final practical application.

1.1 Solar Cell and Shockley Queisser Limit

In traditional solid state semiconductor solar cells, it usually contains two doped compo-

nents: one is a p-type semiconductor, the other is an n-type semiconductor. For n-type

semiconductor, it contains more free electrons while p-type is lacking free electrons. When

these two materials are combined by electrical contact, some of those electrons from n-type

side would flow into the p-type side to “fill in” the missing electrons. Thus, in the end,

at the interface (p-n junction), an equilibrium would be achieved where charge carriers are

depleted on each side of the interface, which creates a potential barrier.

When those p-n junctions are placed under the sun light, through the absorption of

the energy from solar photons, electrons would be pumped onto conduction band where

they could freely move inside the semiconductors. With external load applied, the pumped

electron would move from p side into n side, loses its energy through external circuit and

then comes back to the p side. Thus, electricity is created through sun light absorption.

Based on the law of thermodynamics, it is impossible to achieve 100% electricity conver-

sion rate. Back in 1961, by Shockley and Queisser(Shockley and Queisser, 1961), the upper

limit calculation was based upon the concept of a reversible Carnot heat engine with a few

assumptions:

1.Illuminated sunlight is not concentrated

2.Only one electron–hole pair is generated through each incoming photon. Thus, those

excess energy above the absorption band gap is lost through heat.

As is shown in Figure 1.1, the upper limit is estimated around 33%, at around 1.3 eV.

However, since both of the assumption is not mandatory, there are quite a few ways to break
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Figure 1.1. Shockley Queisser Limit

the limitation. One of the most obvious method is to increase the number of functional p-n

junction. With multiple absorption band gap, a larger part of solar spectrum could be fully

utilized, and theoretically, with infinite layers, the highest efficiency for non-concentrating

solar light conversion could achieve 68%(Vos, 1980). However, due to the high cost in

fabrication process, it is hard to achieve large scale commercialized products to satisfy daily

electricity usage.

Another more practical way is to convert those away from band gap, non-usable or

non-optimized, solar light into some near band gap emission. Multiple methods had been

tested, such as up conversion(Trupke et al., 2002b), fluorescent or thermophotovoltaic down

conversion(Trupke et al., 2002a), multiexciton generation and etc.

1.2 Multiexciton Generation

Multiple exciton generation or charge multiplication is a well-known phenomenon long time

ago(Kolodinski et al., 1993). However, for bulk semiconductors, it is nearly useless in any

practical solar cells because the required energy (about 3.4 eV for most common solar cell

materials) is already higher than the solar spectrum(Kolodinski et al., 1993). And even with-
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out the high energy requirement, those excess energy usually dissipate into lattice vibration

within pico-second, which is extremely difficult to use in solar cells.

Figure 1.2. A scheme of energy levels in bulk semiconductors and quantum dots

However, the scenario is quite different in quantum dots. As is shown in Figure 1.2, the

electronic structures of bulk semiconductors are usually organized in continuous conduction

and valance bands. But, for quantum dots, when the size of the particles are reduced close

or smaller than the Bohr radius, the electronic structures are no longer continuous, and

they could be roughly treated as a particle-in-box problem. From the solution, we could

easily know the energy levels are discrete and far apart from each other. So due to the

strict restriction of momentum conservation, now it is much more difficult to lose the excess

energy. Therefore, the rapid cooling effect of high energy carrier is largely reduced. And

indeed, efficient multiexciton generation had been reported in several quantum dots made by

different materials.(Schaller and Klimov, 2004; Ellingson et al., 2005; Schaller et al., 2006)
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Figure 1.3. A typical blinking spectra

1.3 The Phenomenon of PL Intermittency/Blinking

Photoluminescence (PL) spectroscopy conducted on individual nanoparticle is a common

technique to study the emissive multiexciton species. When people recorded the PL emission

spectrum, a phenomenon of emission intermittency or blinking as is shown in Figure 1.3

had been noticed, which is described as a frequent random switching between emission on

state and emission off state. It is believed that the phenomenon is caused by superfast

sub-nanosecond exciton charging and dis-charging process(Empedocles et al., 1999).

Obviously, the frequent off state substantially limits the emission efficiency/quantum

yield(QY) of quantum dots.(Efros and Nesbitt, 2016) in order to suppress the blinking,

extensive research had been conducted to study the fundamental intermittency mechanism

in the past few decades(Neuhauser et al., 2000; Cordones et al., 2011; Frantsuzov et al.,

2009), and most believed one of the major reasons for the appearance of off state is due to

additional trapping state at surface, which creates non-radiative pathway for re-combination

of exciton(Finley et al., 2001; Mueller et al., 2010). In this case, a common solution is to

introduce ligands to the surface or adding an encapsulation layer to the nanocrystal.
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Besides, in the individual nanoparticle study, when the average number of excited electron-

hole (e-h) pairs per nanoparticle is larger than 1, regardless of whether they are generated

through a high pump intensity or high energy exciton conversion, the emission from mul-

tiexciton is commonly observed with decaying lifetime much faster than expectation. It is

believed that most extra generated excitons would quickly annihilate each other through

Auger recombination(Klimov et al., 2000).

1.4 Auger Recombination and Giant Quantum Dots

Figure 1.4. (a) Trions and Biexcitons. (b)Instead of typical exciton recombination, the
energy of radiative recombination could be transferred to nearby carriers which “kicks” the
nearby particle to higher energy level and results in a non-radiative recombination

Figure 1.4 shows the typical multiexciton species. Regardless of the origin, the extra gen-

erated charge carriers could and would likely been pumped non-radiatively to a higher trap

state through the recombining energy of nearby exciton. Those charge carriers likely stayed
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in the trap state and lost their energy eventually. This Auger process is also well-known in

the semiconductor fields, however, in contrary to the multiexciton generation, it is nearly

ignorable in bulk materials where significant thermal energies are mandatory(Hagstrum,

1961).

As already mentioned in the previous section, the quantum yield of multi-exciton in

regular quantum dots is surprisingly low, <10% (Zhao et al., 2010a), which caused major

problems in the practical applications in solar cells.

Though the strong quantum confinement enables more efficient multiexciton generation,

it also greatly enhanced the Auger rate due to the activation barrier removal and the closer

distance between two particles.(Klimov et al., 2000) Thus, it would be logical that Auger

rate could be reduced by increasing the size of quantum dots, which is later proved at

2009.(Garćıa-Santamaŕıa et al., 2009) Often quoted as “V-scaling”, the dependence between

radius and Auger rate could actually be higher than r−3 if the size of dots is breaching

the confinement barrier(Garćıa-Santamaŕıa et al., 2009). Other than the optimization of

particle’s size, with further research of Auger effect, a new type of quantum dots was created

where Auger recombination is almost completely suppressed(Mangum et al., 2014a).

Figure 1.5. Conduction and Valence band alignment for CdSe/CdS gQDs

Those new type of quantum dots are based with a core/shell structure shown in Fig-

ure 1.5. The generated electro-hole pairs would locate differently inside the dots: holes
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mostly sit inside the core, while electrons delocalize everywhere. The slightly more separa-

tion of electron and holes reduced the Coulomb interaction, therefore Auger effect is also

reduced.(Garćıa-Santamaŕıa et al., 2009) Later, the shell thickness had been further increased

up to 19 layers, as the specialty of the band alignment of CdS and CdSe, the potential barrier

on the conduction band is much smoother. As a result, holes are better confined in the CdSe

core, while more electrons are located in the thick CdS shell. With all those treatments, QY

of gQDs bi-exciton could potentially hit over 20% (Garćıa-Santamaŕıa et al., 2009), and the

lifetime is well above 1 ns, which made the multiexciton harvesting a lot more practical.

1.5 Energy Transfer Mechanism and Hybrid Systems

Even though quantum dots are great materials with good solar light absorption(Semonin

et al., 2011b) and high quantum yield of both typical excitons and multiexcitons, QDs are not

ideal for electrical application. One straight forward idea is to combine the good properties

from quantum dots with existing good electrical materials, such as Silicon. A decent amount

of hybrid systems is based on charge transfer, which in most cases is very sensitive to the

surface environment and requires good conductivity between those two materials.

Another very different approach is based on energy transfer, first suggested decades

ago(Dexter, 1979), which requires no direct contact and is not affected by the surface. Energy

transfer is usually separated into two types: the radiative one and the non-radiative one.

Radiative energy transfer is majorly an emission and re-absorption process. However,

due to the specialty of the dielectric structure, a decent amount emission would propagate

horizontally inside silicon, which made the transfer still quite efficient till almost 100 nm

away. More details would be discussed in Chapter 3.

Other than radiative energy transfer, non-radiative energy transfer(NRET) is more of a

resonance effect between donor and acceptor. If there is an overlap between the emission

spectrum of donor and the absorption of acceptor, the emission energy released in the donor
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side might simultaneously excite the acceptor group. Such interaction is strongly restricted

to close distance, and usually does not exist with more than 10 nm separation.

Due to the extremely sensitization in the distance response(Barnes, 1998a; Rogach et al.,

2009a), NRET is widely used in biology and chemistry as an indicator of distance change

and molecular interactions(Truong and Ikura, 2001; Sekar and Periasamy, 2003; Silvius and

Nabi, 2006). Other than the mentioned application of multiexciton harvesting in Silicon-QDs

hybrids, increasing attention had been drawn to the energy transfer(ET) from NQDs into

TMDCs recently(Prins et al., 2014a; Srivastava Ajit, 2015; Gartstein et al., 2015a; Sampat

et al., 2016). The efficiency is expected to be quite high in those systems due to the strong

dielectric polarization response of TMDCs(Roodenko et al., 2013). In the experiments,

some interesting results were observed that the distance r dependence is slower than the

traditionally assumed 1/(r4) scaling(Barnes, 1998a; Rogach et al., 2009a). To give an idea

of the ET efficiency for the system of NQDs on top of MoS2, over 90% was observed at a

separation distance around 5 nm(Sampat et al., 2016) while about 85% was observed at a

distance of around 10 nm(Sampat et al., 2016).

1.6 Dissertation Overview

In the first chapter, it is briefly introduced about basic knowledge in the multiexciton gen-

eration and harvesting, which helps to understand the work conducted at UT Dallas. The

following section majorly describes the setup we used in this dissertation. Chapter 3, ex-

perimental results and discussion, is the collection of my published papers(adapted) in the

PHD period. The first section of Chapter 3 focuses on the single particle characterization

of giant quantum dots, and the following three sections talk about the energy transfer of

multiexcitons from quantum dots into silicon or TMDCs.
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CHAPTER 2

EXPERIMENT SETUP

2.1 Single Particle Spectroscopy Setup

A schematic of the experimental setup used in the time-resolved photoluminescence experi-

ments is shown in Figure 2.1.

The setup is built based on an inverted IX71 microscope with a home-built platform,

which is mounted with an X-Y translation stages (PI M-126DG1). Those stages are Labview

controllable, which is later coded to perform a raster scan of PL decaying lifetime. The

primary excitation source in the setup is a pulsed diode laser (PDL 800-B from PicoQuant)

at 405 nm with a tunable repetition rate up to 80 MHz.

To perform a single particle measurement, the QDs solution would be diluted to the level

when each individual particle is roughly a few tens of micrometer away. (the most common

dilution would be 1 to 10000 from stocks for giant quantum dots used in this work) After

a dropcast (with 10:1 Hexane:Octane solvent) onto a quartz cover slide, the prepared slide

would be mounted on the home-built platform and then focused through an oil immersion

objective lens(NA=1.2, 100x). As is shown in Figure 2.1, with the help of the back illu-

mination from a 473 nm CW laser, individual particles are now ready to be identified by

their own emission, and then moved to the location of the excitation laser spot with the help

of a liquid nitrogen cooled CCD camera from Princeton Instruments. The CCD camera,

paired with an Acton 2500i spectrometer, is also used to collect the PL spectrum. Other

than the spectrum, the dynamics of PL decaying lifetimes are collected through two single

photon avalanche photodiodes(APD, PERKINELMER Optoelectronics, SPCM-AQR-13) in

the Hanbury-Twiss geometry, which is achieved with a 50/50 beamsplitter. Then the output

signal of the two APDs are connected to a time-correlated single photon counting(TCSPC)

module with a minimum time resolution of 39 ps(PicoQuant, Timeharp200) using an ex-

ternal router(PicoQuant, PRT 400). A Time-Tagged Time-Resolved (TTTR) data would
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Figure 2.1. A scheme of single particle setup

be generated. As the name suggests, each individual photon event would be recorded with

its corresponding arrival time as well, so the final decaying lifetime is actually a statistical

combination of millions of individual photon events. Then those TTTR data would be fur-

ther processed through SymPhoTime program to study the PL behaviour for each individual

nanoparticle and eventually plotted by IgorPro.

2.1.1 Photon Correlation and Antibunching Measurements

Since the single photon APD and TCSPC module is capable to distinguish each individual

arrival photon, it is also possible to rearrange the start and the stop for the collecting board
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to perform a photon correlation experiment. In this experiment, the Sync signal is not

coming directly from laser anymore, instead, one of the APD output is connected to the

Sync channel. Thus, we could easily get the second-order correlation function through the

built up histogram from millions of photon events.

g(2)(τ) =
< n1(t)n2(t+ τ) >

< n1(t) >< n2(t+ τ) >
. (2.1)

Where τ is theelapsed time between consecutive pairs of photons recorded, n1, n2 are the

number of photon counts arrive at detector 1 or 2 at time t. And g(2)(τ) is proportional to

the probability of detecting a second photon at time t+ τ , where the first one was detected

at time t.

Obviously, since one photon could not been spitted into two, if our target sample is a

single photon emitter, at any given time t, one of the n1(t) or n2(t) would always be zero.

Thus, and the outcome g(2) would also be zero if there is no elapsed time τ between two

detectors. This method is a common technique to determine whether an emitter is a single

photon emitter or not, and in our single particle spectroscopy, it is served as a proof that our

measured emitting particle is not a cluster. Apart from that, since quantum dots are fairly

good multiexciton generators, the photo correlation measurement could also be helpful to

determine the biexciton quantum yield. Since g(2) signal only shows up when there is more

than one photon emits simultaneously, the corresponding biexciton quantum yield could be

easily extracted from the ratio of g(2)(0) to g(2)(T ). Where T is repetition rate.

2.2 Pump-Probe Transient Absorption Spectroscopy

Due to the resolution limits from both laser pulse and collecting board, our previous time-

resolved PL setup is designed only for the emission phenomenon with a lifetime over 300

picoseconds. In order to observe picosecond or some non-radiative process, the transient

absorption spectroscopy is applied. As is shown in Figure 2.2, the pump-probe transient
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Figure 2.2. A scheme for pump-probe system

absorption measurements are based on an amplified Ti:Sapphire laser system with a fun-

damental 100fs beam at 800 nm. It is originally generated from Mira 800, 80 MHz and

then gets amplified by Legend Evolution, Coherent, with an output repetition rate at 5 kHz.

The output 800 nm strong laser beam would be separated into two parts: the first, which

is our 400 nm pump beam, is produced by frequency doubling fundamental in the BBO

nonlinear crystal; the second, which is our visible probe beam, is focused into sapphire plate

to produce visible wight light continuum from 460 nm to about 800nm. After both pump

and probe meets at the surface of the target sample, the transient visible light would be

guided into a spectrometer paired with photo-detector, while the 400 nm pump beam would

either been blocked or guided away from the entrance of spectrometer. The output of the

photo-detector would then been collected after being amplified by a current preamplifier and

lock-in amplifier(Stanford Research System, SR 570 and SR 830).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Multistate Blinking and Scaling of Recombination Rates in Individual Silica-

Coated CdSe/CdS Nanocrystals

Reprinted(adapted) with permission from ref.(Sampat et al., 2015) copyright 2017 Royal

Society of Chemistry

Semiconductor nanocrystal quantum dots (NQDs) have long demonstrated broad techno-

logical potential for various optoelectronics applications, ranging from lasers (Klimov et al.,

2000) and light-emitting devices (Colvin et al., 1994; Caruge et al., 2008b) to biological

imaging and molecule tagging (Bruchez et al., 1998) to quantum cryptography and commu-

nications. (Lounis et al., 2000; Michler et al., 2000) Among various intrinsic and extrinsic

electronic processes found in NQDs, non-radiative Auger recombination plays a central role.

In the Auger process, energy of a recombining electron-hole pair is not converted into a

photon, but instead is transferred to a third charge carrier, either an electron or a hole,

promoting it to a higher lying energy state. This process is extremely efficient owning to

Coulomb interaction of the strongly confined charge particles and relaxation of the momen-

tum conservation requirement. In a large variety of nanocrystals, Auger dynamics range

from a few to hundreds of picoseconds, (Robel et al., 2009) profusely affecting dynamics of

multiexcitons and playing a central role in phenomena of fluorescence intermittency (“blink-

ing”). As a result, it severely limits the emissivity of the multi-carrier states, complicating

realization of lasers and single photon sources.

Early experiments to study Auger recombination dynamics were conducted via femtosec-

ond transient absorption (TA) measurements in ensemble NQD samples and were primarily

focused on the dynamics of the charge neutral multiexcitons. (Klimov et al., 2000; Pandley

and Guyot-Sionnest, 2007) They established an important universal trend of Auger lifetimes
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scaling with nanocrystal’s volume (often refereed as “V-scaling”) in a large variety of mono-

component NQDs of various sizes, shapes and compositions.(Robel et al., 2009) Scaling of

the Auger times with the number of neutral excitons N in these nanocrystals have been

predicted to follow statistical scaling law that counts the number of possible recombination

pathways.(Klimov et al., 2008) A number of the experimental studies in ensemble NQD

samples have been conducted and reveal a general validity of this rule when applied to sym-

metric multiexciton configurations. However, accuracy of these measurements are affected

by ensemble inhomogeneity and majority of data interpretation requires intricate analysis

of the femtosecond TA dynamics. (Robel et al., 2009) More recently, studies of the Auger

dynamics of singly charged excitons (trions) have been conducted at the single nanocrystal

level. (Galland et al., 2011, 2012; Park et al., 2014) No studies, however, have addressed scal-

ing statistics for higher order charged and neutral multiexcitons at single nanocrystal level.

Such knowledge, unobscured by ensemble averaging, will likely uncover effects of core/shell

composition on photophysical properties and benefit a number of prospective applications.

Recently, a new type of core/shell NQDs in which a CdSe core is overcoated with an

especially thick (>10 monolayers) monocrystalline CdS shell has been introduced. (Chen

et al., 2008) These nanocrystals, often dubbed “giant” (gNQDs) due to their larger size

(diameters 10-15 nm), posses unique optical properties such as nonblinking PL and strongly

suppressed Auger recombination. (Htoon et al., 2010; Park et al., 2011) They have shown

multiexciton emission in the PL spectra at low temperatures, (Htoon et al., 2010) and

enhanced biexcitonic emission in ambient conditions, both at the individual nanocrystal

level on glass(Park et al., 2011; Mangum et al., 2014b) and when coupled to the interacting

metallic or graphene substrates. (Park et al., 2013) Therefore, gNQDs with suppressed

Auger recombination present a unique materials system lending themselves to studies of the

dynamics of the multiexcitonic states.

Here we present, for the first time, a comparative experimental study of the scaling of

Auger recombination rates for up to 8 different excitonic states conducted on individual
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nanocrystals. The goal of the study is to evaluate the validity of the multiexciton lifetime

scaling and to infer the factors that affect mutliexciton recombination dynamics and their

influence on the photophysical properties of CdSe/CdS gNQDs. This study has been enabled

by new synthetic approach that allows the fabrication of thick shell CdSe/CdS gNQDs with

an additional silica (SiO2) coating. This layer facilitates the appearance of a charged exci-

ton and multiexciton states to allow their spectroscopic identification. Photoluminescence

(PL) blinking traces of individual gNQDs recorded at different excitation powers show the

consecutive emergence of several emissive states, each characterized by a well defined emis-

sion intensity and PL lifetime. For low excitation powers we observe emission from neutral

exciton (X0) and singly charged trion states (X− and X+), both with suppressed Auger

recombination. At the higher excitation powers (for the same gNQD), a large variety of

additional emissive levels are observed. These discrete and well-defined emissive states are

characterized by lower emission quantum yields (QY) and faster PL lifetimes, indicative of

higher order excitons. We employed a statistical scaling model for Auger and radiative rates

based on the experimentally measured values of PL QYs and lifetimes of neutral exciton

and trions. Such analysis allowed us to unambiguously assign the additional emissive levels

to doubly negatively charged excitons (X2±), biexciton (XX), charged biexcitons (XX±)

and triexciton (TX). Further analysis of the TX emission statistics indicated that its scaling

deviates from statistical due to the e-h pair recombination occurring between states of the

different symmetry.

