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Abstract

Cu-doped ZnSe/CdSe core/shell nanocrystals were synthesized using the growth doping
method. Upon shell growth, the nanocrystals exhibit dual emission. The green luminescence peak
is assigned as band edge emission and the broad, lower energy red peak is due to Cu dopant.
Although, the oxidation state of Cu in the nanocrystals is debated, the emission is explained as
recombination of a hole related to Cu?* with an electron from the conduction band. The emission
changed in the presence of dodecanethiol. Generally, the band edge emission intensity decreases
and the Cu emission intensity increases. One explanation is the thiol acts as a hole trap, preventing
hole transfer to the conduction band. Samples were obtained with varying amounts of Cd?*. In the
presence of larger amounts of Cd?*, the nanocrystals had “thicker shells”, and both the band edge
and Cu emission were less sensitive to thiol. The sensitivity likely decreased because the shelled,

larger nanocrystals have fewer surface defects resulting in more available electrons.
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Chapter 1 - Introduction

Colloidal Semiconductor Nanocrystals

Colloidal semiconductor nanocrystals (NCs) are nanometer-sized crystals made of
semiconductor material that combine the chemical and physical properties of molecules with the
optoelectronic properties of semiconductors.® They can range in size from one nanometer
(hundreds of atoms) to one hundred nanometers (more than 100,000 atoms). Not only are they
much smaller than bulk semiconductors, but they exhibit different optical properties due to the
qguantum confinement effects. Figure 1.1 shows the difference in the conduction band (CB) and

valence band (VB) for bulk materials, NCs, and molecules.

— LUMO
A
A
E
g
\/ \/
A HOMO
\J
A
\/
Bulk Semiconductor Nanocrystal Molecule

Figure 1.1 Energy levels of bulk semiconductors, NCs, and molecules.

Quantum confinement occurs when the size of the NC is less than twice the Bohr radius of

the bulk material. The charge carriers are confined to small regions of space where the dimensions



are less than the de Broglie wavelength.? As the size of the particle decreases (to the nanoscale),
the decrease in confining dimensions results in discrete energy levels which increases the band
gap, and thus the band gap energy. This band gap energy is highly dependent on NC diameter, as
seen in Figure 1.2, and plays an important role since size effects determine the absolute energies

of the quantum-confined states.®*

CB

VB

Figure 1.2 Quantum confinement effects on band gap.

The ability to manipulate electrons is important for tailoring the NC electrical and optical
properties, leading to a wide array of uses.® Colloidal semiconductor NCs have many applications
such as light emitting diodes,®’ photovoltaic cells,® solar cells, sensing,®!° and bioimaging.” They
are popular alternatives to organic dyes due to their large size, broad absorptions, and tunable
properties such as absorption and emission, among others.!! Many of these properties stem from
the NC band gap and can be tuned by varying the NC size or composition.

Optical absorption and emission by NCs is similar to that of molecules, with a few key

differences. Figure 1.3 shows a diagram of radiative processes in a NC. Upon light absorption (or



electrical excitation), an electron is promoted from the VB to

the CB, forming and electron-hole pair (exciton). This §C
absorption is illustrated in Figure 1.3, arrow A. The carriers
may radiatively recombine, Process B, resulting in D

luminescence or non-radiative recombination may occur.

Alternatively, the exciton may transfer energy to trap states. ¢’

Trap states are caused by surface defects, dangling bonds,
Figure 1.3 Jablonski diagram showing

lattice defects, and impurities. Carriers can relax from trap Fadiative processes that occur in NCs.

states non-radiatively or radiatively (Process D). Radiative trap emission is characterized as a
broad peak, red-shifted from the BE emission peak. Non-radiative transitions mostly take place on

the surface of the NC and can be prevented though passivation of unoccupied surface bonds.2