3.1.1 Experimental

In our experiments we study CdSe/CdS gNQDs that consist of a CdSe core with diameter of

d ≈ 4nm capped with 16 monolayers of CdS, prepared via the SILAR method as originally

described in Ref. (Chen et al., 2008) As prepared, CdSe/CdS gNQDs are hydrophobic and

form stable suspensions in standard nonpolar solvents. To transfer gNQDs to the aqueous
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phase, a reverse microemulsion technique is applied to add a surface coating of negatively

charged silica that affords SiO2 thicknesses tunable from 10-17.5 nm. (Ding et al., 2012;

Karan et al., 2015) In brief, Igepal CO-520 (0.5 g), cyclohexane (8 mL) and gNQDs in

cyclohexane (450 µL of stock solution; optical density at first absorption peak is 0.15) are

sonicated in a vial for 10 min. 100µL of NH4OH is then added and the mixture is sonicated

to obtain a clear solution. Finally, tetraethyl orthosilicate (80 µL) is added and the vial

is closed and stirred vigorously for 48 h. Silica-coated gNQDs are purified by ethanol and

redispersed in nanopure water to obtain a final concentration of ∼5 nM.

For single-dot spectroscopy, aqueous NCs are dispersed onto a hydrophilic quartz sub-

strate with the density on the order of 0.01 per µm2. The sample is mounted on a translation

stage of an optical microscope and gNQDs are excited at 405 nm with 50 ps pulses through

a 100×, 1.2 NA oil-immersion objective that is also used to collect PL. The inter-pulse dura-

tion is set to be much longer than the PL decay times in order to ensure complete relaxation

of excitons between sequential laser pulses. PL signal is sent to a pair of Perkin-Elmer

avalanche photodiodes (SPCM AQR-13) positioned at two arms of the standard Hanbury-

Brown-Twiss (HBT) arrangement with 50/50 beam splitter. For PL blinking traces only

one of the detectors is used, while for bi-excitonic quantum yield measurements, second-

order photon correlation functions (g2(τ)) are recorded. Time-tagged time-correlated single

photon counting (TCSPC) is performed using PicoQuant TimeHarp electronics. TCSPC

simultaneously records photon arrival times with respect to the beginning of the measure-

ment cycle and to the excitation laser pulse. Hence, it allows us to compile PL decay curves

for any particular time segment of the PL intensity trajectory or a chosen window of the

intensity distribution function. The overall system time resolution was <1 ns.

3.1.2 Results and Discussion

The simplest electron-hole configuration that can be found in a photoexcited nanocrystal is

neutral exciton, X0, followed by singly charged excitonic states, trions (X±). The negative
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trion (X−) consists of two electrons in the 1Se state and a hole in 1Sh state while the positive

trion (X+) has a reversed order, one electron and two holes (Figure 3.1 (a)). In principle, for

NQDs with strongly suppressed Auger rates, more emissive states corresponding to higher

order excitons are expected. When a nanocrystal is consecutively charged with additional

electrons and holes, we expect the emergence of doubly charged trions (X2− and X2+), Figure

3.1 (b). At higher excitation levels, when direct photogeneration of biexcitons is possible,

extra charging is expected to result in charged biexcitons, XX− and XX+, Figure 3.1 (c),

and subsequently, neutral triexciton (TX, three electrons and three holes).

One of the mechanisms that may produce singly and doubly charged excitons is electron

injection from nearby impurities. It is a well-known effect in epitaxial QDs grown on the

wetting layer where impurities in surrounding solid-state matrix serve as charge donors or

acceptors. Epitaxially grown QDs normally exhibit smaller Auger rates, resulting in the

appearance of multiply charged excitonic states in the PL emission spectra.(Baier et al.,

2006) As we have previously reported, (Karan et al., 2015) the SiO2 shell that encapsulates

gNQD is a mesoporous layer rather than a solid, crystalline one. Likely, the hydrolysis or

polymerization of the starting tetraethyl orthosilicate (TEOS) is incomplete and results in

the porous nature of this shell. We suggest that lone pair electrons on the oxygen atoms of

the sol-gel siloxane bonds may serve as electron-donating sites adding to the photogenerated

charge carriers in the gNQD. In our recent work, (Karan et al., 2015) we observed PL

emission from various types of SiO2 coated gNQDs to show either quenched or quasi-stable

or ‘flickering’ emission. Quasi-continuous distribution of the emissive states have previously

been observed in some medium-sized CdSe/CdS gNQDs (Malko et al., 2011) and can be a

result of the fast switching between multiply charged states on the time scales shorter than

the binning time of the TCSPC measurement as shown in Figure S1 (Suppl. Info).

In this work, a subset of gNQDs coated with 17 nm silica shell exhibit a markedly different

blinking behavior with the appearance of a large number of discrete and separable emission
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Figure 3.1. (a) Schematics of silica coated gNQD and localization of an electron and a hole
in a gNQD. Schematics of (b) singly and doubly charged excitons and (c) neutral and charged
biexcitons and tri-exciton. Blue arrows show possible radiative recombination pathways with
the total radiative rate for each type of exciton. Red arrows show total Auger recombination
rate in units of singly charged trion Auger rates as described in the equations in the text.

levels. Figure 3.2 displays PL intensity trajectory, corresponding intensity histogram and

decay dynamics for such a dot at low pump fluence of Nav = 0.2 pairs per pulse to avoid

direct generation of multiexcitons. The highest intensity level corresponding to peak # 1

in the PL histogram (red shaded region) can be ascribed to a fully ‘bright’, neutral exciton

emission. The next two peaks in the histogram (# 2 and # 3) are attributed to partially

emissive, ‘grey’ states from negatively (X−) and positively (X+) charged excitons.(Spinicelli

et al., 2009; Park et al., 2014). The PL intensity levels of charged states are dictated by the

degree of Auger recombination for the corresponding 3-particle recombination channel. It

was shown earlier that Auger recombination of X− in CdSe/CdS gNQDs can be completely
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Figure 3.2. a) PL intensity histogram and PL blinking trace and (b) extracted PL lifetime
traces color coded to three intensity levels shown in (a). Excitation level Nav ∼ 0.2

suppressed,(Galland et al., 2012) resulting in apparent ‘blinking-free’ behavior. On the other

hand, Auger rate for X+ is usually larger than that of negative trions (kX+
A � kX−A )(Cragg

and Efros, 2009), with the maximum observed quantum yields QY (X+) ∼ 5%. (Park et al.,

2014) This asymmetric behavior is, in part, a consequence of the greater density of the

valence band states and more pronounced hole localization in the gNQD’s core as compared

to that of an electron, which tends to delocalize over a much larger volume of the gNQD.

In the past, it was widely assumed that radiative times in the core/shell nanocrystals

scale statistically implying linear superposition of the decay channels. (McGuire et al., 2008)

In the case of trions (X±), this assumption leads to their radiative decay times to be twice

as short as that of the neutral exciton, i.e. τXr /τ
X±
r = βstat = 2. However, given the quasi

type-II confinement in CdSe/CdS gNQDs, the Coulomb potential of the core-localized hole

confines the electron closer to the core. An additional electron introduced to the gNQD (as

in X−) would now experience an effective repulsion from the core due the presence of the

core bound electron, effectively “shielding” Coulomb attraction of the hole. Both electrons

would also tend to repel each other causing further reduction in the electron-hole overlap.

As the result, β (overlap factor) will be smaller than the ideal value of β = 2. Recently,

the measurements obtained for the intentionally alloyed CdSe/CdS gNQDs have shown β

in the range 1.5-1.7. (Park et al., 2014) On the contrary, we do not expect a significant
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reduction for β for X+. The valence band offsets in these CdSe/CdS gQNDs are much

larger (∼ 0.4eV ), leading the the strong localization of the both holes in the core regardless

on the much smaller Coulomb repulsion.

We now analyze PL intensity levels and decay traces extracted from the color coded to

these states as shown in Figure 3.2. A certain PL intensity level Ii can be ascribed to each

of the states and the experimentally measured PL quantum yield (QY i) is given by the ratio

of the intensity of the state to the intensity of X0: QY i = Ii/IX0 assuming that QY (X0)=1.

(Park et al., 2011) Using PL intensity histogram to obtain average values of intensities of

each of the emissive states, we find QY (X−)=0.62 and QY (X+)=0.48. High values of the

X± quantum yields imply that for these species, Auger rates are comparable to radiative

decay rates. Exponential fits to PL decays yield the lifetimes τX
0

= 72ns, τX
−

= 30ns and

τX
+

= 18.5ns. The radiative decay rate kir of a charged state “i” can be related to the decay

rate of the neutral exciton, kX
0

r as in equation 3.1,

kir = βikX
0

r . (3.1)

while the quantum yield of a charged state “i” in the presence of a non-radiative Auger

process is defined as shown in equation 3.2

QY i =
kir

kir + kiA
(3.2)

where kiA is Auger decay rate of this state.
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As the result, following expressions relate Auger rates of the trions, experimentally mea-

sured quantum yields, QY X±
, measured PL lifetimes, τX

±
and β factors.

βX
±

=
QY X±

τX
0

r

τX± (3.3a)

kX
±

A = kX
±

r (
1

QY X± − 1) (3.3b)

1

τX± = kX± = kX
±

r + kX
±

A (3.3c)

Using the measured values of quantum yields, lifetimes of X± and τX
0

r = 72 ns, we

extract βX
−

= 1.49 and βX
+

= 1.87, in close agreement with previous measurements. (Park

et al., 2014) Next, we evaluate scaling of the radiative and Auger recombination rates for

multiply charged species. As described earlier, radiative scaling factor βi depends on the

number of extra electrons or holes present in the gNQD core and may differ considerably

from the ideal scaling law. It has been recently shown,(Gao et al., 2015) that radiative and

Auger rates for excitonic species charged with extra number of electrons (−δ ) or holes (+δ)

are given by:

kX±δr = βX±δkX
0

r (3.4a)

kX±δA =
δ(δ + 1)

2
kX

±

A (3.4b)
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In the case of statistical scaling, βstat = (1 + δ) regardless of the sign of the extra added

charge. Similarly, scaling of radiative and Auger rates for neutral and charged biexcitonic

species can be written as:

kXX±δr = βXX±δkX
0

r (3.5a)

kXX±δA = (1 + δ)(2 + δ)kX
±

A + (2 + δ)kX
∓

A (3.5b)

kXXA = 2(kX
−

A + kX
+

A ) (3.5c)

Here, ideal βstat = 2(2 + δ). As expected, Auger decay rates of multiexcitonic species are

directly related to those of trions that represent an elementary 3-particle Auger recombina-

tion channel.(Gao et al., 2015)

At this moment, we would like to point out that the above application of statistical model

is valid only when applied to the recombination involving states of the same symmetries. In

CdSe-based nanocrystals, a third electron or hole will necessarily occupy 1P state. However,

hole’s energy levels are split due to the effects of exchange interactions, internal crystal field

and shape anisotropy.(Efros and Rosen, 2000) At room temperature, the S and P states of

the hole are thermally mixed, resulting in a quasi-continuum of the states. As a result, it is

expected that an electron in the P state will be able to recombine with any hole and thus

follow statistical scaling. (Park et al., 2013)

Following statistical scaling, we considered β factors for a number of excitonic complexes.

We expect that due to the quasi type-II confinement found in CdSe/CdS gNQDs, β is close

to ideal for positively charged species (as for X2+) due to the tight confinement of the holes,

but may be considerably smaller for negatively charged ones (as for X2−). In case of the

neutral biexciton (XX), β = 4, however, taking into account electron delocalization, more

representative figure is estimated as βXX ≈ (βX
−

+ βX
+

) ∼ 3.4. Table 3.1 summarizes ideal
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and expected values of β, where values for X+ and X− are calculated from the experiment.

In our later analysis, we discuss the effect of variations in values of the β on the identification

of the emissive states.

Table 3.1. β factors
State Statistical scaling Expected scaling

X− 2 1.49 (measured)
X+ 2 1.87 (measured)
X2− 3 2 (expected)
X2+ 3 3 (expected)
XX 4 3.4 (measured)
XX− 6 5 (expected)
XX+ 6 6 (expected)

To observe signatures of the multiexcitons and higher order charged exciton states in the

PL emission, we recorded PL blinking data at higher excitation level of Nav ∼ 1.4 as seen

in Figure 3.3. In addition to the previously observed states (labeled #1, #2, and #3) with

PL lifetimes corresponding to the previously identified X0 and X± states, several additional

states can now be resolved. Their lower PL quantum yields and faster PL lifetimes suggest

higher order excitonic states.

Using equations 3.3, 3.4, 3.5, together with expected values of β and Auger rates kX
±

A

of trions as the input parameters, we can compute expected values of quantum yields and

PL lifetimes for various types of excitons. We then compare them with the experimentally

observed quantum yields QYi = Ii/IX0 and PL lifetimes that are shown in Figure 3.3 for

the newly emerging states #4-6 in the PL intensity histogram. It is seen that unlike X0

and X± states that are unmistakably separable (peaks #1-3 in the histogram), states #4-6

in the lower intensity region appear to be more ambiguous and overlap considerably. One

possible reason for this behavior is fast switching between the states on the time scale shorter

than binning time (20 ms), resulting in the appearance of ‘flickering’ behavior. Nonetheless,

detailed analysis of the blinking trace reveals a larger number of separable emission levels
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Figure 3.3. (a) PL intensity histogram and (b) PL blinking trace of the same silica coated
gNQD at the excitation level Nav ∼ 1.4. (c-j) Expanded view of the blinking trace at
certain time intervals illustrating number of distinct intensity levels. Insets: PL lifetimes
extracted for the duration of each intensity level as indicated by shaded regions. (k) Second-
order correlation function g2(τ) for this particular gNQD. (l) schematics of the two-photon
correlation setup for direct measurements of biexciton quantum yield.

than the peaks in intensity histogram suggest. Panels (c-j) in Figure 3.3 show 8 separable

emission levels below X− (IX− = 12 kHz) emission state. The noise level is discernibly

smaller than the separation between the levels, allowing for their individual analysis. PL

decay traces are extracted within the duration of each intensity level (shaded regions) and

are shown as insets to each of the panel (c-j).

Table 3.2 lists measured PL QYs and lifetimes for the intensity levels shown in Figure 3.3,

compares them to the computed values QYc and τc for several excitonic complexes and makes

assignment of emissive states. For example, levels at 10, 9 and 8 kHz PL emission intensity

27



are found within the envelope of the X+ peak in the PL intensity histogram. However, while

levels 10 and 9 kHz exhibit similar lifetimes (18 and 17 ns) and match well to the computed

parameters of the X+ state, 8 kHz level exhibits 13 ns lifetime, suggesting a different origin.

Our analysis shows that levels 8 and 7.2 kHz correspond to doubly negatively charged exciton

X2−. It is interesting to note that many states, including the neutral exciton level X0, are

split as seen in Figure 3.2 and 3.3. It is possibly a result of the modified charging environment

due to the presence of the silica shell. Peak #5 (at Ii = 6 kHz) corresponds to PL parameters

of neutral biexciton, XX. At the same time, calculations also suggest that doubly positively

charged exciton, X2+ has similar computed parameters (QY X2+

c = 0.28 and τX
2+

c = 6.5

ns). However, we argue that this emission is more likely to be originating from biexcitonic

recombination. Intensity level of 4 kHz remains largely unidentified, possibly originating

from charged biexcitons, (XX±).

Direct measurements of multiexciton dynamics in single nanocrystals at ambient tem-

peratures are often challenging due to the low emission quantum yield of these species and

superposition of the emission lines in the PL spectrum. Nevertheless, direct measurements

of the biexciton dynamics (Park et al., 2014; Jha and Guyot-Sionnest, 2009; Zhao et al.,

2010b) indicate that the rate of the Auger recombination can indeed be presented as the

superposition of the independent negative and positive trions pathway as written in Eq. 3.5.

Taking into account scaling of the radiative recombination rate kXXr , we compute XX PL

emission quantum yield and lifetime as shown in Table 3.2. These values are close to the mea-

sured QY and PL lifetimes of the peak #5 in the PL histogram in Figure 3.3. Furthermore,

biexciton quantum yield QY XX can be independently measured via two-photon correlation

statistics as was recently shown.(Nair et al., 2011; Park et al., 2011) Panel (k) in Figure 3.3

presents normalized second-order correlation function g2(τ). Value of g2(0) = QY XX ∼ 0.22

is determined from the area ratio of center and side peaks. As illustrated on the schematics

shown in panel (l), in pulsed two photon correlation experiment only consecutive emission
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of two photons in quick succession (XX → X → 0) will contribute to the non-zero value

g2(0). Emission from X2+ state, however, only provides one photon and does not contribute

to g2(0). We therefore conclude that the majority of the emission at 6 kHz intensity level

(peak position #5) represents biexcitonic emission, with possibly some contribution from

X2+ as indicated by the difference in quantum yield measurements.

To further test the validity of our approach, we analyze gNQDs with low QY XX that will

indicate higher Auger rates for charged excitons. Recently, Vaxenburg et al., has calculated

strong dependence of the Auger rates of the X- excitons in colloidal nanocrystals as a function

of their size.(Vaxenburg et al., 2015) Thus, gNQDs with low QYXX are expected in an

ensemble due to the inherent size dispersion in the gNQD fabrication process.(Xie et al.,

2005)In such dots, we do not expect to observe the same multitude of the intensity levels

at high excitation fluences as they necessarily will have very low quantum yields. Blinking

traces for one such dot from the same ensemble with QY XX ≈ 0.05 is shown in Figure S2

(Suppl. Info). Even at high excitation level Nav ∼ 2.6, only three clear states are observed

in the PL intensity histogram. They are similarly ascribed to neutral and charged excitons

with measured lifetimes τX0 = 41 ns, τX− = 9 ns and τX+ = 5.5 ns and QY X−
= 0.38

and QY X+
= 0.24, matching the calculated lifetimes. The expected biexciton PL lifetime is

calculated to be τXXc < 2ns. No other well-defined intensity levels are observed below the

X+ level, indicating that all multicharged species have even lower QYs and lifetimes.

In addition to various single and charged exciton and biexciton species, peak #6 (3 kHz

intensity level) has been assigned to triexciton, TX. The spectral signatures of TX emission

in single CdSe nanocrystals have recently been reported using fast gated PL detection via

the streak camera.(Zhao et al., 2010b) In that work, quantum yield of TX emission was

estimated to be less than 1% due to strong Auger recombination common for regular NQDs.

In the case of gNQD with electron delocalization into the shell, 1P electron energy level is

expected to be only moderately higher as compared to 1S state due to much larger total
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gNQD size. This makes it difficult to observe higher energy shoulder in the integrated PL

emission spectra at the room temperature. Following the earlier argument about hole’s S-P

mixing, it is not clear what kind of scaling is expected for TX Auger rates. Neglecting

S-P interband transitions and applying selection rules for the optical transitions (so called

“quantum scaling”), Rupasov et al., (Klimov et al., 2008) have theoretically shown TX Auger

time to be 2.5 times smaller than the Auger time of the biexciton, τXXA /τTXA = 2.5. Ensemble

data extracted from the analysis of the 1S transient absorption (TA) dynamics of regular

NQDs indicate that τXXA /τTXA varies from ∼ 2.3 to ∼ 3.4 depending on the size of the NQD.

(McGuire et al., 2008) On the other hand, statistical scaling of the TX Auger times would

lead to the factor of 4.5 difference.(Klimov et al., 2008) For the case of statistical scaling,

we would obtain computed QY TX
c ∼ 0.18 and τTXc ∼ 1.7 ns, while for quantum scaling,

QY TX
c ∼ 0.22 and τTXc ∼ 3 ns. Overall, these lifetime values are much lower than those of

XX and only come close to the measured values for peak #6 as compared in the Table 3.2. Its

fairly low occurrence in the PL distribution histogram as compared to XX further supports

its assignment as the TX state. The measured time, τTXm ∼ 2.6 ns, is substantially different

from the predicted value based on the statistical model and may indicate that S-P mixing

is not quite complete. Finally, peak #7 can be ascribed to even higher charged excitonic

complex, with nearly completely quenched, ‘dark’ state emission.

It is important to analyze the robustness of the results with respect to variations in

the values of β and Auger rates. As discussed, Auger scaling equations for higher order

excitons rely on the Auger rates of trions and on the accurate assessment of β. As shown

in Table 3.1, β for higher order negatively charged excitons, such X2− and XX− differ from

ideal scaling due to electron delocalization and reduced overlap. However, for higher order

excitons Auger rates become prevalent and for the most part, define the emission from states

with low quantum yields. For example, if we consider β = 2.5 for X2− state, the computed

quantum yield and lifetime parameters would be QYc = 0.42 and τc = 11.5ns, still allowing

us to assign peak #4 to this state.
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Substantiation of these results within the rate scaling model has also important impli-

cations in the context of fluorescence blinking. As described in a recent review, (Cordones

and Leone, 2013) majority of recent approaches explaining blinking mechanisms fall into two

general categories. One approach assumes that charge trapping leaves nanocrystal core ef-

fectively charged and Auger recombination then non-radiatively quenches the fluorescence of

the charged exciton. The other approach assumes that externally trapped charge can quickly

(before the next excitation cycle) recombine with its countercharge in the core via some non-

radiative mechanism, also resulting in flourescence quenching. In this case, dynamics of the

blinking states are determined by the fluctuation of the charging rates. Depending on the

materials systems and excitation conditions (Knappenberger et al., 2007) there exists exper-

imental data in support of either blinking mechanisms. The observation of the multitude of

the well-defined emission states with the PL parameters that follow scaling statistics of the

recombination rates clearly advocates for the Auger-related origin of blinking in core/shell

CdSe/CdS gNQDs.

3.1.3 Conclusion

In summary, we performed extensive single-dot spectroscopy studies of the charged and

neutral excitons and multiexcitons in giant silica coated CdSe/CdS nanocrystals. Upon

the increase of the excitation fluence, we observed the consecutive emergence of up to 8

well-defined intensity levels with progressively lower QYs in PL blinking trajectories. Using

scaling approach to describe the evolution of the Auger and radiative recombination rates,

we assigned these emission levels to singly and doubly charged exciton, biexciton and triex-

citon states. Using PL intensity and second-order correlation function measurements, we

confirmed Auger rate of biexciton to be twice the sum of the X− and X+ Auger decay rates,

further proving its decay in terms of a superposition of independent negative and positive

trion Auger pathways. PL QY of the triexciton state was found at ∼14%, the highest re-

ported in the literature. Our studies, performed at the single nanocrystal level and free from
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the inhomogeneity effects inherent to ensemble measurements, generally proved the validity

of the statistical scaling model for Auger and radiative recombination rates for the lower

order excitons. We, however, observed deviations from statistical scaling for triexciton re-

combination rates, most likely due to transitions involving states with different symmetries.

The observation and analysis of highly emissive multiexcitonic complexes will foster future

research in the area of colloidal nanostructures with suppressed Auger recombination. We

expect such nanoemitters to find numerous applications in areas from biological labeling and

imaging to optoelectronics and quantum information.

3.2 Biexciton and Trion Energy Transfer from CdSe/CdS Giant Nanocrystals

to Si Substrates

Reprinted(adapted) with permission from ref.(Guo et al., 2017) copyright 2017 Royal Society

of Chemistry

3.2.1 Introduction

Quantum confinement of charge carriers in semiconductor nanocrystal quantum dots (NQDs)

gives rise to the atomic-like excitation energy spectra and may also facilitate higher-order

excited species comprising more than one electron-hole pair (neutral exciton, X0) inside the

small volumes of NQDs.(Klimov, 2014) Higher-order excited species, also called multiexci-

tons (MXs), include, in particular, trions (i.e. exciton charged with extra hole/electron,

X±) and biexcitons (two electron-hole pairs, BX).(Zhao et al., 2012; Javaux et al., 2013;

Spinicelli et al., 2009; Hiroshige et al., 2017; Hartstein et al., 2017) Such species possess a

variety of photophysical properties potentially important for photonic and optoelectronics

applications ranging from emission of regulated photon pairs for quantum computing and

cryptography,(Michler et al., 2000; Shields, 2007) to lasers and photodetectors,(Klimov et al.,

2000; Sukhovatkin et al., 2009; McDonald et al., 2005) and to photovoltaic (PV) devices,(Ip
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et al., 2012) where harvesting of MXs could increase the conversion efficiency.(Semonin et al.,

2011a)

Much of colloidal NQD research has been concentrated on core/shell NQDs such as

CdSe/ZnS, in which the emitting core is overcoated by a thin layer of a high bandgap shell

material, with the main goal to improve surface passivation and exciton photoluminescence

(PL) quantum yield (QY). In those dots, however, higher-order excitations undergo fast

decay via nonradiative Auger processes mediated by the enhanced carrier-carrier interactions

in strongly confining NQDs. This process has long been thought to be the primary cause of

the ubiquitous blinking behavior in colloidal NQDs. Blinking is commonly pictured as the

NQD cycling between states of high- (ON) and low- (OFF) PL intensity levels associated

with transitions among X0 and a charged state with Auger-quenched intensity. (Efros and

Rosen, 1977) Later studies, however, have pointed towards a more complex nature of the

blinking process, sometimes involving a number of partially quenched, “grey” states and

several blinking mechanisms have now been proposed. (Verberk et al., 2002; Margolin et al.,

2006; Zhang et al., 2006; Zhao et al., 2010c; Rosen et al., 2010; Qin and Guyot-Sionnest,

2012; Fernee et al., 2012; Xu and Cotlet, 2012; Qin et al., 2017)

The resulting typical MX decay times of tens to hundreds of picoseconds(Klimov et al.,

2000; Fisher et al., 2005; Klimov, 2014) are indeed much shorter than the decay times of

X0, which are usually measured in tens of nanoseconds. This, of course, poses substantial

difficulties for practical utilization of MXs: e.g., by limiting the BX optical gain for las-

ing(Klimov et al., 2000) or requiring elaborate charge injection/extraction schemes in NQD

devices.(Bae et al., 2013) In particular, short lifetimes of MXs present a practical problem for

their utilization in carrier multiplication (CM) schemes. Contrary to bulk semiconductors,

CM in colloidal nanocrystals is facilitated by the strong carrier confinement and converts

energy of a UV photon by instantaneously generating lower energy MXs, thus avoiding ther-

malization energy loss.(Klimov, 2014; McGuire et al., 2008) However, its applicability in PV

devices remains to be improved.(Semonin et al., 2011a)
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Fortunately, strong suppression of Auger recombination has been recently realized in a

different type of core/shell nanocrystals, often dubbed “giant” NQDs (gNQDs), in which

a CdSe core is overcoated with especially thick (> 10 monolayers) crystalline CdS shells.

(Chen et al., 2008; Htoon et al., 2010; Park et al., 2011) Giant nanocrystals have been

experimentally shown to exhibit high BX (Park et al., 2011; Mangum et al., 2014b) and MX

(Sampat et al., 2015) quantum yields naturally lending themselves to studies of the dynamics

of various higher-order excited states.

It has been recently demonstrated(Lu et al., 2009; Nguyen et al., 2011, 2012; Nimmo et al.,

2013; Yeltik et al., 2013; Peng et al., 2015; Hoang et al., 2016) that energy transfer (ET)

from photoexcited colloidal NQDs to Si substrates in hybrid nanostructures presents a viable

alternative to the more conventional charge extraction from NQDs; this ET helps avoiding

the inherent pitfalls of low charge carrier mobilities and interfacial trapping in NQD systems.

Energy transfer is also different from the electrostatic charging effect, where the electric field

of the photoexcitated carriers residing in the top NQD layer affects the conductance of the

semiconductor substrate below. This mechanism has been utilized to modulate photoinduced

current in the field-effect transistor (FET) NQD/semiconductor structures.(T et al., 2008;

Paltiel et al., 2006) Energy transfer is mediated by near-field electromagnetic interactions

and can be effectuated via both nonradiative (NRET) and radiative (RET) mechanisms,

whose relative importance depends on the NQD emission wavelength and on distance h to

the Si interface.(Nimmo et al., 2013) In the NRET process, effective for h up to several

nanometers, the NQD exciton is directly converted into an electron-hole (e-h) pair in the

substrate. In the RET process, the NQD exciton is converted into a (waveguiding) photon

that would propagate in the substrate and may further result in the production of an e-

h pair. RET provides for a much longer, h on the order of tens of nanometers, range

of efficiency. In contrast to the extensive research dedicated to ET from X0 in different

environments,(Crooker et al., 2002; Franzl et al., 2004; Achermann et al., 2004; Rogach
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et al., 2009b; Nguyen et al., 2011; Dutta et al., 2015; Hoang et al., 2016; Guzelturk and

Demir, 2016; Kershaw et al., 2017) ET processes from higher-order NQD excitations have so

far received little attention, particularly due to limitations stemming from low QYs and fast

PL lifetimes of these species. MX ET process has a sequential nature. For instance, once an

electron-hole in BX recombines and transfers its energy, another pair remains and comprises

now a neutral exciton, which, in turn, also transfers its energy to Si. When a trion ET

occurs, the NQD is always left with one uncompensated charge. We note here the reports

of NRET from BX into neighboring small molecules (Huang et al., 2016) and biexciton

Förster-type ET between adjacent colloidal nanoplatelets (Rowland et al., 2015) as well as

from trions into a two-dimensional MoS2 substrate.(Sampat et al., 2016) It is clear, however,

that experimental realization of efficient energy extraction from MX species into mainstream

semiconductor substrates such as Si could provide qualitatively different opportunities for the

photonic and optoelectronic applications of nanocrystal-based MX generation and collection.

Here, we use large core/large shell gNQDs that feature trion (generalized as XT) and

BX emission signatures to examine ET from these excitations into underlying crystalline Si.

First, single gNQDs are imaged on quartz and Si substrates and their PL blinking traces

analyzed in order to identify characteristic PL emission times from different excitations.

We then proceed towards more practically oriented ensembles of NQDs on the substrates:

(sub)monolayers of gNQDs are assembled on both SiO2 reference and on Si substrates and

behavior of their PL signatures is quantitatively compared. The PL emission spectra of

gNQD reference samples exhibit clear power-dependent evolution of the emission lineshape.

Combined with time- and spectrally-resolved PL lifetime measurements and consistent with

the single gNQD data, this evolution corresponds to the appearance of the XT and BX

emission at increasing excitation levels. Giant NQDs assembled on Si substrates show a

similar behavior but with distinctly shorter PL emission lifetimes for all three types of

NQD excitations, indicating an opening of the efficient ET channel from excited NQDs
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into Si. Comparison of PL decay dynamics allows us to reliably derive ET efficiencies for

each species, ranging from ∼ 75% for X0 to 45% for BX. Statistical analysis of the decay

dynamics reveals the leading role of the radiative (waveguide) energy transfer (RET) in

maintaining high multiexciton ET efficiencies despite the substantial effects of the Auger

recombination. Thus, not only we provided experimental evidence of the MX energy transfer

into a semiconductor substrate but also pointed towards the viability of MX harvesting from

optically thick NQD solids into technologically relevant PV materials.

3.2.2 Experimental setup and description of samples

In our experiments we study CdSe/CdS gNQDs that consist of a CdSe core with diameter

of d ' 5 nm capped with 16 monolayers of CdS, prepared via the SILAR method as orig-

inally described in Ref. 20. Giant NQDs are passivated with insulating oleic acid ligands,

with the total size of the dot at r ' 9 − 10 nm radius as seen in ESI†, Figure S1. For

single-dot spectroscopy, gNQDs are dispersed onto either quartz or alkyl passivated oxide-

free Si substrate with the density on the order of 0.01 per µm2. The sample is mounted on

a translation stage of an optical microscope and gNQDs are excited at 405 nm with 50 ps

pulses through a 100×, 1.2 NA oil-immersion objective that is also used to collect PL. The

inter-pulse duration is set to be much longer than the PL decay times in order to ensure

complete relaxation of photoexcitations between sequential laser pulses. PL signal is sent

to a pair of Perkin-Elmer avalanche photodiodes (SPCM AQR-13) positioned at two arms

of the standard Hanbury-Brown-Twiss (HBT) arrangement with 50/50 beam splitter (each

arm has a 650±30 nm bandpass filter). For PL blinking traces, only one of the detectors

is used, while for BX QY measurements, second-order photon correlation functions g2(τ)

are recorded. Time-tagged time-correlated single photon counting (TCSPC) is performed

using PicoQuant TimeHarp electronics. TCSPC simultaneously records photon arrival times

with respect to the beginning of the measurement cycle and to the excitation laser pulse. It
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therefore allows us to compile PL decay curves for any particular time segment of the PL

intensity trajectory or within a chosen window of the intensity distribution function. For

the ensemble measurements, gNQDs were self-assembled on the substrates (alkyl passivated

oxide-free Si, alkyl passivated SiO2 /Si or quartz) through evaporation-driven mechanism

at the air-liquid interface.(Rupich et al., 2016) Passivation of Si surface with alkyl ligands

has long been established (Seitz et al., 2009, 2011) to completely eliminate surface trap-

ping sites, with the surface state density less than 1011 cm−2. Combined with large gNQDs

size, it basically excludes charge transfer as a PL lifetime quenching mechanism – in agree-

ment with previous demonstrations.(Nguyen et al., 2011, 2012) By carefully controlling the

gNQD’s concentration and deposition volume, single layers were formed, with the surface

density ranging from full to incomplete monolayers throughout the sample (thereafter re-

ferred as (sub)monolayers). For ensemble PL spectral measurements, the signal was diverted

to the spectrometer equipped with liquid-nitrogen charge-cooled device (CCD) camera. For

spectrally-resolved PL lifetimes, one more SPCM unit was placed behind the spectrometer’s

exit, with typical recorded bandwidths of 2-3 nm. The overall time resolution of the system

was less than 0.4 ns.

3.2.3 Results

As was previously shown, large-core/thick-shell CdSe/CdS gNQDs exhibit multiple PL emis-

sion levels. It was experimentally demonstrated that the electron delocalization in gNQDs

and the smoothness of the confinement potential at the core/shell interface result in dra-

matically suppressed Auger recombination rates thus allowing for efficient radiative emission

from charged-exciton and multiexciton states.(Malko et al., 2011; Galland et al., 2011; Sam-

pat et al., 2015; Park et al., 2014) These excited states are pronounced as separate intensity

levels in PL blinking traces, with each level characterized by certain radiative and Auger

lifetimes that scale according to the number of available recombination channels.(Gao et al.,
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Figure 3.4. (a) PL emission trace of a single CdSe/CdS gNQD on quartz substrate at
Neh ' 0.5 pairs pump level. Several intensity levels are identified with shaded bars. (b) PL
lifetimes extracted from different intensity levels, color-matched to the PL blinking trace in
panel (a). X+ and X− lifetimes have longer “tails” due to “flickering” contribution from X0

state. (c) PL lifetime of the BX state extracted from gated g2 function as described in the
text

2015; Sampat et al., 2015) The visual appearance of the levels is profoundly affected by

the relationship of the cycling time between various exciton states and the binning time

of the experiment.(Sampat et al., 2015) For a typical PL blinking experiment, the binning

times range between 20 and 50 ms. When the residence times in various emission states are

much longer than the binning time, these states are manifested in clearly defined intensity

levels.(Sampat et al., 2015) PL emission levels may however become much less pronounced

whenever the residence times become comparable or even shorter than the binning time,

featuring instead a multipeak intensity distribution behavior (Malko et al., 2011) and even

merging into a broadband “flickering” pattern. (Galland et al., 2011, 2012)
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3.2.4 Single gNQD measurements

To establish relevant exciton and multiexciton emission lifetimes in nanocrystals under our

consideration, we first recorded PL emission statistics of individual CdSe/CdS gNQDs de-

posited on quartz substrates. Figure 3.4(a) shows PL blinking trace for a representative

gNQD at the pump intensity level corresponding to average exciton number Neh ' 0.5 per

dot. The emission trace evidently exhibits a number of visibly separate emission levels, cor-

responding to emission from different excited states. The analysis of the emission intensity

levels allows us to clearly distinguish three emission levels highlighted in Fig. 3.4(a) as red,

green and blue bands, which are respectively assigned to single excitons (X0), negatively

charged (X−) and positively charged (X+) trions. The detailed analysis of PL decays in

Fig. 3.4(b) results in the following lifetimes: τ ∼ 47 ns, τ ∼ 15 ns and τ ∼ 12 ns, corre-

sponding to those states. We, however, could not visually identify a separate emission state

corresponding to the BX emission (Sampat et al., 2015) due to “flickering” contribution from

other states. Nevertheless, it is possible to identify BX state by measuring second-order pho-

ton correlation function g2(τ). Using HBT arrangement, the PL signal is split into two APD

detectors and register coincidence events only when both APDs record photon arrival at the

same time. Thus, emission of the BX-X cascade will result in coincidence correlation events

at zero delay time, i.e g2(0) > 0 and allow one to measure quantum yield of BX emission

as previously demonstrated. (Nair et al., 2011; Park et al., 2011; Mangum et al., 2014b;

Sampat et al., 2015) Our g2(τ) correlation data are shown in Supplementary Info. Figure

S2 (a) demonstrates normalized value of g2(τ) and shows BX QY of ∼0.26. Post-processing

(gating) of the g2(τ) function to exclude first 50 ns after the laser trigger produces g2(0) ∼ 0,

confirming BX origin on the central peak in the correlation function. On the contrary, post-

processing of the first 50 ns allows us to extract BX emission lifetime. Fig. 3.4(c) exemplifies

this approach, with extracted BX lifetime on the order of ∼ 4 ns. Measured BX parameter

values agree well with the results following from the previously developed statistical analysis
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of radiative and Auger scaling for higher order excitons,(Gao et al., 2015; Sampat et al.,

2015) as detailed in Supplementary Info, where we deduce biexciton QY, QYBX ∼ 0.3 and

its PL lifetime τBX ∼ 4.5 ns.

When gNQDs are placed on the surface of Si, the ensuing efficient(Nguyen et al., 2012;

Nimmo et al., 2013) ET is expected to result in acceleration of the decay rates for various

excited states as well as in the reduction of the collected PL intensity. Figure S3(a) of ESI†

shows the PL blinking traces recorded for single gNQD on functionalized Si substrates. We

indeed observe a much smaller signal count in this case. While several intensity levels can

still be discerned, the smaller signals make it more difficult to measure different emission level

lifetimes. Even more restricting, quantification of the PL emission from individual gNQDs

on Si surface is strongly hampered by the presence of substantial background emission from

Si itself, which represents nearly half of the signal count. PL lifetime of the background

emission exhibits a multiexponential behavior, with time constants in the relevant, ∼ 1− 4

ns, range, Fig. S3(b). Therefore, it is not possible to reliably identify fast PL lifetimes

expected from BX emission. It is instructive, nevertheless, to analyze the PL lifetimes from

the higher intensity level in Fig. S3(a). Even though less accurately determined, lifetime of

the highest intensity emission state (X0) is shortened to τ ∼ 15 ns due to ET into Si, with

the initial fast component (∼ 3 ns) provided by the Si background contribution, Fig. S3(c).