Intrinsic Dual-emitting Nanocrystals

Colloidal semiconductor NCs can exhibit two emission peaks when they possess unique
electronic structures. The emission is derived from two different excited states within the NCs,
one of which is usually ascribed to the excitonic (BE) emission and the other, radiative
recombination due to an impurity or trap.®> A common method for altering NC electronic structure
in this fashion is to combine band gap engineering and doping.®* Typically, size is used to tune
the band gap energy, but changing composition by introducing a core/shell structure or alloying
are alternative methods. The emission can be tuned by changes in the growth conditions® and
growing a very thick shell can result in different properties such as blinking-free single NC

emission, large Stokes shift,* and suppressed recombination.™



Nanocrystals Exhibiting Trap Emission

As mentioned above, traps are electronic defects that occur in semiconductors, resulting
from chemical impurities or an imperfection in the spacing of atoms. They play a significant role
in luminescence, photoconduction, and the operation of electronic devices.*®'” Traps produce
intermediate states inside the band gap and can shorten the lifetime of charge carriers by
immobilizing a hole or electron preventing its recombination as an electron-hole pair. Thus, BE
emission quantum yield usually increases with a decrease in trap states.!’

Surface properties of NCs play a part in determining their properties, but are poorly
understood due to the complexity and variations.!” The surface is composed of metal cations and
anions, many of which are bound to organic ligands.'"*® These ligands execute multiple functions
such as passivating and creating traps, so the concentration and functions of ligands are crucial.*®
For example, as the concentration of trioctylphosphine (TOP) increases in the presence of Cu:ZnSe
NCs, the number of surface hole traps decreases, suggesting TOP acts as a hole passivating

agent.1972l

Impurity Doping

Doping semiconductor NCs with transition metals is of interest because the dopants
provide additional tunability, resulting in intense and stable emission in the visible and near-IR
region.” Although many different transition metals and rare earth metals can be doped into 11-VI1
semiconductor NCs, the doping efficiency varies with synthesis conditions?® and trends in
efficiency are observed with material properties (e.g. valence state and ionic radius).?> Two
popular transition metal dopants for 11-V1 semiconductor materials are Mn?* and Cu.?*2¢ Addition
of the dopants generates intermediate energy states between the CB and VB of the host.!” This

changes the NC’s photophysical relaxation processes®?"-2° often resulting in new optical properties



that vary with the composition of the dopants and host.” Some properties that make these NCs
noteworthy include longer excited-state lifetimes,?2° minimized self-absorption,”?"3! large
emission spectral width,”? and thermal stability.3> For example, in the case of Mn?*-doped wide
bang gap NCs,?"?8 the emission is fixed near 590 nm and Cu-doped NCs have a tunable emission
range.3132 Mn?*-doped systems have been widely studied, but Cu-doped systems are less well
understood. For this reason, the origin of the Cu-dopant emission intensity, tunability, possibility

of Cu d-states, and emission spectral width are still debated.’

Copper Doping

Doping NCs with Cu vs Mn?* has several advantages including a substantially wider
tunable emission range® (UV to IR), but the NCs are relatively unstable in air.” To make Cu-
doped NCs viable for applications, stability must be improved,}” and despite the range of
accessible emission energies, they aren’t as efficient emitters in II-VI semiconductor hosts as
Mn?*, Initially, quantum yields of 2-4% for Cu:ZnSe NCs were reported,®* with QY of up to 40%
reported to-date.3® One method to achieve higher QY is addition of shells to the doped NCs. These
produce higher QY and photostability, both in doped®3” and undoped®®*° structures.

The tunability of Cu-based emission in NCs is related to the surface electronic structure of
the host material and concentration of Cu within NCs. Different hosts result in different Cu-
emission peak energies and broadness, and the Cu emission often resembles a surface state (trap)
emission. This convolution creates doubt in the origin of the emission, specifically whether it
involves the Cu or if it is due to a surface trap.” The Cu-related emission is due to interaction of
the CB with the Cu, and is believed to occur independently of the BE emission.'”° Since the Cu

d-levels do not shift with size, the position of the emission is due to the shift of the CB.° The large



spectral width of the Cu emission peak arises from the intrinsic nature of this emission.* Cu is

known to have ?T, and 2E states so the emission is likely a radiative relaxation involving both.*

Copper Redox Chemistry

A major issue in understanding the processes involved in the Cu-doped NC emission are
the contradicting reports of the Cu oxidation state. Cu?* and Cu* have different electronic
structures, d® (paramagnetic) and d'® (diamagnetic), respectively. Although Cu* salts are
sometimes used to synthesize Cu-doped NCs, Cu?* salts are frequently employed as the dopant
source. There is some evidence the Cu?* ions retain their +2 oxidation state after being doped into
semiconductors.®%3! In other cases, it is believed that the Cu?* salts are reduced to Cu*.#?%3
Distinguishing between the two states is very important in understanding the optical, magnetic,
and electronic properties of these materials.