3.2.5 Ensemble measurements: representative results

An alternative way to assess ET processes for different excited species is through comparative

ensemble measurements of gNQD (sub)monolayers. In ensemble measurements, the number

of nanocrystals that contribute to the PL signal is increased. With a more intense PL

signal, one can monitor the pump power dependence of its spectral lineshape to detect

the appearance of BX emission signatures. We note that the (sub)monolayer arrangement

should help decreasing the nonuniformity of gNQD positions with respect to the interface.

40



P
L

 I
n
te

n
si

ty

Wavelength (nm)
760720680640600560

BX

N=0.1 eh

1 eh

1.8 eh

(a)

0
X  and

Trions

1.0

0.8

0.6

0.4

0.2

0.0
100806040200

630 nm

1.8 eh

0.1 eh ( τ’s: 12; 45 ns)

( τ’s: 4; 13; 45 ns)

(c)

  

Time (ns)

BX decay

4035302520151050

Time (ns)

1.0

0.8

0.6

0.4

0.2

0.0

0.1 eh

2.0 eh

( τ’s: 7; 19 ns)

( τ’s: 1.6; 6; 18 ns)

BX decay

(f)

630 nmNQDs on Si

  

4035302520151050

Time (ns)

1.0

0.8

0.6

0.4

0.2

0.0

0.1 eh

2.0 eh

( τ’s: 7.5; 22 ns)

( τ’s: 6.5; 18 ns)

660 nm

(e) P
L

 I
n
te

n
si

ty
 (

n
o
rm

.)
 

1.0

0.8

0.6

0.4

0.2

0.0

660 nm

for both 

traces

(b)

100806040200

1.8 eh

0.1 eh

( τ’s: ~15; ~ 48-50 ns)

Time (ns)

NQDs on Glass

 P
L

 I
n
te

n
si

ty
 (

n
o
rm

.)
 

700680660640620600580

0.1 eh

3.0 eh

15  eh

(d)

Wavelength (nm)

Power increase

P
L

 I
n
te

n
si

ty

Figure 3.5. (a) PL emission spectra of a gNQD ML assembled on glass substrate at different
excitation powers. Dotted lines show deconvolution into single Gaussian at low power and
in two Gaussians at high power; (b) NQD PL lifetimes on glass measured at 660 nm at two
different intensity levels and normalized to match at long times; (c) Same for PL lifetimes
measured at 630 nm with an appearance of a faster initial component at short times; (d) PL
emission spectra of a gNQD ML assembled on Si substrate at different excitation powers. (e)
NQD PL lifetimes on Si measured at 660 nm at two different intensity levels and normalized
to match at long times. (f) Same for PL lifetimes measured at 630 nm with an appearance
of a faster initial component at short times.

At the same time, and also thanks to the large sizes of gNQDs, the larger interdot spacing

in the (sub)monolayer is expected to limit the amount of the spectral diffusion between the

neighboring nanocrystals.

Figure 3.5(a) shows the evolution of the PL emission spectra for increasing pump pow-

ers derived from a gNQD (sub)monolayer on the reference glass substrate. The emission

lineshape evidently develops a higher energy “shoulder” at increased pump fluences, which

is indicative of the radiative recombination from the higher-order excited states. Dashed

lines at the top and bottom spectral curves in Fig. 3.5(a) depict the Gaussian decomposition

representation of the observed lineshapes. The shallow electron confinement taking place in
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large-shell gNQDs (Garćıa-Santamaŕıa et al., 2009; Galland et al., 2012) and the inhomoge-

neous ensemble broadening prevent a clear spectral separation of X− and X+ emission from

that of neutral (X0) excitons. The BX emission at the increased pump levels is however

clearly discernible as manifested by the Gaussian contribution peaked on the higher energy

side of the top spectral curve.

More insight about the composition of the photoemissive species can be gained from the

analysis of the time-resolved PL dynamics as affected by the excitation power and emission

wavelength. Figure 3.5(b) compares the PL decay curves at 660 nm (close to the PL spectral

maximum) derived with low and high pump powers. The biexponential fitting of the normal-

ized decay traces shown in panel (b) yields shorter, τ2 ∼ 15 ns, and longer, τ1 ∼ 48 ns, PL

lifetimes for both power levels; these values match well lifetimes of respectively charged and

neutral excitons derived from single-dot measurements. The absence of a noticeable power

dependence of the PL lifetimes indicates that there are no other excited species emitting at

this wavelength. We also note that lifetimes of the X− and X+ emission states measured at

the single dot level are already quite close to each other, which practically precludes their

separate identification in the ensemble PL lifetime measurements. Earlier studies showed

that in such gNQDs, Auger rates for X− are typically smaller than for those X+ due to the

asymmetry in electron and hole confinements.(Bae et al., 2013; Park et al., 2014) Hence, the

radiative emission from X− is expected to be more pronounced, and we, indeed, see more

PL intensity from the X− state in Fig. 3.4(a). Correspondingly, the τ2 ∼ 15 ns component

of the ensemble PL should have a larger contribution from the X− state than from X+. For

our ensemble measurements, we will refer to this component of the PL emission just as the

trion, XT, emission.

The effect of the excitation power on the PL dynamics turns out to be quite different

for emission at 630 nm. The data in Fig. 3.5(c) exhibits a pronounced power dependence

that is in agreement with the appearance of the BX shoulder in the emission spectra of
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Fig. 3.5(a). Indeed, for the low pump power of Neh ' 0.1 pair, the PL decay is well fitted

with a biexponential yielding time constants τ2 = 12 ns and τ1 = 45 ns, consistent with the

emission from XT and X0, whose lifetimes at this wavelength are slightly modified downward

from those at 660 nm due to the spectral diffusion.(Rogach et al., 2009b) At the higher

pump power of Neh ' 1.8 pairs, however, the PL decay clearly features another, faster,

decay component with lifetime τ3 ∼ 4 ns. This value agrees well with the BX lifetime

we derived in single-dot measurements; combined, these measurements thus provide good

evidence for the BX emission appearing at higher excitation powers.

The data obtained with gNQD (sub)monolayers on the reference substrate is now to be

compared with gNQDs deposited on a different, crystalline Si, substrate. Figures 3.5(d)–(f)

show the PL spectra and decay dynamics for different pump fluences derived from gNQD

(sub)monolayers assembled on the Si substrate. The evolution of the lineshape displayed in

Fig. 3.5(d) is somewhat less pronounced than the one seen in Fig. 3.5(a); the appearance of

the higher energy shoulder at larger fluences is nevertheless clearly visible. The pattern of the

behavior observed for PL lifetimes at different emission wavelengths also repeats here. For

the longer wavelength of 660 nm, Fig. 3.5(e), the decays are well fitted with biexponentials

at all power levels and yielding lifetime constants τ2 ∼ 6− 8 ns and τ1 ∼ 18− 22 ns. For the

shorter wavelength of 630 nm, Fig. 3.5(f), however, a faster component, expected for BX,

appears at higher pump powers, with the time constant of τ3 ∼ 1.6 ns. It is evident that,

while exhibiting the same qualitative patterns, all lifetime constants observed with gNQDs

on the glass substrate underwent shortening when measured for gNQDs on the Si substrate.

This clearly indicates that more efficient decay channel(s) are available for all excited species

when positioned in the vicinity of Si.

3.2.6 Ensemble measurements: variations and correlations

To better appreciate quantitative relationships between various lifetimes and ranges of their

variations, we amassed hundreds of experimental PL lifetime points derived from PL surface

43



scans at few emission wavelengths on several sets of samples with different substrates. All

scans in the following data sets were performed at Neh ' 1 to avoid complications associated

with excitation of too many excitonic complexes, yet to see BX emission. The collected

lifetimes τ of the exciton, trion and biexciton species have been extracted from two- and

three-exponential fittings to the PL decay curves in the manner discussed above and shown

in Fig. 3.5. The resulting data can exhibit a substantial degree of variations as well as

correlations – we present and analyze those in the following in the form of the corresponding

decay rates γ = 1/τ for each of the species: γ0 = 1/τ1 for X0, γT = 1/τ2 for XT, and

γBX = 1/τ3 for BX.

Figures 3.6(a) and (b) exemplify the character of distributions of γ0 and γT decay rates,

respectively, as extracted from measurements at 660 nm on two samples: one with gNQDs

self-assembled on the reference SiO2 (glass) substrate, and the other on the Si substrate;

Fig. 3.6(c) shows the actual data points from these samples in their relationship to each

other. It is evident that, overall, the decay rates for both species undergo acceleration

on the Si substrate. As was argued before(Nguyen et al., 2011, 2012; Nimmo et al., 2013;

Nguyen et al., 2013; Peng et al., 2015) for X0, this acceleration has to do with efficient energy

transfer into Si, which is now also transparent for XT. Similarly, Fig. 3.7 exemplifies the

distributions of γ0 and γBX and their relationships as extracted from measurements at 630

nm, also from one sample with gNQDs on the reference and one on the Si substrate. While

the distributions of BX decay rates in Fig. 3.7 are substantially broader than those of XT

in Fig. 3.6, the acceleration of BX decay on Si with respect to that on SiO2 is clearly seen,

thereby illustrating ET from BX states into Si as well.

The observed ratio of the decay rates of species X on Si substrate and on the reference

substrate: κXobs = γXSi/γ
X
SiO2

, is a convenient measure of the acceleration directly observed

in the experiment. The decay rate of species X in the proximity to a substrate can be
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Figure 3.6. Exciton and trion decay rates collected from the scans of two samples at the 660
nm wavelength: for gNQDs on the reference SiO2 (glass) substrate (blue color), and on the
Si substrate (red color). (a) and (b) panels display separately the shapes of the distributions
for the exciton and trion rates, respectively. The distributions curves here are smoothed
and broadened. Panel (c) shows the individual data points in their relationship between
the exciton and the trion rates. Subsets of data points in the vicinity of the distribution
maxima (simultaneously above the relative occurrence level of 0.7 in panels (a) and (b))
from each sample are used to generate the averaged values and the linear least-square fits
shown respectively by large circles and straight lines on the top of data points. Excitation
level Neh ' 1

represented into the components, such as:

γXsub = γXrad + γXNRET + γXnr, γXrad = γXal + γXRET. (3.6)

The radiative decay rate γXrad in Eq. (3.6) is further decomposed into γXal signifying the

emission of the so-called(Novotny and Hecht, 2006; Nguyen et al., 2013) “allowed light”, that

is, of the photons that can propagate in both the substrate and air and into γXRET describing

the emission of photons that can propagate only in the substrate and undergo the total

internal reflection at the interface with air (“forbidden light”(Novotny and Hecht, 2006)).
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The above band gap photons propagating in Si would eventually get absorbed resulting in

e-h pairs. Nonradiative ET (NRET) into the substrate(Nguyen et al., 2011, 2012; Nimmo

et al., 2013) is given by γXNRET. On the other hand, all other nonradiative processes, denoted

as γXnr, represent the “internal” or “local” processes associated with species X, such as, e.g.,

Auger recombination (rate γXA) decreasing emission QY. Correspondingly, γXrad and γXNRET

are the rates that are particularly affected by the nature of the substrate, while γXnr may be

substrate-independent, as was recently demonstrated for γBX
A in case of strongly interacting

metal substrates.(Wang et al., 2015) We follow our earlier work(Nguyen et al., 2012; Nimmo

et al., 2013) to define the efficiency of ET into the Si substrate as:

ηX = (γXRET + γXNRET)/γXSi, (3.7)

note, however, that part of γXal would also add to the actual ET.(Nguyen et al., 2013) In our

previous publications,(Nguyen et al., 2012; Nimmo et al., 2013) we calculated and experimen-

tally measured decay rates of neutral excitons (X0) on Si substrates and their dependence

on the distance to the substrate. It was demonstrated that NRET to Si is practically neg-

ligible at the exciton transition dipole (center of spherical NQDs) to Si separation distance

h & 10 nm, which is in fact the case with gNQDs under consideration, making γXNRET ' 0

in comparison to radiative rates. We also note that X0 excitons in our gNQDs are known

to have very high QYs but can have wavelength-dependent contributions to the PL decay

due to the local spectral diffusion in the ensemble. On the other hand, the Auger recombi-

nation rates γTA for trions and γBX
A for biexcitons are, very important contributions to their

total decay rate. It is clear then that the observed acceleration κobs of the decay rates on

Si substrates can be different for different species and distinct from the acceleration κrad of

purely radiative rates. Note that the decay rates generally depend on the orientation of the

transition dipole moment with respect to the interface,(Novotny and Hecht, 2006; Nguyen

et al., 2012) we will assume, as usual, the random orientation.
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The spontaneous radiative decay rate γ0vac of the X0 species in vacuum(Novotny and

Hecht, 2006) is a convenient benchmark to compare different rates to. For instance, in

a number of our previous publications using macroscopic electrodynamics approach, we

computed the decay rate of X0 on the reference substrate γ0SiO2
' 1.6γ0vac, while exciton’s

γ0al ' 0.6γ0vac for h = 10 nm from the Si substrate.(Nguyen et al., 2012; Nimmo et al.,

2013; Nguyen et al., 2013) These relationships can be used to assess ET efficiency for X0

as η0 ' 1 − 0.6/1.6κ0obs. With the experimental decay rates at the maxima of distributions

in Fig. 3.6(a): γ0SiO2
∼ 0.03 ns−1 and γ0Si ∼ 0.05 ns−1 (κ0obs ∼ 1.67), this amounts to η0 in

excess of 75%. Likewise, the experimental XT decay rates at the maxima of distributions in

Fig. 3.6(b) are measured as γTSi ∼ 0.13 ns−1 and γTSiO2
∼ 0.1 ns−1 (κTobs ∼ 1.3). Additional

considerations that take into account modification of the radiative rates for MX species

(full derivation is presented in ESI†) can be used to estimate γTA ∼ 0.05 ns−1 and trion’s

ET efficiency ηT ∼ 50%. The estimate of trion’s Auger recombination rate here is close to

the value inferred from the single dot measurements and competing Auger recombination

understandably decreases the efficiency of XT transfer.

While the distributions of the decay rates of the individual excited species and the cor-

responding estimates based on the peak values provide a useful look at the data, even more

insight could be gained by an analysis of joint distributions, in lieu of which Fig. 3.6(c)

displays the relationship between γ0 and γT as collected from each of the scanned spots of

the both samples. The correlation between the extracted γ0 and γT values on both SiO2

and Si substrates is evident already from the visual inspection of Fig. 3.6(c). To reveal the

differences in patterns more clearly, we accompany the plot of the data points with a linear

least-square fit in the vicinity of the maxima of the corresponding distributions: here, the

fit involves only the data points with the occurrence level higher than 0.7 (that is, above the

dashed lines shown in Figs. 3.6(a) and (b)). The averaged values for these limited data sets

are shown as large circles Fig. 3.6(c). It is clear that this linearized representation is only
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Figure 3.7. Same data as for Fig. 3.6 but for exciton and biexciton decay rates collected
from the scans of two samples at the 630 nm wavelength.

approximate; this fact is better illustrated in the joint distribution of γ0 and γBX values dis-

played in an analogous Fig. 3.7(c). The distributions of biexciton decay rates are evidently

much broader (and relationships more nonlinear) than those for trions. Nevertheless, the

approximate linearized representations over smaller ranges of observed rates come in handy

for a joint discussion.

It is useful to consider this in the context of the commonly (Park et al., 2014; Sampat

et al., 2015) discussed relation:

γi = γiA + βiγ0rad (3.8)

between the decay rate γi of higher-order excited species i (in our case, i = T or BX), the

radiative decay rate γ0rad of the neutral exciton, and the Auger rate γiA. The purely statistical

values of the beta-factors (β) in Eq. (3.8) for trions and biexcitons would be respectively

2 and 4. A detailed analysis provided in ESI† that takes into account repulsive Coulomb
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interactions of the like carriers gives slightly smaller estimated values. Similarly to Eq. (3.8),

the linearized representations of the data subsets shown in Figs. 3.6(c) and 3.7(c) would take

the form of:

γi = ai + biγ0. (3.9)

The values and the behavior of the coefficients ai and bi as derived from the linearized

data fits however differ substantially from what is expected from the simplistic reading of

Eq. (3.8). Consider, for instance, an important question of the substrate dependence. In the

simplistic picture, it is the radiative decay rates γ0rad that are accelerated on the Si substrate

with respect to the SiO2 substrate, but the slopes (coefficients βi) of the linear dependence

are expected to be the same. It is, however, transparent from both Figs. 3.6(c) and 3.7(c)

that the coefficients bi are different on SiO2 and Si substrates. The same is true for the

offsets ai. We therefore conclude that coefficients ai and bi derived from the approximate

fits to the data should be interpreted as effective parameters, whose values are affected by

the inhomogeneity (disorder) of the systems under consideration.

In particular, this deviation from the linear relationship can be caused by the variability

of the Auger recombination rates γiA which can be substantially enhanced in comparison with

the variability of the radiative rates γ0rad of neutral excitons on a given substrate. As was

extensively discussed in the literature,(Klimov, 2014; McGuire et al., 2008) the Auger rates

greatly depend on a number of factors, such as gNQDs’ size, shape, and quite importantly,

“smoothness” of the confinement potential at the core/shell boundary.(Cragg and Efros,

2009; Bae et al., 2013) Some of these factors may also affect the exciton radiative decay

but to a (much) lesser degree. As an example, in smaller-size NQDs, the electron(s) and

hole(s) are spatially closer to each other. On one hand, this leads to a larger overlap of

their wave functions and the electric dipole transition moment, hence faster rates γ0rad. On

the other hand, the effect of Coulomb interactions determining γiA leads to a much larger

rate of the increase of the Auger recombination. Of course, having both γ0rad and γiA in
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Eq. (3.8) depending (to different degrees) on the same structural factors would lead to the

experimental relations in Eq. (3.9) with effective parameters (“a” and “b”) that are non-

constant. Let us, e.g., specify here the correlation coefficient of the variability (due to the

same factors) in γiA with respect to γ0rad on the SiO2 substrate by some quantity αi. The

detailed analysis presented in the ESI† shows that the role of effective coefficient bi on the

SiO2 substrate is then played by (βi + αi), which is larger than bare βi. Moreover, the

magnitude of bi on the Si substrate becomes equal to (βi + αi/κrad) and therefore decreases

(κrad > 1) in comparison. Likewise, the value of effective parameter ai on the SiO2 substrate

turns out to be smaller than on Si. This is in fact the type of substrate-dependent behavior

that is observed in the experimental data in Figs. 3.6(c) and 3.7(c).

We note that a greater degree of variability of trion, γT, and particularly biexciton,

γBX, decay rates (in comparison with γ0 of neutral excitons) is transparent not only in the

ensemble measurements we discussed but also in experiments on single dots such as the direct

measurements(Mangum et al., 2014b) of the yields of the BX emission in individual gNQDs

via second-order correlations g2(τ). Those measurements revealed that the QY of the BX

emission can in fact range from 20% to 80% for large shell gNQDs within the ensemble.

The broader distribution of the BX vs trion decay rates was attributed to the asymmetric

confinement potential, which confines holes to the core better than electrons. Due to the

sensitivity of the Auger recombination to the confinement profile at core/shell interface, X+

recombination rates can therefore be more variable than those of X− with more extended

electron delocalization into the shell. Given that BX Auger recombination is a superposition

of the X+ and X− channels while XT emission mostly corresponds to X−, the variability of

decay rates is expected to be more pronounced for biexcitons.

While aware of very substantial variations in BX decay rates, one could still use represen-

tative values of γBX
SiO2

and γBX
Si rates on different substrates to assess the ET efficiency into Si

similar to how it was done above for trions. If one were to use the values of γBX
SiO2
∼ 0.5 ns−1

50



0.0 0.02 0.04 0.06 0.08 0.10
0.0

0.2

0.4

0.6

0.8

1.0

Exciton Decay Rate (ns   )

B
ie

x
ci

to
n
 a

n
d
 T

ri
o
n
 D

ec
ay

 R
at

es
 (

n
s 

  
)

Biexcitons

Trions

On Si

On Glass

On 10 nm 

oxide
β  ∼  2.6

T

γ  ∼  0.03
A

T

γ    ∼  0.25
A

BX

BX

β  ∼  4.4

BX

β  ∼  7

630 nm

660 nm

-1

-1

Figure 3.8. The interdependence of trion decay rates vs exciton’s (squares) and of biexciton
decay rates vs exciton’s (circles) collected from several different samples. The data for
samples deposited on SiO2 (glass) substrates are shown in blue, for samples deposited on Si
in red, and for samples deposited on 10 nm SiO2 spacers on top of Si in green. BX decay rates
are extracted from 3-exponential fits to PL lifetimes recorded at 630 nm, trion decay rates
from 2-exponential fits recorded at 660 nm. Data symbols display the averaged decay rates.
Error bars correspond to the range of rates above the 0.7 occurrence level as determined in
the discussions for Figs. 3.6 and 3.7; error bars for trions on SiO2 substrates are within the
blue squares. Dashed lines show the linear fits for the averaged values as well as (biexcitons
only) for the low limits.

and γBX
Si ∼ 0.8 ns−1 corresponding to averaged magnitudes in Fig. 3.7(c), the ET efficiency

ηBX is estimated around 45%. With large variations in measured BX decay rates, it would

probably be more appropriate to quantify ηBX as ranging from about 30% to 60% based on

the ranges of decay rates discussed in the context of Fig. 3.7.

3.2.7 Ensemble measurements: Comparing different samples

We applied the approaches described in the examples of Figs. 3.6 and 3.7 to analyze the PL

decay scans from several different samples. Figure 3.8 displays the results of the data analysis

involving samples of gNQDs assembled on the reference SiO2 substrates, on Si and on 10
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nm thick SiO2 spacers on the top of the Si substrate (SiO2 /Si, to increase the distance to

Si substrate). On one hand, this figure indicates that, notwithstanding the same procedures

used in NQD synthesis and assembly, the variations between different samples of the same

type can be appreciable (see, e.g., the data point corresponding to the sample on Si that was

used for Fig. 3.6 and whose exciton decay rate is noticeably lower than for other two samples

on Si). On the other hand, despite substantial variations of decay rates in general, this

figure very clearly shows the overall trend in the experimental data: faster exciton decay

rates γ0 beget faster trion γT and biexciton γBX decay rates. In the context of Fig. 3.8,

the acceleration of exciton decay rates – from samples on the SiO2 substrate to samples on

the SiO2 /Si to those on the Si substrate – is chiefly driven by the rise of efficient energy

transfer from excited gNQDs into underlying Si. Fully in accord with Eq. 3.8, it provides a

systematic spectroscopic evidence of ET into Si from trion and biexciton states.

Dashed lines in Figure 3.8 represent linear fits as per Eq. (3.8) to estimate the β factors.

They evidently turn out to be larger than the statistical values of βT = 2 and βBX = 4.

This however does not necessarily mean a departure from the microscopic statistical model

of the radiative rate scaling. We already argued about the effective character of similar

coefficients in linear fits for individual samples due to possible correlations in variations of

radiative and Auger rates. That effect can also influence the peak values of extracted rate

distributions and even more so for faster rates. Figure 3.8 illustrates how smaller effective

βBX would be obtained if fits are made for lower limits of the shown error bars. Other relevant

considerations should also be taken into account. First, even though we limit the average

population of excitations in gNQDs at Neh ∼ 1, it is still governed by a Poisson distribution

that allows for about 10% of multiexcitons of even higher order than biexcitons and that

would have shorter PL decay times. Indeed, our recent single particle study(Sampat et al.,

2015) of similar gNQDs have shown triexciton emission efficiency at ∼ 14%, implying that

biexciton emission dynamics may have contributions from higher order states. Second, there
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are limitations associated with the standard 2- or 3-exponential fitting of the PL decay rates

of inhomogeneous ensembles we study. With the overall faster decay, the role of shorter-time

region of the traces naturally grows for fitting purposes, which would be then accommodated

in increasingly shorter lifetimes of the fastest component.

However, the variations of β factors do not dramatically affect determination of the ET

efficiencies. As discussed in ESI†, choosing βBX = 7 leads to the upper limit of ηBX ∼

0.6. Hence, our original estimation of average BX transfer efficiency ηBX ∼ 45% remain

unchanged. Finally, when gNQDs are placed on SiO2 /Si substrate (with total center-to-Si

separation of h ∼ 20 nm, green dots in Fig. 3.8), average exciton and BX transfer efficiences

are estimated as η010nm ∼ 0.71 and ηBX
10nm ∼ 0.37 respectively.

3.2.8 Conclusions

In summary, we detected time- and spectrally-resolved optical signatures of radiative energy

transfer from X0, XT and BX excited states of “giant” CdSe/CdS NQDs into underlying

Si substrates. Measured BX PL lifetimes have shown considerably more scatter compared

to XT lifetimes due to much larger effect of Auger rate variations on the decay channel

involving an extra hole. Nevertheless, statistical analysis of the decay rates indicate high

efficiencies of ET to Si, ranging from η0 ∼ 75% for neutral excitons, to ηBX ∼ 45% for biex-

citons. Similarly high efficiencies are also achieved for larger center-to-surface separation

of 20 nm, underscoring the longer range character of the prevalent RET interaction. Our

data confirm that radiative decay rates for trions and biexcitons on all substrates scale ac-

cording to the number of available recombination channels, while Auger rates remain largely

unaffected by the nature of the substrate. Energy transfer may thus provide an effective

mechanism capable of sequentially transferring energy from various excited gNQD species,

including those produced via CM process,(Cirloganu et al., 2014) into charge-separating

semiconductor substrate, which could potentially lead to photovoltaic efficiencies exceeding
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the Shockley-Queisser limit. Furthermore, MX ET could also be employed in NQD-based

solar concentrators,(Klimov et al., 2016) where the advantageous ability of larger-size gNQDs

to withstand the concentrated photon flux can increase conversion efficiencies.

3.3 Exciton and Trion Energy Transfer from Giant Semiconductor Nanocrystals

to MoS2 Monolayers

Reprinted(adapted) with permission from ref.(Sampat et al., 2016) copyright 2016 American

Chemical Society

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have recently emerged

as a new class of semiconducting materials featuring high charge carrier mobilities and direct

optical band gaps. (Mak et al., 2010; Splendiani et al., 2010; Rao et al., 2014) Owing to the

2D confinement and reduced dielectric screening, excitons in such systems possess substantial

binding energies on the order of several hundreds meV at room temperature.(Yu et al., 2015)

The strong optical response makes TMDCs such as MoS2, MoSe2, WS2 good candidates

for various optoelectronic applications including in photodetectors,(Kufer et al., 2015) light

emitting diodes (Sundaram et al., 2013) and solar harvesting devices.

Interesting optoelectronic opportunities are associated with resonant hybrid nanostruc-

tures comprising different component materials, where energy transfer (ET) between the

components is enabled by near-field electromagnetic coupling.(Agranovich et al., 2011) Among

other things, ET-based structures aim to avoid some pitfalls of charge-transfer-based coupling

by relying on longer-range non-contact electromagnetic interactions. Colloidal semiconduc-

tor nanocrystal quantum dots (NQDs) have been actively explored as one of the components

of such hybrids, for instance, in hybrid NQD-on-Si architectures for solar energy conver-

sion.(Nguyen et al., 2011, 2012; Nimmo et al., 2013; Peng et al., 2015) The combination of

zero-dimensional (0D) NQDs with 2D TMDC materials gives a novel possibility to construct

a variety of resonant 0D-2D hybrid structures and, in fact, ET from NQDs into TDMCs has
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drawn both experimental (Prins et al., 2014b; Prasai et al., 2015; Goodfellow et al., 2016)

and theoretical (Gartstein et al., 2015b) attention.

Recently developed “giant” core/shell CdSe/CdS nanocrystals (gNQDs) possess attrac-

tive photophysical properties presenting distinct advantages compared to regular nanocrys-

tals.(Chen et al., 2008; Hollingsworth, 2013) In addition to size-tunable, broadband absorp-

tion and high photoluminescence quantum yield (QY), such dots are extremely photostable,

non-blinking (Chen et al., 2008; Htoon et al., 2010; Malko et al., 2011) and have strongly

reduced rates of Auger recombination, allowing for radiative emission not only from ordi-

nary excitons but also from charged and multiexciton states. (Htoon et al., 2010; Park et al.,

2011; Malko et al., 2011; Mangum et al., 2014b; Park et al., 2014; Sampat et al., 2015) While

ET from neutral exciton states commonly found in regular NQDs has been amply demon-

strated, ET from higher order excited species into neighboring semiconductor substrates has

not been attempted yet. Here, we experimentally demonstrate ET from both neutral and

charged excitons (trions) found in large shell gNQDs into MoS2 monolayer domains. We

study three types of gNQDs with photoluminescence (PL) emission spectra peaking at 660,

630 and 590 nm. These emission lines fall into the region of energies in the vicinity of the

known A and B exciton absorption peaks in monolayer MoS2.(Mak et al., 2013) Analysis

of single dot data reveals that large shell gNQDs (diameters ∼ 20 nm, emission at 660 nm

and 630 nm) have suppressed Auger rates and exhibit PL emission from neutral excitons

and trions. Employing PL surface imaging, we observe substantial quenching of PL emission

lifetimes for all gNQD types deposited in sub-monolayer assemblies on top of the MoS2 do-

mains, which is indicative of efficient ET. Comparison of the gNQDs’ lifetime components on

the reference substrate and those on MoS2 domains shows that neutral and charged exciton

species display the same acceleration of the decay due to ET into MoS2. High ET efficiency

of ∼ 85% is estimated for these species in gNQDs emitting at 660 nm. The smaller-size

gNQDs (diameter ∼ 10 nm, emission at 590 nm) exhibit only neutral exciton PL and its
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decay undergoes even faster acceleration due to their closer proximity to MoS2, with the ET

efficiency estimated in excess of 95%.

We recently argued (Gordon and Gartstein, 2013; Roodenko et al., 2013) that nonradia-

tive ET (NRET) and excitonic PL decay of the electric-dipole emitters can be substantially

affected by anisotropic dielectric properties of the nearby highly-polarizable ultrathin semi-

conducting layers. One of the predicted polarization effects is a striking possibility of the

more efficient NRET into the thinner rather than into the thicker layers, which was actu-

ally observed in the studies(Prins et al., 2014b) of ET from regular NQDs into few-layer

MoS2 samples. To explain experimental ET observations, our theoretical description ac-

commodates the polarizability of the monolayer in terms of its 2D susceptibility χ. We use

the experimental optical transmittance data to assess the frequency ω dependence of the

complex-valued in-plane χ‖(ω) component of susceptibility in our MoS2 monolayers. The

model calculations show good correspondence with the measured values, confirming our pre-

diction of efficient ET from various types of excitons. The ET coupling in hybrid structures

can thus provide an effective avenue to efficiently harvest radiative charged and multiexciton

species into electrically conducting substrates, potentially paving a way towards practical

utilization of multicarrier states.

3.3.1 Experimental

Monolayer MoS2 domains with sizes between 5-10 µm were prepared by chemical vapor

deposition (CVD) on top of SiO2/Si substrates with 270 nm of SiO2 (CVD growth details

given in Supplementary Info (SI)). Three sets of CdSe/CdS gNQDs with different emission

wavelengths have been prepared by varying CdSe core size and CdS shell thickness using

previously described Surface Ionic Layer Adsorption and Reaction (SILAR) procedure.(Chen

et al., 2008; Hollingsworth, 2013) Dots emitting at 660 nm are composed of 5 nm diameter

CdSe cores overcoated by 16 monolayers (MLs) of CdS shell (total diameter ∼ 20 nm,
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referred to hereafter as large core/large shell dots); 630 nm emitting dots are composed of

2.2 nm diameter CdSe cores with 18 CdS MLs (diameter ∼ 20 nm, small core/large shell

dots) and 590 nm emitting dots have 2.2 nm diameter CdSe cores with 4 CdS MLs (diameter

∼ 10 nm, small core/small shell dots). Nanocrystal diameters here take into account that

NQDs are capped with a layer of oleic acid ligands, ensuring their solubility in non-polar

solvents and high PL QY, both in solution and on the reference glass substrates. gNQDs

were deposited onto the MoS2 domains by drop casting from 9:1 hexane:octane solution in

order to form a sub-monolayer coverage. Scanning PL intensity and lifetime imaging was

performed in Olympus IX 71 microscope equipped with nanopositioning x-y stages with step

size resolution of 50 nm. gNQDs were excited at 405 nm with 50 ps laser pulses through a

100×, 1.2 NA oil-immersion objective that is also used to collect PL. The inter-pulse duration

was varied from 200 ns to 600 ns (depending on PL lifetime) in order to ensure complete

relaxation of excitons between sequential laser pulses. Collected PL signal was sent to a

Perkin-Elmer avalanche photodiode (SPCM AQR-13). Time-tagged time-correlated single

photon counting (TCSPC) is performed using PicoQuant TimeHarp 200 electronics, allowing

us to extract PL lifetimes of the photons recorded at any given time window. More details of

the TCSPC method can be found in Ref. 89. The overall system time resolution was < 0.5

ns, primarily defined by the detector response. During surface imaging, step size was set at

500 nm per pixel, slightly exceeding spatial resolution of the microscope system estimated

at ∼ 300 nm.

3.3.2 Results

It was shown in numerous studies (Htoon et al., 2010; Park et al., 2011; Malko et al., 2011;

Mangum et al., 2014b; Park et al., 2014; Sampat et al., 2015) that large shell gNQDs can

exhibit emission from trions and multiexcitonic complexes. Figure 3.9 displays representative

PL emission traces (blinking traces) and extracted PL lifetimes of various emission intensity
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Figure 3.9. (a) Blinking trace and (b) extracted PL lifetimes color-coded to the shaded
regions in (a) for a single large core/large shell gNQD emitting at 660 nm; (c-d) Same for a
small core/large shell gNQD emitting at 630 nm. Green PL lifetime trace in (d) is compiled
from all intensities in (c), red and blue PL lifetime traces are color-coded to intensity levels
in (c); (e-f) Same for small core/small shell gNQD emitting at 590 nm.

levels for individual gNQDs from each of the three samples used in this work. In agreement

with the earlier studies, we observed the emergence of several low intensity, distinct PL

emission levels in the large core/large shell gNQD emitting at 660 nm. Analysis of the PL

emission lifetimes in green and blue shaded intensity levels in Fig. 3.9(a-b) assigns them to

the emission from negatively X− and positively charged X+ excitons, respectively. As was

previously observed, negative trions have longer PL emission lifetimes compared to positively

charged ones due to the lower Auger recombination rates of these species stemming from the

delocalized nature of electronic wavefunction caused by small core/shell conduction band

offsets. (Park et al., 2014; Sampat et al., 2015) Overall, however, the Auger rates in these

dots are sufficiently low in order to allow for the radiative recombination of trions.

Analogous data for gNQD emitting at 630 nm is shown in Fig. 3.9(c-d). The primary

difference is the fast switching between the emissive states in this type of small core/large

shell dots, (Mangum et al., 2014b) that precludes the appearance of the well defined blinking
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Figure 3.10. SEM image of CVD grown monolayer MoS2 domain (a) before and (b) after
gNQD deposition. Large core/large shell gNQDs are seen as white dots in (b); (c) The
spectral shape of the optical density of MoS2 monolayer domains (black) and of the PL
emission of three gNQD types (red).

levels and instead leads to the washed-out, “flickering” behavior. The PL decay extracted

from the top intensity band (red shaded region) is nevertheless well fitted with a monoexpo-

nential function, pointing to the single exciton (X0) behavior. The PL decay for the bottom

(blue region) is also reasonably fitted with a monoexponential, the longer tail likely originat-

ing from a neutral exciton contribution. It, however, could be a superposition of X− and X+

emissions with similar lifetimes. This observation is supported by the PL decay compiled for

all intensities (green trace in Fig. 3.9(d)) that is well represented by a superposition of X0

and trions’ lifetimes. Finally, the blinking trace of the small core/small shell gNQD emitting

at 590 nm and shown in Fig. 3.9(e-f) for the most part exhibits the existence of only two well

defined intensity levels. The “ON” state represents the emission from X0 with PL lifetime

of ∼ 26 ns due to a much stronger confinement of the carrier wave functions in the small

volume of the dot. The completely “OFF” state possesses a very short PL lifetime of ∼ 1.5

ns due to the strong Auger recombination, in accordance with the previous studies.(Mangum

et al., 2014b)

In order to explore ET coupling of excitations created in giant nanocrystals, we placed

gNQDs on top of the CVD grown MoS2 monolayer domains. Figure 3.10 (a) and (b) show

scanning electron microscopy (SEM) images of a monolayer MoS2 domain before and after
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Figure 3.11. (a) PL lifetime surface image of several monolayer MoS2 domains (red) and the
reference substrate (blue) covered with large core/large shell gNQDs emitting at 660 nm. A
good correspondence to the monolayer domain shapes in SEM images is clear; (b) Illustrative
PL lifetimes of the gNQDs extracted from two positions on the PL image: Red trace – PL
lifetime of dots positioned on a MoS2 domain, blue trace – of dots positioned on the reference
substrate outside of MoS2 domains. Both traces are fitted with double exponential functions
with the corresponding lifetimes displayed. Dotted lines on the blue trace are guides for the
eye to accentuate each of the lifetime components; (c) Lifetime distribution histograms for
each of the double exponential components compiled from reference pixels on PL surface
image shown in (a); (d) Same for locations on MoS2 domains in PL surface image. All
distributions are fitted with Gaussians to determine the average lifetime values (black lines).

nanocrystals deposition. Despite a high PL QY of the gNQDs, we found it difficult to

record the PL emission statistics from individual gNQDs on the MoS2 monolayer due to

very efficient ET that limits the number of emitted photons. Instead, we therefore used

dilute gNQD solutions and deposited sub-monolayers of nanocrystals. gNQDs are placed

far from each other to avoid the interactions between the dots, yet, there is a sufficient

number within the excitation spot to allow for the reliable PL collection. Compared to the

much larger absorption cross-section and efficient PL emission of gNQDs, MoS2 domains in

our study were only weakly fluorescent and their PL emission was spectrally separated, see

Supplem. Info. (SI). Figure 3.10(c) compares the PL emission spectra of three gNQD types

studied with the absorbance curve of MoS2 that exhibits the variations in this spectral region

known as due to A and B exciton peaks.(Mak et al., 2013)
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Figure 3.11(a) shows the PL lifetime surface image of the sub-monolayer of large core/large

shell gNQDs covering MoS2 monolayer domains (red areas) and the reference SiO2/Si sub-

strate (blue areas). At each position (pixel), both PL intensity (not shown) and PL lifetimes

are recorded. In this image we used monoexponential lifetime fitting to visually illustrate

strong disparity between PL lifetime values in different spatial regions. Average gNQD’s

PL lifetimes recorded away from domains (blue regions in Fig. 3.11(a)) exhibit long decay

times on the order of ∼ 80-100 ns, similar to the native radiative lifetimes of individual

gNQDs deposited on glass surface. In contrast, PL lifetimes of gNQDs found on the top of

MoS2 domains even slightly away from the edges (red areas on Fig. 3.11(a)) are dramatically

decreased, indicating very strong quenching of the PL due to ET into MoS2.