In Cu:ZnSe/CdSe NCs synthesized with a Cu?* precursor, Klimov and co-workers describe
two potential radiative decay pathways based on what form the Cu is in, Cu* or Cu?*. In the case
of Cu™, Cu already has a filled orbital (no unpaired electrons), and must capture an external hole
before contributing to the emission. On the other hand, Cu?* has an unpaired electron in its 3d°
shell, thus it can be considered a state with a permanent optically active hole and participate in
emission without injection of a hole.** Since they will have different magnetic behaviors based on
their electron pairing, the circularly polarized magneto-absorption of the NC was measured in high
magnetic fields. The Cu-doped NCs exhibited an enhanced Zeeman splitting, compared to their
undoped (nonmagnetic) counterparts. This suggests the Cu dopants are incorporated as the
magnetically active Cu?* ions, agreeing with recent EPR studies®® of Cu?* in ZnSe NCs.* They
then proceeded to titrate the NCs with dodecanethiol (DDT), a hole-withdrawing species, and

observed the changes in luminescence. The undoped NC emission is quenched rapidly by thiol,



but in doped-NCs, a very different situation is present in which there is a gradual growth of the Cu
PL peak, with a concomitant decrease in BE PL, resulting in a color change from green to orange.
These observations are consistent with the model of Cu in the +2 oxidation state.** To look at the
effect of varied potentials on the emission spectra and probe the reversibility of the system, Klimov
and co-workers used spectro-electrochemcial (SEC) methods. At negative potentials, the Cu peak
intensity increases and BE peak decreases in intensity due to the filling of holes. As the potentials
become more positive, the exact opposite occurs; the Cu peak decreases with an increase in BE
PL. Upon returning back to zero potential, in both situations, the behavior is reversed.*

More recently, X-ray spectroscopy was used to examine Cu:CdSe NCs. According to Snee
and co-workers, Cu is in the Cu™ state. XANES was used to characterize the oxidation state of the
Cu before and after irradiation. The sample showed a Cu K-edge around 8980 eV supporting the
presence of Cu®, and after the samples were irradiated until no emission was observed
(photodarkening), the Cu K-edge shifted to higher energy, indicating oxidation occurred. EXAFS
was also performed on the sample before and after photodarkening. After photodarkening, the
nearest neighbor scattering amplitude shifted to a longer distance. This means the Cu electrons are
mainly scattering off selenium indicating the redox-active Cu ions are translocating within the NC
due to oxidation. Oxidation quenches dopant emission and results in an exciton trap state for
radiative recombination.*®

In similar systems, such a Cu:ZnSe and Cu:ZnS NCs, Cu* is believed to be present. A Cu?*
precursor was used by Pradhan and co-workers, and since the Cu impurities have different electron
configurations, electron paramagnetic resonance (EPR) spectra of the NCs will indicate the
presence of unpaired electrons present. The Cu?* precursor used showed an EPR signal, indicative

of its paramagnetic behavior. The Cu-doped NCs, however, did not have an EPR signal, signifying



Cu* is present,’*2 as they expected from the reduction of Cu?* in the reaction.” Although Cu®* is
expected to exhibit an EPR signal, the lack of an EPR signal does not confirm the presence of Cu™.