As we discussed above, however, PL decays of this type of gNQDs are composed with

contributions from neutral excitons (X0) and charged trions (XT). A more accurate quan-

titative analysis of the decay traces is exemplified in Fig. 3.11(b-d). Figure 3.11(b) shows

PL decay curves extracted from two representative regions of the PL surface image. PL

decay collected from a pixel within the blue region is properly fitted with a double exponen-

tial, where the longer component (τ 0ref = 112 ns) is indicative of X0 decay while the shorter

component (τTref = 27 ns) corresponds to the decay of XT. The histogram of statistical distri-

butions for both components of reference PL lifetimes compiled from the blue area pixels of

PL surface scan is shown in Fig.3.11(c), clearly delineating contributions from neutral and

charged excitons. Analogously, PL decays measured in regions of MoS2 domains also clearly

exhibit a bimodal distribution shown in Fig. 3.11(d), whose mean values are quite smaller

than the values in Fig.3.11(c); in the example of Fig.3.11(b), τ 0 = 18 ns and τT = 4 ns. (As

the edges of the domains can have a large density of defects, the data from the yellow and

green regions in Fig. 3.11(a) has been excluded from the statistical analysis).
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Analyzing decay of high-QY excitonic species, one can express their total decay rate as

a sum of the decay rates into radiative and ET channels:

1

τ
=

1

τrad
+

1

τET
, (3.10)

yielding then ET efficiency as ηET = τ/τET. If we associate the decay rate measured on

the reference substrate (τref) with the radiative decay, while the total decay (3.10) with that

measured on the MoS2 domains, then the transfer efficiency becomes ηET = 1−τ/τref . Using

the central values of the bimodal distributions of the statistical histograms in Fig. 3.11(c,d):

τ 0ref = 118 ns, τ 0 = 17.2 ns for neutral X0 and τTref = 26 ns, τT = 3.9 ns for charged XT,

we find that the ratios τ 0/τ 0ref ' τT/τTref are about the same for neutral excitons and for

trions, a very meaningful result. The corresponding transfer efficiency for both species is

thus estimated as ηET ' 85%. Given the monolayer nature of the energy acceptor MoS2

domain and a considerable size of the energy donor gNQD, this high value of ET efficiency

is impressive.

By changing the core and shell dimensions of the gNQDs, one can achieve variations

of gNQD’s emission wavelength, a tuning parameter to affect the spectral overlap of the

donor emission and acceptor absorption. We used small core/large shell gNQDs to shift

the peak emission wavelength to ∼ 630 nm and small core/small shell dots to further shift

the emission to ∼ 590 nm, as illustrated in Fig. 3.10(c). Furthermore, by varying the

core/shell dimensions, one also affects the appearance of neutral and charged excitons in the

PL emission of gNQDs, which may help gaining extra information about peculiarities of ET

for different types of excitons. We recorded two more sets of PL surface scans for 630 and

590 nm emitting dots (see SI). Figure 3.12(a-c) and Fig. 3.12(d,e) show representative PL

decay curves and lifetime distribution histograms for those dots, respectively. Similar to large

core/large shell dots, small core/large shell dots exhibit the trion emission, and PL decay

curves are clearly fitted with double exponential functions. On the contrary, PL emission
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Figure 3.12. PL lifetime analysis gNQDs emitting at 630 nm and 590 nm. (a) Representative
PL decay curves on the reference substrate and on MoS2 domains and (b,c) the lifetime
distribution histograms using double exponential fitting for 630 nm dots. (d,e) Same for 590
nm dots using monoexponential fitting.

from small core/small shells gNQDs is well fitted by monoexponential functions, indicating

the absence of the trion emission. Just as in our analysis above for 660 nm dots, we find that

the PL decay of 630 nm dots exhibit about the same ratios τ 0/τ 0ref ' τT/τTref for the neutral

and charged excitonic species. Using average lifetime values, the corresponding ET efficiency

for 630 nm dots is thus found to be ηET ' 57%. Since the small core/large shell dots (2.2

nm core/18 ML) are approximately of the same size as large core/large shell dots (5 nm

core/16 ML), the less efficient ET found with these dots may be attributable to the reduced

spectral overlap. For the small core/small shell dots (2.2 nm core/4ML) emitting at 590 nm,

we use the histogram data in 3.12(e) for neutral excitons to arrive at very high ET efficiency

ηET ' 95%. Thus, in the case of much smaller size gNQDs (center-to-MoS2 separation ∼ 5

nm vs ∼ 10 nm for large shell dots), the distance dependence of ET is expected to be the

major driver for the observed higher efficiency.
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3.3.3 Discussion

It is useful to discuss radiative and ET processes on the same footing as corresponding to

the general electromagnetic decay of an excited species. Rate Γ (lifetime τ = 1/Γ) of such a

spontaneous decay is well recognized (Barnes, 1998b; Novotny and Hecht, 2006) to depend

on the local density of electromagnetic modes which, in turn, can be strongly affected by

the environment. The macroscopic electrodynamics then provides a versatile framework to

evaluate the environmental effects. This approach (Chance et al., 1978; Novotny and Hecht,

2006) was successfully applied to the spontaneous decay of various electric-dipole excitations

in the vicinity of semiconducting and metallic interfaces characterized by their frequency

ω-dependent dielectric functions ε(ω). Specifically, the electromagnetic decay rate Γ of the

randomly-oriented electric-dipole emitter in the transparent medium with dielectric constant

ε1 at distance h from the planar interface can be derived (Novotny and Hecht, 2006) as

Γ

Γ1

= 1 + Re

∫ ∞
0

k‖ dk‖
2k1k1z

f(k‖), (3.11)

where Γ1 is the spontaneous radiative decay rate this emitter would have in the uniform

medium with dielectric constant ε1, k
2
1 = ε1k

2
0, k21z = k21 − k2‖ for wave vectors and their

components, and

f(k‖) =
[(

2k2‖/k
2
1 − 1

)
r(p) + r(s)

]
e2ik1zh. (3.12)

The integration variable k‖ in expression (3.11) has the meaning of the in-plane (parallel to

the interface) component of the wave vector, whose scale is compared to the vacuum wave

number k0(ω) = ω/c. The effect of the interface is contained in Eq. (3.12) via the reflection

coefficient amplitudes r(p) and r(s) for, respectively, p- and s-polarized waves. We reiterate

that Eq. (3.11) naturally includes modifications of the decay rate both of a radiative nature

and a nonradiative nature as determined by the properties of and the distance to the interface

(substrate).
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In our experiments, we compare decay rates in two different configurations: on the ref-

erence substrate, which we denote Γref , and then on the substrate with a MoS2 monolayer,

denoted ΓMoS2 . It is the modification ratio ΓMoS2/Γref of the decay rates in the two configura-

tions that is of interest to us here, which is also underlined by Eq. (3.11). While the absolute

magnitude of Γ, of course, significantly depends on the emitter itself, the ratio is rather

determined by emitter’s environments (generalized Purcell effect (Purcell, 1946; Kristensen

et al., 2013)). These considerations provide a proper perspective on our experimental obser-

vation of nearly the same modification ratios found for PL lifetimes of neutral excitons and

of trions. It should also be emphasized that such ratios are robust with respect to the size

of the emitting exciton wave function as long as the wave function is spherically symmetric,

(Kristensen et al., 2013) thus enabling the point electric-dipole framework for calculations

of the modification of decay rates for excited states in spherical NQDs of variable sizes.

The purpose of our discussion here is to provide an unobscured illustration of the expected

magnitude and some important drivers of the ET process. To this end, we consider a

simpler familiar model of a planar interface between two (non-magnetic) media with dielectric

constants ε1 and ε2. For the reference configuration, the reflection amplitudes are then given

just by standard textbook expressions.(Novotny and Hecht, 2006) A convenient practical

way to take account of the monolayer in the macroscopic electrodynamics is to treat it as an

infinitesimally thin layer at the interface characterized by the two-dimensional susceptibility

χ that determines the polarization response to the electric field.(Agranovich, 1982; Gartstein

et al., 2015b) Generally, this susceptibility is anisotropic with its in-plane, χ‖, and out-of-

plane, χ⊥, components.1 For the range of frequencies in this study (~ω around 2 eV), it is

the in-plane susceptibility χ‖ of MoS2 that plays the major role. Its effect on the reflection

amplitudes is derived(Gartstein et al., 2015b) with the boundary conditions of the polarizable

1If compared to an anisotropic macroscopic layer of thickness d, those components can be associated with
(ε‖ − 1)d and (1− 1/ε⊥)d, respectively.
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interface monolayer as2

r(p) =

(
ε2
k2z
− ε1
k1z
− iχ‖

)(
ε2
k2z

+
ε1
k1z
− iχ‖

)−1
(3.13)

and

r(s) =
(
k1z − k2z + ik20χ‖

) (
k1z + k2z − ik20χ‖

)−1
. (3.14)

As noted above, decay rate (3.11) describes all electromagnetic decay channels includ-

ing the radiative decay into photons propagating through the transparent media sandwich-

ing in our model the MoS2 monolayer. The rate of this radiative decay can be written

down(Novotny and Hecht, 2006) as

Γrad

Γ1

=
1

2
+

∫ k1

0

k‖ dk‖
4k1k1z

[
|r(p)|2 + |r(s)|2 + 2 Ref(k‖)

]
+

∫ k2

0

k2zk‖ dk‖
4k1|k1z|2

[
k2‖ + |k1z|2

k21
|t(p)|2 + |t(s)|2

]
e−2 Imk1zh, (3.15)

where k22 = ε2k
2
0, k22z = k22 − k2‖ refer to the wave vectors in the medium with ε2. The mono-

layer’s χ‖ affects the familiar(Novotny and Hecht, 2006) transmission coefficient amplitudes

in correspondence with the reflection coefficients (3.13) and (3.14):

t(p) = 2

√
ε1ε2
k2z

(
ε2
k2z

+
ε1
k1z
− iχ‖

)−1
(3.16)

and

t(s) = 2k1z
(
k1z + k2z − ik20χ‖

)−1
. (3.17)

Calculating decay rates (3.11) and (3.15) allows one to evaluate the modification of the NQD

emitter’s lifetime due to the presence of the monolayer as well as to assess the efficiency η

of ET into the monolayer:

η = ΓET/ΓMoS2 , ΓET = ΓMoS2 − Γrad. (3.18)

2Formulae (3.13) and (3.14) reduce to the familiar(Novotny and Hecht, 2006) interface reflection coeffi-
cients upon χ‖ = 0. With account of χ⊥, expressions (3.13) and (3.16) become more involved, see SI for
illustrations of the effects of χ⊥.
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Our numerical examples in Fig. 3.13 are computed for the first medium as air (ε1 =

1) and two cases of the second medium: 1) ε2 = 2.25 as appropriate for the system we

studied experimentally and 2) somewhat larger ε2 = 4 to assess the effect of the substrate

polarizability. To accomplish the calculations, one, of course, needs to know the monolayer’s

susceptibility χ. The frequency dependence of this complex-valued quantity: χ(ω) = χ′(ω)+

iχ′′(ω), is particularly relevant for our application and realistically accessible from optical

measurements. The absorption measurements are usually used to address the imaginary

part of the response, while the spectroscopic ellipsometry is a powerful tool to deduce both

real and imaginary parts. Some helpful ellispometric measurements of monolayer and thin-

film MoS2 samples are available in the literature,(Shen et al., 2013; Yim et al., 2014) they,

however, were not analyzed in terms of the anisotropic response functions. Here we use

χ‖(ω) approximately deduced from our own transmittance measurements (see SI for details

on the real and imaginary parts of the response).

We evaluate Eqs. (3.11) and (3.15) in the spectral region of excitonic resonances using

Eqs. (3.13), (3.14), (3.16) and (3.17), with the results displayed in Fig. 3.13. Panel (a)

of this figure clearly illustrates the effects of transition frequency ω, distance h, and the

polarizability of the substrate (ε2) on the acceleration of the spontaneous electromagnetic

decay rate in the presence of the MoS2 monolayer. It is evident that the relative magnitudes

of the acceleration decrease for a more polarizable substrate. This is a consequence of a larger

screening by the substrate of the ET-enabling electric field in the vicinity of the monolayer.

The electrostatic effects of the substrate on the related dispersion of the exciton-polaritons

in monolayers has been noted before.(Gartstein et al., 2015b) For comparison, the panel also

shows three experimental data points corresponding to the acceleration of the average decay

rates reported in Figs. 3.11 and 3.12. Experimental points, color-coded to the modeled curves

in Fig. 3.13(a), correspond well to the exhibited trends especially since no fitting parameters

were used in calculations. Still, the absolute values of the computational data obtained
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Figure 3.13. (a) The ω-dependent acceleration of decay rates (3.11) due to the MoS2 mono-
layer for a randomly oriented electric-dipole exciton transition for different distances h to the
interface. Solid lines show the results derived for ε2 = 2.25 and dashed lines for ε2 = 4. To
compare, circular dots display the experimental ratios we discussed above for gNQDs at 660,
630, and 590 nm emission wavelengths. Dots are color-coded for the approximate matching
to the distance-dependent curves. (b) The calculated ET efficiency into the MoS2 monolayer,
Eq. (3.18), as corresponding and color-matched to the results in panel (a) complemented by
the evaluation of the radiative rates (3.15). (c) Distance dependence of ET rates extracted
from the calculated data at two transition frequencies: data points connected with solid lines
are for ε2 = 2.25 and with dashed lines for ε2 = 4. Short-dashed lines are guides to the eye
to indicate the slopes corresponding to the 1/h4 and 1/h3 scaling.

for the ε2 = 2.25 substrate (glass) are higher than the shown experimental points. One of

the likely sources of this difference is an approximate character of susceptibility χ used in

model calculations, which could also be affected by a non-uniformity of studied samples as

well as possible variations of the distance from NQD centers to the interface. More detailed

comparisons will become possible as an accurate characterization of the response functions

of uniform monolayer samples is made available.

Figure 3.13(b) illustrates high efficiencies, Eq. (3.18), achievable for ET from NQDs into

the monolayer even from appreciable distances in excess of 10 nm. Computations explicitly

show (see SI) that modifications of purely radiative decay rates (3.15) in the presence of a

MoS2 monolayer are relatively very insignificant so that the substantial changes in the total

decay rate ΓMoS2/Γrad observed experimentally are caused by ET into the monolayer (this

68



validates the simple analysis with Eq. (3.10)). A more quantitative view at the distance

h dependence of ET is shown in the double-logarithmic plot of Fig. 3.13(c), where the

computed data clearly exhibits the distance fall-off of ΓET slower than the traditionally

(Chance et al., 1978; Barnes, 1998b; Rogach et al., 2009) assumed 1/h4 scaling for NRET

into thin layers. As we discussed recently,(Gordon and Gartstein, 2013) the 1/h4 scaling

for Förster-like NRET is appropriate for energy acceptor layers with additive ET rates,

that is, for weakly-interacting energy acceptor systems. In the case of strongly interacting

acceptor dipoles, their mutual polarization leads to non-additivity and plays an important

role for the resulting behavior. MoS2 layers with their large in-plane polarizability is a

good example(Prins et al., 2014b) of such systems, where the strong polarization response is

accompanied by a slower distance fall-off exhibited in Fig. 3.13(c). It is interesting to note

that still different distance (and frequency) dependence of ET into the monolayer is possible

if the excitonic absorption lines were much narrower than in our current samples. In this

case ET would correspond to the excitation of coherent exciton-polaritons in the monolayer

(Gartstein et al., 2015b), conceptually similar to the excitation of surface plasmons. (Chance

et al., 1978) Low-temperature studies of ET into defect-free monolayer samples are needed

to verify if such an intrinsic behavior is achievable.

3.3.4 Conclusions

In summary, we used three types of large core/shell nanocrystals (gNQDs) that exhibit

neutral and charged radiative excitonic states to demonstrate that both excited species can

efficiently transfer their energy into a neighboring 2D semiconductor substrate. PL surface

scanning reveals a substantial acceleration of PL decay for gNQDs energy donors on top of

the CVD-grown monolayer MoS2 domains. Analysis of the PL lifetime components shows

the same ET transfer efficiencies for both types of the excitonic species – in agreement

with the expected effect of the environment on spontaneous electromagnetic decay rates.
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The experimental results are supported by an electrodynamics model that describes the

decay rate of an electric-dipole emitter in the vicinity of a TMDC interfacial layer with a

strong excitonic polarization response along the layer. Computations confirm that high ET

efficiencies in excess of 80% and 90% can be achieved depending on the gNQD size.

The experimental observation of the efficient ET coupling between various excitonic

species in core/shell gNQDs and ultrathin semiconductor materials indicates potential for

creation of hybrid architectures that would operate with higher order multiexciton (MX)

complexes. The prospect of MX harvesting via ET coupling may, for instance, open inter-

esting opportunities in photovoltaics. Modern nanocrystal based solar cells are not used

in solar concentrator/high solar flux geometries due to the Auger recombination prevent-

ing long-lived higher order excitons. Using robust and photostable giant nanocrystals with

suppressed Auger recombination rates combined with efficient ET of MXs might allow to

increase the conversion efficiencies beyond the one-sun illumination limits. Further, ET

schemes might benefit harvesting of MXs generated via multicarrier generation mechanisms,

broadly thought to alleviate carrier thermalization losses.

3.4 Order of magnitude enhancement of monolayer MoS2 photoluminescence

due to near-field energy influx from nanocrystal films

Reprinted(adapted) with permission from ref.(Guo et al., 2017) copyright 2017 Springer

Nature Publishing AG

Monolayer transition metal dichalcogenides (TMDCs) such as MoS2, MoSe2, WS2 con-

stitute a new class of two-dimensional (2D) direct-gap (Mak et al., 2010) semiconductors

widely believed to be promising candidates for various optoelectronic applications.(Wang

et al., 2012; Rao et al., 2014; Ferrari and Kinaret, 2015; Peng et al., 2015) Thanks to the 2D

confinement and reduced dielectric screening, these systems support tightly-bound electron-

hole pairs, excitons, (Yu et al., 2015) that are prominently featured in their light absorption
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(Mak et al., 2010) and emission (Splendiani et al., 2010) spectra. Like with other semi-

conductors, the common means to create excitons in monolayer TMDCs are via the direct

photon absorption or via the injection of electrons and holes, which respectively lead to the

phenomena of photoluminescence (PL) (Splendiani et al., 2010) and electroluminescence,

(Sundaram et al., 2013) as experimentally observed in these materials. It is known, how-

ever, that recombination losses(Wang et al., 2015; Kozawa et al., 2014) of the excitations

photoproduced in monolayer MoS2 can result in substantial limitations on the observed PL

emission quantum yield (QY), which is commonly found well below 1% in the as-prepared

samples.(Amani et al., 2015)

A very different way to produce excitons in TMDCs is through near-field coupling that

enables nonradiative energy transfer (NRET) from the proximal quantum emitters such as

photoexcited nanocrystal quantum dots (NQDs). NRET is a fundamental physical process

well known for being one of the primary processes of photosynthesis (Ke, 2001) and vital

for energy transport in molecular systems, (Agranovich and Galanin, 1982; Pope and Swen-

berg, 1999) and that can also be exploited in judiciously designed hybrid nanostructures for

novel optoelectronic devices.(Agranovich et al., 2011; Belton et al., 2008; Peng et al., 2015)

Excitonic sensitization via NRET should be contrasted with other commonly used schemes

to enhance light absorption, such as via the plasmonic enhancement. (Ferry et al., 2008;

Atwater and Polman, 2010) While the latter effect strenthens the electric field in the vicinity

of the monolayer absorber, the resulting excitons could undergo even larger nonradiative

recombination losses leading to low QYs. On the other hand, excitons in NQDs are known

to possess high QYs that are maintained in nanocrystal solids,(Rupich et al., 2016) their

radiative lifetimes are sufficiently long to allow for effective gradual energy transfer (ET)

into the monolayer, which can potentially dramatically reduce the parasitic recombination

losses.

Energy transfer from NQDs into TMDCs has attracted increasing attention recently(Prins

et al., 2014b; Prasai et al., 2015; Gartstein et al., 2015b; Goodfellow et al., 2016; Sampat
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et al., 2016; Raja et al., 2016; Zhang et al., 2016) and exhibits interesting physics due to the

strong dielectric polarization response of TMDC systems and concomitant non-additivity

(Gordon and Gartstein, 2013) of NRET rates. We predicted(Gordon and Gartstein, 2013;

Roodenko et al., 2013) that NRET into highly-polarizable ultrathin semiconducting layers is,

counterintuitively, more efficient for thinner rather than thicker layers, and that its distance

h dependence should be slower than the traditionally(Chance et al., 1978; Barnes, 1998b;

Rogach et al., 2009) assumed 1/h4 scaling. In experiments(Prins et al., 2014b; Raja et al.,

2016) with MoS2, NRET from NQDs into a monolayer was indeed found more efficient than

into few-layer samples. Our recent observation(Sampat et al., 2016) of quite high, ' 85%,

NRET efficiency from individual (arranged in sub-monolayers) CdSe/CdS NQDs with a

large radius that defines the appreciable separation distance of h ' 10 nm between NQDs

and MoS2 monolayers gives further support to the idea of effective excitonic sensitization of

TMDCs.

Here we demonstrate that PL properties of monolayer MoS2 can be greatly enhanced

in the hybrid nanostructure with optically thick films of CdSe/ZnS core-shell NQDs. We

characterized and employed these NQDs previously in studies of ET in various configurations

(Ref.(Rupich et al., 2016) and citations therein). Smaller-size CdSe/ZnS NQDs enable higher

efficiency of NRET into a neighboring substrate and can potentially facilitate the internal

energy transfer (spectral diffusion (Klar et al., 2005; Rogach et al., 2009b; De Benedetti

et al., 2014)) between the layers of nanocrystals towards MoS2 substrate. The novelty of

our approach is to employ both ultrafast time-resolved PL and transient absorption (TA)

pump-probe spectroscopies, which has not been done so far for these systems, to directly

observe the dynamic evolution of excitonic signatures in monolayer MoS2 as it is accepting

energy from the NQDs. While common to probe the dynamics of directly photoexcited

species (including the effects of charge transfer in TMDC bi-layer structures (Hong et al.,

2014)), the TA method has never been applied before to monitor the absorption changes
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of an energy acceptor in the process of energy transfer. Both PL and TA data derived on

NQD/MoS2 hybrids exhibit nanosecond-scale kinetics absent in pristine MoS2, which is the

time scale consistent with measured and evaluated NRET rates. The data unequivocally

demonstrate highly effective excitonic sensitization of monolayer MoS2 in the hybrid struc-

tures as manifested by a nearly 10-fold enhancement of the MoS2 PL intensity in hybrid

structures in comparison with the PL emission resulting from the direct photon absorption

in the bare MoS2 reference monolayers. Our findings indicate that excitonic sensitization of

TMDCs via ET occuring on a comparatively “slow”, nanosecond, time scale is capable of

greatly reducing the recombination losses and dramatically increase the quantum yield of

the emissive excitons in monolayer MoS2. The ET approach is thus expected to extend the

range of optoelectronic application opportunities for monolayer dichalcogenide systems, fur-

ther enhanced by the possibility of electric manipulation (Prasai et al., 2015) of the strength

of near-field coupling.

3.4.1 Sample Description and Experimental Setup

Monolayer MoS2 domains with sizes between 5-10 µm were prepared by chemical vapor

deposition (CVD) on top of transparent sapphire substrates to cover nearly uniformly ∼

cm2 of the substrate’s surface. The domains were grown by powder vaporization technique.

2 mg of MoO3 (99.8%, Sigma) was placed in an alumina crucible at the center of the furnace.

400 mg of S powder (99.995%, Alfa Aesar) was positioned 12 inch upstream from the MoO3

crucible. 270 nm SiO2/Si substrate (University Wafer) was located 7 mm away from the

MoO3 powder, facing the powder by its glass surface. The growth temperature was 725◦C

for 15 minutes with a 10 minutes dwelling at 300◦C in order to remove the organic/water

residuals. After the growth, the furnace cooled down at a rate of 30◦C/min until reached

300◦C, then followed by a natural cooling. Monolayer thickness of the flakes was ascertained

by Raman spectroscopy.
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The synthesis of CdSe/ZnS NQDs with PL emission wavelength at ∼ 585 nm was based

on a well-established literature method (Carbone et al., 2007) with a minor modification:

the injected volume of TOP was doubled. Core-shell NQDs with 2 CdS and 4 ZnS shells

were prepared according to the SILAR technique.(Li et al., 2003; Xie et al., 2005) Detailed

information about crystal structure and elemental composition, as well as the size of resulting

CdSe/ZnS NQDs is shown in Fig. S1 of the Supplementary Information (SI). Their absorption

and emission spectra are presented in Fig. S2(a). This emission wavelength corresponds to

NQD size of ∼ 5.5 nm as determined by TEM (Fig. S1(c)). Together with ligands, the

total size of NQDs is ∼ 7.5 nm. The emission quantum yield of the NQDs in solution was

measured using integrating sphere and found to be about 55% – in agreement with the results

we reported in Ref.(Rupich et al., 2016).

To prepare hybrid samples, NQDs are drop-casted from hexane solution to form a dense

coverage over substrates with MoS2. Numerous studies have shown that oleic acid ligands

commonly used to passivate NQDs effectively prevent charge transfer to semiconductor sub-

strates.(Nguyen et al., 2011, 2012; Andreakou et al., 2012) Instead, energy transfer has been

shown to be the main mechanism leading to substrate sensitization from nearby quantum

emitters, including TMDC substrates.(Prins et al., 2014b; Prasai et al., 2015; Goodfellow

et al., 2016; Sampat et al., 2016; Raja et al., 2016; Zhang et al., 2016) It should be empha-

sized that energy transfer is a much longer-range process than more conventional electron

transfer.(Agranovich and Galanin, 1982; Pope and Swenberg, 1999) The electron transfer at

interfaces is mediated by the overlap electronic wave functions and therefore can be greatly

affected by the quality of the interface. Energy transfer, on the contrary, is mediated by the

near electric field that is practically not influenced by the details of the interface morphology

(Ref.(Peng et al., 2015) and citations therein) in the standard drop-cast deposition proce-

dure. We estimate NQD film thickness of ∼ 150 nm based on the calibrated linear absorption

spectra of the self-assembled NQD layers(Rupich et al., 2016) as seen in Fig. S2(b). We do
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not pursue studies of the magnitude of the effects as a function of the thickness of NQD

films.

Time-resolved pump-probe measurements are based on an amplified Ti:Sapphire laser

system producing a fundamental beam with 100 fs pulses at 800 nm. Pump beam is pro-

duced by frequency doubling fundamental to 400 nm in the BBO nonlinear crystal, while

smaller part of the fundamental beam is focused into sapphire plate to produce visible wight

light continuum (WLC) probe in the region of 450-800 nm. All measurements are made

at room temperature. Complementary time-resolved PL measurements of individual MoS2

domains are performed in Olympus IX 71 microscope equipped with nanopositioning x-y

stages with step size resolution of 50 nm with the sample excited by 405 nm laser pulses

of 50 ps duration at the repetition rate of 5-20 MHz. Time-tagged time-correlated single

photon counting (TCSPC) is performed using PicoQuant TimeHarp 200 electronics. To

compute pulse fluences, diameters of the excitation spot sizes have been measured, provid-

ing 200 µm of the pump beam in TA experiment and 0.6 µm in PL experiments. NQD

occupation has been computed using tabulated absorption cross-section of 5 × 10−15 cm−2

as previously established. We monitor the PL emission and TA signatures of excitons in

monolayer MoS2 that follow the excitation of the system (both NQDs and MoS2) by a laser

pulse. Throughout the text, the laser excitation levels are indicated in the pulse fluence

(mJ/cm2) as appropriate for MoS2 and in the corresponding number of electron-hole pairs,

Neh, as common in the NQD spectroscopy.

3.4.2 Results

Figure 3.14 compares the PL spectra of the NQD/MoS2 hybrid and reference MoS2 samples

at different pump fluence levels. The PL spectrum of the hybrid plotted in the logarithmic

scale in Fig. 3.14(a) clearly shows a well-resolvable superposition of the emission from both
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components: the NQD emission centered at 585 nm and the luminescence from MoS2 at

676 nm. While the signal from NQDs is obviously much larger (due to significant light

absorption and high quantum yield in the thick NQD film), the MoS2 emission is spectrally

well separated at all pump levels. Panel (b) of Fig. 3.14 shows a magnified view of the MoS2

emission region in the hybrid sample. The top spectrum (red solid curve) was decomposed

into the PL contribution from the MoS2 (red dashed Gaussian peak) and two exponential

Urbach-like tails corresponding to sub-gap states in the NQD material (black dashed line) and

in MoS2 itself (part of the solid black line fit in the 690−720 nm region). It is clear that NQD’s

tail contribution to MoS2 PL at 676 nm is very small. A similar decomposition performed for

spectra at lower pump powers shows even smaller contributions of NQD’s emission leakage

to MoS2 region. Panel (c) displays reference PL emission spectra of monolayer MoS2 at the

same power levels before NQD deposition. An order of magnitude PL enhancement effect

of NQDs on the MoS2 photoluminescence is evident in Fig. 3.14(d) which shows the ratio of

MoS2 PL intensity in hybrid (corrected for small amount of NQD’s tail emission leakage) to

the reference MoS2 monolayer sample (that is, the sample before deposition of NQDs). Up

to a 10-fold increase of the MoS2 emission is observed in the hybrid sample clearly implying

efficient ET to monolayer MoS2 from a large number of photoexcited NQDs.

While the luminescence intensity increase from the acceptor material would ordinarily

be considered a sufficient evidence of ET, such an increase could also be influenced by

variations of the QY of the acceptor emission in the hybrid as we discussed above. We

compared PL of the bare monolayer MoS2 before and after the exposure to the solution of

organic ligands used for our NQDs and did not find noticeable differences (Fig. S3 of SI).

However, given the complexity of surface passivation properties of MoS2 monolayers, (Amani

et al., 2015) a more direct observation of the time-dependent process of energy transfer is

highly desirable. Further insight and evidence can correspondingly be obtained from the

kinetics of the MoS2 luminescence, which is presented in Fig. 3.14(e). This figure compares
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Figure 3.14. (a) PL intensity of NQD/MoS2 hybrid at several pump levels on the log scale.
(b) Magnified view of the MoS2 PL emission region in the hybrid samples. Black solid line -
fit of the top trace using Gaussian (red dashed line) for MoS2 PL peak and two exponentials
for Urbach-like sub-band gap emission in NQDs (black dashed line) and in MoS2 (part of
the fit line in 690− 720 nm region) (c) PL of the bare monolayer MoS2 reference sample at
the same power levels. The large increase of PL intensity is quantified in panel (d) in the
form of the PL enhancement factor (ratio of MoS2 PL intensities in panels (b) and (c)) as a
function of the pulse fluence. (e) Time-resolved PL decays for the hybrid at 676 nm fitted
by double-exponentials and compared to the PL decay in the reference sample.
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the time-resolved MoS2 emission in the reference bare MoS2 sample with that in the hybrids

at different excitation levels. We emphasize that the PL decay in the reference sample as

observed here is limited by our PL system resolution, correspondingly the signal displays

a nearly monoexponential behavior convoluted with the instrument response function of

the detector with the response limited time ∼ 0.3 ns. More precise measurements made

in Ref.(Prasai et al., 2015) with a streak camera as well as our own much better time-

resolved TA data indicate that bare MoS2 PL lifetimes are significantly shorter, ∼ 10 ps.

Even with this resolution limitation of the bare MoS2 signal, though, Fig. 3.14(e) already

provides a transparent illustration of much slower luminescence decays in hybrid samples,

overall on a nanosecond time scale. From the double-exponential fits, their faster components

exhibit ∼ 0.7 − 1.1 ns and slower components ∼ 2 − 4 ns lifetimes. To rule out PL signal

“contamination” at 676 nm by a small amount of NQD emission tail overlap, Fig. S4(a) of

SI compares PL lifetimes at 676 nm for the hybrid sample and for the NQD-only sample

similarly deposited on the sapphire substrate. It is very clear that the PL signal in the hybrid

is orders of magnitude larger than the signal from the NQD-only sample, demonstrating that

no signal contamination takes place at 676 nm from the NQD tail emission. We further note

that the faster component of lifetime is comparable with the PL quenching time that we

measured at 585 nm for the sub-monolayer NQD donors on MoS2 sample, which is a signature

of ET on the donor side (Fig. S4 of SI). The data in Fig. 3.14(e) thus unequivocally show

that the emission from MoS2 in the hybrids occurs on an extended time scale as determined

by the dynamics of energy influx into the monolayer rather than by its intrinsic decay time.

The pump-level dependence of the traces displayed in Fig. 3.14(e) is reflective of nonlinear

(such as Auger-like or Auger-assisted) relaxation processes leading to saturation effects at

higher pumping levels well-known in both NQDs and MoS2. We will refer to these effects

later.

While the energy supply from thick donor films may, generally speaking, exhibit a convo-

luted dispersive time dependence, it is instructive and helpful to examine the dynamics of the
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exciton population in the simplest kinetic description with only very few defined rates and

without nonlinearities. In such a description, the temporal evolution of the donor, ND(t),

and acceptor, NA(t), excitations is governed by a system of two kinetic equations:

dND

dt
= − γDND − wND, (3.19)

dNA

dt
= − γANA + wND. (3.20)

Here, w denotes the rate of ET from the excited donor to the acceptor, whereas γD and

γA are the decay rates for the donor and acceptor, respectively, due to other radiative and

nonradiative processes. Equations (3.19) and (3.20) readily yield

ND(t) = ND0 e
−(γD+w)t, (3.21)

NA(t) = (NA0 −Q) e−γAt +Qe−(γD+w)t, (3.22)

where ND0 and NA0 are the initial populations of the donor and acceptor excitations at time

t = 0 and Q = wND0/(γA − γD − w). In this simplified description, one is understandably

dealing with effective quantities: so ND refers only to the donors that are well coupled

to the acceptor subsystem while initial populations NA0 and ND0 to the actually available

excitations that resulted from the direct photon absorption. As per Eqs. (3.19) and (3.20),

the total number of excitations transferred from the donor to acceptor is NET = wND0/(γD+

w) so that Eq. (3.22) can be rewritten as

NA(t)

NET

=

(
NA0

NET

− γD + w

γA − γD − w

)
e−γAt +

γD + w

γA − γD − w
e−(γD+w)t, (3.23)

whereNET is meaningfully compared to the initial numberNA0 of the acceptor excitations. In

accordance with the ET influx, the acceptor population (3.23) features a double-exponential

behavior. The relationship between the two exponential terms, however, strongly depends on

the interplay of the system parameters and initial conditions. For instance, we successfully

applied (De Benedetti et al., 2014) this kinetic model to NQD bilayers in the regime of
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γA ∼ γD � w, where ET resulted in the appearance of the rise-time behavior for the acceptor

PL time evolution. In the case under consideration, however, with the MoS2 acceptor, the

characteristic order-of-magnitudes of relevant times may be estimated as 1/γA ∼ 10 ps,

1/γD ∼ 10 ns, 1/w ∼ 1 ns, so that the relationship between the rates is quite different:

γA � w � γD. (3.24)

Equation (3.23) can, in principle, be used for the extraction of the salient system param-

eters and the ratio NA0/NET from the fits to the experimental data. In the parameter regime

(3.24), the second term in Eq. (3.23) clearly illustrates that it is energy transfer with ET rate

w that would be determining the longer-term decay of the number of acceptor excitations –

after the initial excitations represented in the first term die off. This picture is in agreement

with observations in Fig. 3.14(e) of much slower emission decays in hybrid samples. Given

the limited time resolution of the PL measurements, however, the acceptor emission data in

Fig. 3.14(e) are not the best candidates for accurate fitting with extremely short lifetimes

1/γA. Instead, we are taking advantage of relationship (3.24) to employ ultrafast transient

absorption measurements for addressing ET dynamics.

In the investigation of energy transfer in hybrid systems, there are two sides of the

process that can be looked at: the energy donor (NQDs in our case) and the energy acceptor

(here monolayer MoS2). While the majority of experiments on NQD/TMDC hybrids have

traditionally looked at the modification of the donor PL emission (energy outflow), the main

focus of the study is distinctly different: on the side of the energy acceptor for both PL

and TA measurements. This approach is especially important to analyze ET into MoS2-like

materials. Unlike energy donor-acceptor pairs with high emission quantum yields (QYs),

where the donor emission quenching is well matched by the acceptor emission enhancement,

monolayer MoS2 ordinarily exhibits very fast PL decays with low emission QYs(Wang et al.,

2015; Amani et al., 2015) so that the number of emissive excitons created in MoS2 can
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be substantially lower than expected on the basis of its absorptive properties alone. Low

QYs may be related to the surface defects of TMDC materials and can vary with chemical

surface passivation.(Amani et al., 2015) As hybrid structures contain organic ligands used to

passivate NQD surfaces, those might inadvertently influence the emissive properties of MoS2

as well. The pump-probe TA spectroscopy relies on the modulation of absorption rather

than emission and thus enables us to detect excitons that may not emit. Providing time

resolution better than 1 ps, the TA pump-probe technique is thus introduced here as a novel

method to directly visualize and quantify energy influx, particularly powerful for acceptors

with fast intrinsic lifetimes, such as monolayer MoS2 under consideration.

Figure 3.15(a) shows differential transmission spectra ∆T/T of a hybrid NQD/MoS2

structure for several time delays ∆t between the pump and probe pulses. As photoinduced

TA signatures of both NQDs (Klimov et al., 2000; Klimov, 2010) and monolayer MoS2

(Wang et al., 2015; Pogna et al., 2016) have been well described, one immediately recognizes

a superposition of their prominent bleaching (positive ∆T/T ) features: at . 600 nm for

NQDs and at & 600 nm for MoS2. A clear spectral separation of longer-wavelength MoS2

TA features allows us to reliably compare their dynamics in hybrid and reference samples.

More details on the TA signatures in our reference bare MoS2 samples are available in SI,

Fig. S5; for a broader overview, we refer the reader to recent Ref.(Pogna et al., 2016). Here

we concentrate on monolayer MoS2 bleaching features in the spectral regions of the so-called

A- (monitored at 665 nm) and B- (monitored at 620 nm) excitons.

Figure 3.15(b) illustrates a drastic difference in the kinetics of the A-exciton bleaching

signatures observed in the hybrid NQD/MoS2 and reference bare MoS2 samples. While the

signal in the reference sample quickly dies off, the trace in the hybrid sample develops a

very long “tail” with the decay time that is absolutely absent in the reference trace. If fitted

with a three-exponential function, the hybrid traces exhibit components with lifetimes of

∼ 1 − 2 ps, ∼ 20 − 30 ps and ∼ 1.5 ns. The determination of the latter lifetime may be

81



300025002000150010005000

Delay Time (ps)

∆
T

/T
 (

lo
g
, 
n
o
rm

al
iz

ed
)

0.1

1

Dynamics of “A” exciton at 665 nm

Model simulation with 
A

ET

N  (0)

N
~

1

10

(b)

3500

Reference

MoS2 ∆
T

/T
 (

lo
g
, 
n
o
rm

al
iz

ed
)

0.1

1

2000160012008004000
Delay Time (ps)

Dynamics of “B” exciton at 620 nm
(c)

Reference

MoS2

Tri-exponential fit (10, 60, 1000 ps)

NQD PL Intensity (arb. units) 

M
o

S
 
∆

T
/T

  
(a

rb
 u

n
it

s)
2

0
0

20 40 60 80 100

50

100

150

200

250
(d)

x
1
0

-2  

700650600550500

Wavelength (nm)

∆
T

/T
,

6

4

2

0

750

2

(a)
NQD response

Time  delay

 1 ps
 0 ps

 30 ps
 150 ps
 500 ps

MoS  response

-

-

+

-

+

+

Pump

SapphireMoS2

NQDs

time delay ∆t

Probe
(500 - 750 nm)

CCD

Detector

NRET

MoS2

NQDs

Figure 3.15. Schematic pictures of the pump-probe measurements setup and ET in hy-
brid NQD/MoS2 samples accompanied by the data plots. (a) Pump-probe spectra of the
NQD/MoS2 hybrids for different time delays ∆t at ∼ 1 mJ/cm2 pulse fluence. (b) Dy-
namics of the A-exciton bleaching feature in the hybrid (red trace) and reference MoS2

(blue trace) samples. Black line shows the fit using Eq. (3.23) yielding the parameter ratio
NA0/NET ' 1/10. (c) Dynamics of the B-exciton bleaching feature in the hybrid (green
trace) and reference MoS2 (blue trace) samples. Black line shows the fit by a tri-exponential
function with 10, 60 and 1000 ps time constants. (d) The MoS2 exciton 660 nm bleach
amplitude at ∆t = 150 ps in the hybrid sample vs the NQD PL intensity at 585 nm for the
same pump fluences in the range of Neh from 0.1 to 2.

a bit less precise here due to the relatively short observation window limited by the travel

range of the delay line in the pump-probe experiments but it is evident that this component

is about two orders of magnitude longer than any component in the reference MoS2 trace.