The variation in luminescence of Cu:ZnSe with photoredox was also examined by Pradhan
and co-workers. They irradiated the NCs under UV light in the presence of air, completely
quenching the NC emission. Upon adding MPA (or cysteamine hydrochloride, 4-mercaptobenzoic
acid, or dodecanethiol), the emission was restored. Thiols are known to act as strong surface
binding ligands and BE emission quenchers, but in this case the results suggest they act as surface
cleaning agents, removing sulfur to restore emission.*® After photooxidation, the NCs were
reduced using tetrabutylammonium borohydride (BusNBH4) and emission was restored. The NCs
were then re-photooxidized and the emission was quenched once again. Reduction of the NCs
using thiols restored the NC emission, and they were stable to photooxidation. This means
treatment with borohydride is only temporary, and precipitates the NCs, whereas thiols resist
oxidation for a longer period of time.*® To determine whether the change in emission was due to
Cu redox chemistry or photoredox at the surface of the NC, samples were irradiated in air and an
inert atmosphere. The samples irradiated in air experienced a rapid (less than one minute) quench
of the Cu-dopant emission, but the samples in an inert atmosphere maintained their luminescence
for hours. This suggests air is mandatory for photo-darkening, and the emission quench is likely

due to surface oxidation.

Ratiometric Sensing

Luminescent NCs have many desirable traits for use as biological sensors such as high
quantum yields, photostability, narrow and tunable emission, and broad excitation profiles.*’4°
The long-range goal of this research is noninvasive monitoring of biologically relevant species and

physiological parameters.>® To accomplish this, an ideal sensor would be stable, water-soluble,



non-toxic, and have two emission peaks that exhibit a
—— Sample 47-2
——1uL DDT
3uL DDT
——5uL DDT
——10uL DDT
——30uL DDT

reversible change in peak intensities in the presence of
a specific analyte.1°1°2 With two peaks present, the

ratio of the two can be measured instead of relying on

the absolute intensity of one peak.>? An example of a

Normalized PL Intensity (au)

ratiometric response to an analyte is shown in Figure

400 500 600 700 800

1.4. Here, the lower energy peak increases and the Wavelength (nm)

higher energy peak decreases and the point where Figure 1.4 NCs with two peaks have dual
emission and upon adding an analyte, exhibit a

. . ratiometric relationship.
these luminescence curves cross is referred to as the

isostilbic point. Monitoring the intensity of the two peaks and isostilbic point provides a robust
signal that is not influenced by probe concentration or background.

Of the various types of Cu-doped NCs prepared and redox chemistries explored, only
Cu:ZnSe/CdSe NCs exhibited two PL peaks. As described by Klimov, the peaks stem from a
reversible Cu*/Cu?* redox couple. We expect the NCs to exhibit dual emission, one peak from the
Cu emission and one from the BE recombination, along with a ratiometric relationship upon
interaction with dodecanethiol (DDT). The question is, is the system reversible chemically in
addition to electrochemically, as Klimov demonstrated. A ratiometric, reversible response to DDT
should exist if a Cu*/Cu?" redox couple is present. This reversible redox sensing is valuable for
examining biological thiols, such as glutathione, which are important factors in biological
processes including cell growth and division and DNA synthesis and repair.*’

Here, preliminary results exploring the prospect for Cu:ZnSe/CdSe NCs to be used as
ratiometric sensors are described. We have taken the Cu:ZnSe/CdSe system, replicated it, and

looked at the luminescence response to thiol. A decrease in BE emission peak intensity and



increase in Cu emission peak intensity with addition of thiol suggests the presence of the
anticipated Cu*/Cu?* redox response. Exposure to an oxidant will increase the BE emission peak
intensity at the expense of the Cu emission peak as Cu goes from +1 to +2. Further thiol addition,
should reduce the Cu?* to Cu*, demonstrating reversibility in the luminescent ratiometric response.

From there, water-solubility is required for further studies of these NCs as biological sensors.
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Chapter 2 - Results, Data, and Methods

Dual-emitting semiconductor NCs have many unique and tunable properties that make
them important in a variety of fields. The dual emission we describe comes from two excited states
within the same NC: the transition from the conduction band (CB) to the valence band (VB) and
CB to impurity level.?? Adding an impurity dopant introduces a new energy level within the band
gap and decreases the NC’s sensitivity to thermal, chemical, and photochemical disturbances.
Using Cu as a dopant results in better tunability of NC emission, but poor quantum yields.

Introducing a shell creates NCs with higher QY and increased stability.

Cu-doped ZnSe/CdSe

Cu-doped ZnSe/CdSe core/shell NCs can exhibit dual emission. One emission peak is
believed to come from the Cu and one from the NC. These NCs were first synthesized by Klimov
and co-workers** using a shell growth method. As shown in Figure 2.1, Cu:ZnSe/CdSe NCs are
synthesized using a well-established hot injection method. The ZnSe cores were first synthesized
from ZnSt, and TBPSe. To the cores, CuOA2 was added, then ZnUt,. After the ZnUt> layer formed,
a CdSe shell was grown with CdOA.. Following Cd?* addition, dual emission is observed. Figure
2.2 shows a PL spectrum of a sample at room temperature in toluene. The peak near 600 nm is

ascribed to Cu impurities and the higher energy peak is based on band edge (BE) emission.

Figure 2.1 Reaction scheme of Cu:ZnSe/CdSe

11



The peak assignment is explained in terms
Cu:ZnSe/CdSe
of Cu oxidation state by Klimov and co-workers.
Cu* has filled d-orbitals and cannot contribute to

the emission without first capturing an external

PL Intensity (au)

hole. Cu? has an unpaired electron and can

contribute without capturing a hole. It is shown in

Figure 2.3a that Cu™ first captures a hole from the 400 500 600 700 800
Wavelength (nm)

VB, then the electron from the CB recombines Figure 2.2 Dual emission of a Cu:ZnSe/CdSe NC.
The peak near 500 nm is due to the BE and the peak

with the Cu hole to produce emission. In the case near 600 nm is from Cu impurities.

of Cu?*, Figure 2.3b, Cu already has an unpaired electron and can capture an electron from the CB

to participate in the recombination process.

- e B - — F
2 1
FL
Cu Cu?
FL
1 /' .
e \E = e VB

Figure 2.3 Recombination processes of (a) Cu* and (b) Cu?*. (a) Cu* must capture an external hole from the
VB, then an electron from the CB recombines with the hole. (b) Cu?* has an unfilled shell (a hole) and captures
an electron from the CB to participate in the recombination process.

For a sample synthesized using the method from Figure 2.1, aliquots were taken during
growth and dual emission was observed. Figure 2.4 shows the absorption and PL of the aliquots
during growth. It is shown that as the NCs get larger, the absorption and emission red shift. Two
peaks are observed in the emission spectra of the NCs during shell growth. Although both peaks
red-shift, differing peak ratios are observed. Overall, the BE emission peak decreases with-respect-

to the Cu peak.
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Figure 2.4 Absorption and PL of Cu:ZnSe/CdSe NC growth. With increasing size, the absorption and emission
is red shifted.

The absorption and emission of a Cu-doped ZnSe/CdSe NC sample synthesized using the
method described above are shown in Figure 2.5. The absorption peak near 490 nm is characteristic
of the NC first excitonic feature. The emission peak at 500 nm is ascribed to the BE emission and

the peak at 610 nm is due to the Cu impurity. To this sample, dodecanethiol (DDT) was added.

Thiol addition was shown to increase the Cu Sample 41-4 Cu-ZnSe/CdSe
emission with a concomitant decrease in ’g‘“
- 3 g
band-edge emission. The current ® Q
interpretation ~ of  this  ratiometric g Q
5 €
luminescence behavior from the literature é’ =
2
£
was explained previously by reduction of the o

Cu center with thiol, from Cu?* to Cu*, since ——

400 500 600 700 800

thiol acts as electron-donating (hole- Wavelength (nm)

. . . m .., Figure 2.5 Absorption and emission spectra of dual-
withdrawing) species.* Added electrons fill emitting cu:znse/Cdse NCs. The peak near 490 nm is
characteristic of the NC. The emission peak at 500 nm

VB holes allowing the Cu electrons to freely is ascribed to the BE emission and the peak at 610 nm
is due to the Cu impurity.
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participate in the recombination process, Figure 2.3. Upon thiol addition, the VB hole is filled,
preventing BE electron-hole recombination. Instead, the emission results from recombination of
the Cu-hole and a CB electron, as shown in Figure 2.3a.