In accordance with the picture presented in Eq. (3.23), the significantly extended decay of

the MoS2 bleaching signal in the hybrid is reflective of the gradual energy influx from NQDs,

which is much slower than the internal decay in MoS2: γD + w � γA.
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Given the picosecond time resolution of the pump-probe experiments, the internal decay

rate of the MoS2 can now be well resolved and the simplified fitting with the biexponential

Eq. (3.23) attempted. For this fitting, we assume that the MoS2 bleaching signal is represen-

tative of the number NA of the excitations in monolayer MoS2. Figure 3.15(b) shows a very

satisfactory fit to the TA signal in the hybrid using Eq. (3.23) with time decay parameters

1/γA = 30 ps (in agreement with the decay in the reference sample), 1/(γD + w) ∼ 1.7

ns and the ratio NA0/NET ' 1/10 of the contributors to the exciton population in MoS2.

The kinetics of the TA signal thus provides a direct confirmation of the effective ET time

1/w ∼ 1.5 ns (in view of Eq. (3.24)) and clearly indicates very high efficacy of the exci-

tonic “sensitization”: the number NET of excitons transferred to MoS2 from NQDs is about

an order of magnitude larger than the effective number NA0 of excitons that resulted from

the direct photoabsorption in MoS2. This conclusion corresponds rather well to the MoS2

emission enhancement in the hybrid samples observed in Fig. 3.14.

A drastic difference between the hybrid and reference samples is also observed in the

dynamics of the bleaching feature in the spectral region of the MoS2 B-exciton. Figure

3.15(c) clearly illustrates the appearance of the long-lived tail in the hybrid with the decay

time absent in the reference sample. Overall, the character of the changes in the hybrid is

quite similar to what we observed for the A-exciton bleach in Fig. 3.15(b). Some variations

are however also noticed. The kinetics of the B-exciton bleach in the hybrids can also be fit

with tri-exponential functions, whose components exhibit both shorter lifetimes (∼ 10− 20

ps and ∼ 50 − 100 ps) that are native to the MoS2, and new longer lifetimes ∼ 600 − 900

ps due to ET from nearby NQDs. The ET times extracted from the fits to the bleach at

620 nm appear consistently shorter than ET times extracted from the fits to the bleach

at 660 nm; nonetheless – and importantly – on the same time scale of ∼ 1 ns. We also

observed that the B-exciton bleach in hybrids exhibits more pump-power dependence than

the A-exciton bleach. In view of these variations, it needs to be mentioned that A- and
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B-bleaching features display some differences already in bare monolayer MoS2, such as, for

instance, a noticeable time-dependent spectral shift of the B-feature in Fig. S5 in SI. The

possibility of excitation-energy dependent nonequlibrium populations of A- and B-excitons

has also been discussed in the literature.(Steinhoff et al., 2015)

It is useful to examine the pump-power dependence of the long-lived tail in the ∆T/T

signals. The second term in Eq. (3.23) shows that the magnitude of this tail (that is, NA)

should be proportional to NET, and hence to the number ND0 of the NQD excitations created

by the pump in the donor component of the hybrid. It is important to recall now that the

number of the emissive excitons in NQD is not exactly proportional to the pump power: for

high pump powers (Neh >1), the number of such excitons is well-known to tend to a satu-

rated behavior due to nonlinear, non-radiative Auger recombination of multiexciton states in

NQDs. The right measure of the relevant pump-dependent number of the excitons in NQDs

is then their own PL signal. Figure 3.15(d) displays the magnitude of the bleach ∆T/T

signal of the MoS2 A-exciton in hybrids at the delay time ∆t of 150 ps (at the beginning

of the long tail in Fig. 3.15(b)) vs the PL intensity from NQDs at different pump powers.

The resulting plot is evidently linear, clearly indicating that the long-lived signal in MoS2 is

proportional to the number of excitons transferred from NQDs.

3.4.3 Discussion

The data presented above provides unambiguous experimental evidence of highly effective

excitonic sensitization of the light emission from monolayer MoS2 by means of energy transfer

from the adjacent NQD film. The data shows that the number of excitons transferred from

photoexcited NQDs into MoS2 is substantially larger than the number of observable excitons

resulting from the direct optical absorption in monolayer MoS2. Indeed, on one hand we

register a nearly 10-fold increase of the MoS2 emission in our hybrid structures. On the
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other hand, we observe that enhanced MoS2 excitonic signatures, in both luminescence and

transient absorption, manifest themselves on an extended nanosecond timescale that is char-

acteristic of the ET process and absent in stand-alone MoS2. The scope of our demonstration

and the magnitude of the PL enhancement observed thus go well beyond a corresponding

observation in Ref.(Prasai et al., 2015). We continue to elaborate to illuminate the likely

origin of the effect that should allow for further application optimization.

It is clear that excitonic sensitization of the acceptor subsystem should depend on such

important factors as the number of excitons available in the donor subsystem and the efficacy

of energy transfer between the subsystems. Our discussion of those factors for MoS2/NQD

hybrids under consideration will be assisted by illustrative modeling results presented in

Fig. 3.16. It should be noted that the precise values of optical parameters of pristine MoS2 are

not firmly established yet as various measurements may be affected by samples’ preparation

and nonuniformity. For the illustrative purposes here we use the frequency-dependent optical

susceptibility of monolayer MoS2 extracted from our own transmittance measurements as

described in Ref.(Sampat et al., 2016). The NRET process that we discuss here has the same

underlying physics as the well-known Förster energy transfer(Agranovich and Galanin, 1982;

Pope and Swenberg, 1999) between small species that involves the overlap of the emission

spectrum of the energy donor and the absorption spectrum of the energy acceptor. It has

however its specific behavior as the energy transfer occurs into the spatially extended (two-

dimensional in our case) acceptor material, whose collective response is represented by the

corresponding complex-valued dielectric susceptibility at appropriate frequencies. Monolayer

MoS2 susceptibility that we employ exhibits a highly absorptive behavior over a broad range

of wavelengths, including in the overlap with the NQD emission wavelength used in this

study. The emission-wavelength-dependence of ET into MoS2 was already illustrated and

discussed in Ref.(Sampat et al., 2016). Optical parameters used for NQD films were derived

from our ellipsometric measurements on multilayer NQD samples as reported in Ref.(Rupich

et al., 2016).
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Figure 3.16. Results of illustrative model calculations using optical parameters discussed
in Refs.(Sampat et al., 2016) and (Rupich et al., 2016). (a) Optical properties of the
air/NQD/MoS2/sapphire/air structure for the 400 nm wavelength as a function of the NQD
film thickness. Shown are the percentage amounts of the absorption in monolayer MoS2

and in the NQD film as well as the total reflectance and transmittance of the structure for
the normally incident light. (b) The efficiency of energy transfer into MoS2 for the 585 nm
wavelength as a function of distance h of randomly oriented electric-dipole emitter from the
interface with monolayer MoS2. The inset in the double-logarithmic scale shows the distance
dependence of the ET rates visually compared to power-laws of h−3 and h−4 displayed as
short-dash lines. Solid lines show results for the interface between sapphire and vacuum,
dash lines for the interface between sapphire and the medium with refraction index of 1.6
representative of dense NQD films.(Rupich et al., 2016)

Figure 3.16(a) compares the calculated amounts of the 400 nm laser excitation absorbed

in monolayer MoS2 and in the NQD film as a function of the film thickness for the hybrid

samples on thick sapphire substrates. (To appreciate the effect of MoS2 on the overall optical

properties, see Fig. S2 of SI that compares the properties of the structures with and without

monolayer MoS2.) The calculations indicate that for NQD films of 100− 150 nm thickness,

the absorption in NQDs is expected to be comparable to that in reference monolayer MoS2,

perhaps larger by a factor of 2 or so. With this in mind, the results of Fig. 3.14(a) showing

the PL intensity from MoS2 – even after the enhancement in the hybrid – being about two

orders of magnitude smaller than the PL intensity from NQDs should be interpreted as chiefly

caused by very low emission QYs in monolayer MoS2, which can, according to the data in

Ref.(Amani et al., 2015), be well below 1%. On the contrary, our colloidal NQDs exhibit
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high PL quantum yields that, importantly, can be maintained upon formation of solid state

films.(Rupich et al., 2016) The excitons created in NQDs films can correspondingly live long

enough to be able to undergo ET into MoS2.

Figure 3.16(b) shows the computed efficiency of ET as a function of the distance h

from the excitonic NQD emitter (understood as from the center of the NQD) to interfacial

monolayer MoS2 for the emission wavelength of 585 nm. The calculations were performed

using the macroscopic electrodynamics framework for the decay of electric-dipole emitters in

this geometric arrangement, the detailed description of which we provided in Ref.(Sampat

et al., 2016). The efficiency of ET is defined here as the fraction ΓET/Γ of the ET rate ΓET =

Γ− Γrad in the total electrodynamic decay rate Γ of the emitter, when the purely radiative

decay rate Γrad is subtracted. Figure 3.16(b) presents results derived for the interfaces

between sapphire substrate and vacuum as well as between sapphire and the medium with

refraction index 1.6 as representative(Rupich et al., 2016) of the dense NQD films, comparing

which illustrates the extra screening effect on NRET that the film’s own polarizability could

have (no account of relatively small local field effects(Agranovich and Galanin, 1982; Gordon

and Gartstein, 2014) was made here). As per Fig. 3.16(b), particularly high efficiencies of the

direct ET events are restricted to the first few NQD monolayers adjacent to MoS2 (a single

NQD monolayer can be estimated to add approximately 6 nm to the film thickness(Rupich

et al., 2016)). This is a consequence of the well-known strong dependencies of NRET on

the donor-acceptor distances,(Barnes, 1998b; Rogach et al., 2009) which is demonstrated for

our case in the inset to Fig. 3.16(b) displaying ΓET in terms of the NQD vacuum radiative

decay rate Γ0 (from our measurements of the NQD PL decay on glass surfaces, see Fig. S4 of

SI, 1/Γ0 is estimated at ∼ 24 ns). As a result of high polarizability(Gordon and Gartstein,

2013; Roodenko et al., 2013; Sampat et al., 2016) of monolayer MoS2, the distance scaling

here is still slower than h−4 conventionally assumed(Chance et al., 1978; Barnes, 1998b;

Rogach et al., 2009) for the 2D acceptors. The strong distance dependence could generally
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result in a multitude of ET rates, from a fraction of a nanosecond into a nanoseconds range

according to Fig. 3.16(b); those, however, may not be necessarily resolvable even with well-

ordered NQD assemblies(Rupich et al., 2016) and all the more so with disordered NQD

films. The overall dynamics of energy flows can further be complicated by the so-called

spectral diffusion within the NQD film corresponding to the inter-dot energy transfer (see,

e.g., Refs.(Klar et al., 2005; Rogach et al., 2009b; De Benedetti et al., 2014) and Fig. S4(d) of

SI). These considerations can account for certain variations of ET-related lifetimes derived

with two- or three-exponential fits to different experimental traces from hybrids in Figs. 3.14

and 3.15. It should be stressed then that all the lifetimes extracted from the fits to the

dynamical traces of both emission and TA signals and featured only in the hybrid structures

indeed fall into a sub-nanosecond to nanoseconds range, consistently with our expectations

for energy transfer from NQDs into monolayer MoS2.

In trying to rationalize the enhancement of the MoS2 emission in hybrid samples, Fig. 3.14,

it must be recognized that the number of transferred excitons is very improbable to be bigger

than the number of photons directly absorbed in MoS2. Indeed, the latter number is expected

to be comparable to the number of photons absorbed in the NQD film and only a fraction of

the resulting excitons would be transferred, which is of course also reflected in a much larger

emission signal from NQDs, Fig. 3.14(a). One, therefore, has to conclude that the effective

emission QY from the transferred excitons should be appreciably higher than the QY of

the excitations resulting from the photons directly absorbed in MoS2. We do not pursue

measurements of the absolute values of the emission QY – similarly to other studies,(Prasai

et al., 2015; Kozawa et al., 2014) our experiments can target only the relative changes of

the emission signal. Given the large number of the photons directly absorbed in MoS2, it is

conceivable that the effective monolayer MoS2 emission QY could be increased in our hybrid

nanostructure even more than the observed PL enhancement factors (Fig. 3.14(d)). The

increase of quantum yields may be attributed to the substantial differences in the respective

excitation modes.
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First, the direct photon absorption in MoS2 takes place over the period of the laser pulse,

∼ 100 fs, while energy transfer, in contrast, occurs over much longer, nanosecond-scale,

times. The resulting momentary excitation density in monolayer MoS2 is thus much greater

upon the direct photon absorption. The emission QY is known to be affected by both linear

and nonlinear recombination processes. The linear regime would correspond to the decay

channel(s) with the rates independent of the number of excitations. In the nonlinear regime,

the recombination rates increase with the increase of the excitation densities, typical ex-

amples being Auger recombination(Basu, 1997) and exciton-exciton annihilation.(Pope and

Swenberg, 1999) Nonlinearity is manifested in the decrease of the QY for higher excitation

powers and that is the type of behavior that is in fact observed(Wang et al., 2015; Amani

et al., 2015) in MoS2. In our own TA measurements on reference MoS2 samples, we clearly

discern a strong non-linear response to the pump power already at the zero, ∆t = 0, delay

time (Fig. S5 of SI), with ∆T/T signal only increasing twice when pulse fluence has been in-

creased more than an order of magnitude. For the simplified kinetic description we discussed

earlier, the nonlinear recombination effects at such short times will strongly reduce the ef-

fective number of the acceptor excitations, NA0. Thus, despite reasonable amount of optical

absorption in MoS2 monolayer, the majority of directly absorbed photons do not result in

optically active excitons. On the other hand, photoexcitation of nanocrystals results in pro-

duction of a large number of long-lived excitons in NQD solids with high emission QY. The

“gradual” delivery of these excitations from NQDs via the ET over nanosecond time scales

results in much lower effective “pumping” fluence, avoiding non-linear Auger recombination

and resulting in a much higher number, NET, of optically active excitons in MoS2.

The second difference in the excitation modes is that the original laser pulse comes at

the 400 nm wavelength, while energy transfer takes place at the NQD emission wavelength

of 585 nm, which, respectively, may be labeled(Steinhoff et al., 2015) as “above-band gap”

and “quasi-resonant” excitations for monolayer MoS2 with its large exciton binding energy.
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According to the studies in Refs.(Kozawa et al., 2014) and (Steinhoff et al., 2015), these

“distinctly different excitation methods”(Steinhoff et al., 2015) are accompanied by different

relaxation dynamics and can lead to variances in the emission properties of monolayer MoS2.

In particular, the quasi-resonant excitation is expected to lead to stronger A-exciton emission

than the above-band gap excitation, which would result in substantially reduced A-exciton

emission. The PL excitation spectra reported in Ref.(Kozawa et al., 2014) explicitly show

that this behavior is typical for a series of monolayer TMDC compounds. Interestingly,

Ref.(Steinhoff et al., 2015) predicted luminescence even from B-excitons when MoS2 is excited

quasi-resonantly. While our experimental data as well as the data in Ref.(Kozawa et al.,

2014) does not exhibit any emission from B-excitons, the enhancement of the MoS2 A-

exciton emission in the hybrid samples is certainly consistent with the expectations for the

quasi-resonant excitation, which is realized in our case by energy transfer from the NQD

film.

3.4.4 Conclusions

In summary, we have demonstrated that the excitonic sensitization of monolayer MoS2 via

energy transfer (ET) from the adjacent NQD films in the NQD/MoS2 hybrid nanostructures

results in a nearly 10-fold enhancement of MoS2 emission. This finding establishes ET as a

distinct effective method to enhance PL in monolayer MoS2 and possibly other monolayer

TMDCs. Energy transfer constitutes a qualitatively different way of excitation, whereby

the conversion of the original optical pulses takes place both in terms of their time duration

and excitation frequency. The absorbed energy of short pulses is delivered to MoS2 on an

extended ET time scale that can dramatically lower the parasitic nonlinear recombination

in monolayers. As the energy delivery occurs at the NQD emission frequency, the latter can

be tuned to enable the appropriate optimal (Kozawa et al., 2014) quasi-resonant excitation

modality. Future studies should also allow for optimization of the NQD film thicknesses as
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appropriate for sensitization purposes. These findings and considerations are expected to

increase the range of opportunities for optoelectronic applications of TMDC materials. Even

more interesting physics of NQD/TMDC hybrids may be uncovered as experiments would

be extending to low temperatures and fewer-defect samples, where NRET may result in the

excitation of coherent exciton-polaritons in monolayers,(Gartstein et al., 2015b) conceptually

analogous to the excitation of surface plasmons by electric-dipole emitters (Chance et al.,

1978) observed in the proximity to metallic interfaces.

In addition to the specific results derived for the donor-acceptor system of interest, the

focus and type of our studies can also be put in the context of a broader perspective of

ET-based hybrid nanostructures.(Agranovich et al., 2011; Peng et al., 2015) While a body

of literature exists that addresses ET from small donor species to various, including 2D,

semiconductor acceptors, that research was done on the basis of the dynamics of donor

emission quenching related thus to the energy outflow from the donors. Distinctly, we were

able to approach and provide a first direct demonstration of the dynamics of the energy

inflow into the semiconductor energy acceptor. We showed that the pump-probe transient

absorption spectroscopy can be gainfully employed for studies of ET. This approach could,

in particular, be used for studies of different energy acceptors that support non-emissive

excitations, which would be undetectable by the traditional PL spectroscopy.
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CHAPTER 4

CONCLUSION

In this dissertation, the overall feasibility of multiexciton harvesting has been fundamentally

demonstrated through a series of experiments on various quantum dots and QDs based

hybrid systems. Through the spectroscopic experiments performed on the single particle

level, which prevents inherent inhomogeneity problem from ensemble films, we numerically

proved the statistical scaling model of Auger and radiative recombination and offered a better

understanding of higher order excitonic emission from quantum dots.

Besides, with solid large scale statistical analysis from raster scanned PL lifetime decay

rates, we confirmed the existence of highly efficient energy transfer into silicon, ranging from

η0 ∼ 75% for neutral excitons, to ηBX ∼ 45% for biexcitons. We also noticed similarly high

efficiency even at higher separation distance of about 20 nm, which underscores the longer

range character of the radiative energy transfer. Thus, an effective mechanism has been

demonstrated to capture those multiexcitons into charge-separating semiconductors from

multiexciton rich materials, quantum dots.

In additional, we also provided the experimental evidence of a promising ET hybrid

system based on newly developed 2D TMDCs. Through the same home-built PL surface

scanning technique, we reveal a substantial acceleration of PL decay for giant quantum dots

on top of the CVD-grown monolayer MoS2 flakes. Statistical analysis of those PL lifetime

components, we noticed both excitons and trions had similar energy transfer efficiency, which

is near 90%. This is in agreement with an electrodynamics model which describes the decay

of an electric-dipole emitter(QDs) on top of strong excitonic polarization materials(TMDCs).

Plus, through the transient pump-probe absorption measurements, we also made the first

observation of the energy influx into TMDCs materials from energy transfer, which confirmed

the enhancement of optical property by proposed ET hybrid system.
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Those observations of efficient ET between higher order excitons and atomic thin TMDCs

may lead to the creation of a potential new hybrid system aiming for the multiexciton

harvesting. And the proposed multiexciton harvesting might as well be applied in the future

solar energy harvesting application to breach the Shockley Queisser limit.
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