DDT alone drastically changed NC PL, so a dilute solution (10 uL DDT in 400 uL toluene,
0.0104 M) was used for titrations. To a sample of NCs in toluene, the DDT solution was added in
1 uL increments. After stirring for 30 s, a PL scan was taken using 380 nm excitation. Figure 2.6a
shows the emission of Cu-doped ZnSe/CdSe with increasing amounts of DDT. An increase in Cu
PL and a decrease in BE PL is observed. Spectra exhibiting this behavior were normalized to total
integrated emission intensity. If a hole is present for a long period of time, recombination is
primarily due to the band-to-band transition, and results in an emission dominated by BE emission.
If a hole is quickly removed (such as when DDT is added), the recombination is primarily due to
band-to-Cu transition and is dominated by the Cu emission.** Figure 2.6b shows a picture of the
visual change in PL. The left vial shows a green emission from the original sample (dominated by
BE emission), and the vial on the right shows the emission after DDT is added and the emission is

primarily from Cu.

— Sample 38-4
= —+1 uL DDT
S +2uL DDT
2> +3uL DDT
2 +4 uL DDT
o) +5 uL DDT
£ +6 uL DDT
5 ——+7 uL DDT

+8 uL DDT
g +9uL DDT
£
o]
pd

400 500 600 700 800
Wavelength (nm)

Figure 2.6 (a) PL spectra of Cu:ZnSe/CdSe upon DDT addition and (b) Visual change in emission of sample
before (left) and after (right) DDT was added. It is shown that upon DDT addition, the BE decreases and the
Cu impurity peak increases.
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To quantify
the response of BE
and Cu PL, the PL
intensities were
plotted vs. umoles
DDT added. After the
first addition, the Cu
peak increased and

the BE peak

0.007
0.006

The Effect of DDT on PL Intensity

> 0005 _g®**

0.004
0.003

PL Intensit

0.002
0.001
0

.,
LY
teeee *evgse

0

0.05 0.1 0.15 0.2
DDT Added (umoles)

—®— Band Edge Intensity »— Cu-emission Intensity

Figure 2.7 S-plot of how DDT effects PL. Upon adding more DDT, a concomitant
shift in peak intensities is observed.

decreased in intensities. This trend continued until 0.1 umoles of DDT were added and then there

is little change in the NC PL. The plot in Figure 2.7 shows the changes and saturation point of the

NC PL peaks.

Different CdSe shell thicknesses were grown to study the sensitivity of the NCs to DDT

and see if there was a change in the response. The shell thickness refers to the amount of CdOA:

added, actual shell thickness were not confirmed. The absorption and emission of these samples

are shown in Figure 2.9. After the first addition of DDT solution, the thin shell sample showed the

expected PL change. Upon subsequent additions, the Cu peak decreased and the BE peak

increased. This is shown in Figure 2.8a. Shells of medium thickness, shown in Figure 2.8b, and

thick shells, shown in Figure 2.8c, exhibit the concomitant shift of Cu increasing in intensity and

BE decreasing as expected.
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Figure 2.9 Absorption and emission of samples with Figure 2.8 PL of different shell thicknesses
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samples (respectively) exhibit the expected
concomitant shift

Although these samples had intentional synthetic variations in shell thickness, generally

control of NC photophysical properties was limited. For example, Figure 2.10a shows a sample
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Figure 2.10 Absorption and emission of
different Cu:ZnSe/CdSe samples. Variations
in synthetic conditions can cause the intensity
of BE and Cu emission to vary.

with 525 nm absorption and a high intensity Cu-
emission, while a sample with small unintentional
variations in synthesis exhibits very different PL
(Figure 2.10b and c); sometimes the Cu-based PL is
more intense and sometimes the band-edge is more
intense. Variations, exacerbated by the multiple
step synthesis, may be due to the degassing length,
temperature, core size, shell size, number of
particles, and amount of copper in NC. Response
of the NCs to the addition of DDT also varied from
sample-to-sample. Figure 2.11 shows the thiol
response in several samples. Samples shown in
Figure 2.114, ¢, d, f, g, and h exhibited the expected
concominant behavior as previously described, the
BE peak decreases and Cu impurity peak increases.
Even though some samples saw a large change in
the Cu emission, others saw very little. In some
cases, there is no change in the BE emission. Other
samples exhibited different changes in PL peak

intensities. Figure 2.8a shows an increase in Cu-

emission, but after adding 3 uL DDT, the PL decreases. In Figure 2.11e, both peaks decreased in

response to thiol. In Figure 2.11b, the BE peak decreased while the Cu peak remains constant. In

some cases (Figure 2.11b, ¢, and f) an extra peak appears at higher energy, this could be caused
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by ligands or undoped NCs since ZnSe emits in this region. In other samples, there is a peak that
appears in between the Cu and BE peak that could be from undoped NCs (Figure 2.11d). The

shoulder around 750 nm (Figure 2.11f and h) is ascribed to surface traps.>
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Figure 2.11 PL response of the NC to thiol. Different samples exhibit different responses, but in all of these
cases, the BE peak decreases and the Cu peak increases.

A summary of the Cu and BE emission with corresponding procedural differences for
samples shown in Figure 2.10 and Figure 2.11 are summarized in Table 2.1. AE corresponds to
the energy difference between the maximum of the Cu and BE peaks. For a given reaction, such
as A38, samples with longer Cd?*-shell growth times exhibited a red-shift in excitonic and Cu
luminescence peaks. Sample A46-3 has the highest energy BE and Cu peaks. This sample was
synthesized with Cu and ZnUTt; injection temperatures of 190 °C, then decreased to 120 °C for 48
hours, and then Cd shell was grown for 15 minutes. Sample A24-13 has the lowest energy BE and
Cu peaks. It was synthesized with a Cu injection temperature of 180 °C, ZnUt> injection
temperature of 190 °C then decreased to 120 °C for 48 hours, and the Cd was injected at 180 °C
over 1 hour for shell growth. Sample A44-7 has the smallest energy difference between BE and
Cu peaks. It was synthesized with Cu and ZnUt; injection temperatures of 180 °C, after ZnUt
injection temperature was decreased to 120 °C for 48 hours, and the Cd was injected at 180 °C for
15 minutes then decreased to 120 °C for 3 hours. The highest energy difference was in Sample

A24-9. It was synthesized with a Cu injection temperature of 180 °C, ZnUt; injection temperature
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of 190 °C then decreased to 120 °C for 48 hours, and the Cd was injected at 180 °C over 22 minutes

for shell growth.

Table 2.1 Peak intensities and experimental details of samples shown in Figure 2.9 and 2.11.

AE Rxntemp of | Rxntempof | Time of
Sample BE Peak Cu Peak V) Cu injection ZnUt, shell
nm eV nm eV (°C) injection (°C) | growth
A38-42P | 495 2.51 615 | 2.02 0.49 15m
a,b

238—5ab 571 2.17 695 | 1.78 0.39 150 160 30m
38-7% 591 2.10 723 1.72 0.38 60 m
A38-8*" | 595 2.08 725 | 171 0.37 75m
A24-8>¢ | 503 2.47 615 | 2.02 0.45 10 m
A24-9°¢ | 550 2.25 735 | 1.69 0.57 180 190 22m
A24-11°¢ | 503 2.09 752 1.65 0.44 40m
A24-13¢ | 613 2.02 773 1.60 0.42 60 m
A48-6*° | 519 2.39 628 1.97 0.41 none 22m
A46-3°¢ | 479 2.59 547 | 2.27 0.32 15m
A47-2b¢d | 499 2.48 605 | 2.05 0.44 12m
A47-3¢4 | 530 2.34 644 | 1.93 0.41 20m
Al5ef9 548 2.26 693 1.79 0.47 190 190 24 h
Ad4-Tbeh | 549 2.26 624 | 1.99 0.27 15m
A8k 557 2.23 692 1.79 0.43 24 h
A46-9°¢ | 576 2.15 692 1.79 0.36 65 m
ALK 548 2.26 709 1.75 0.51 210 48 h

a) After Cu oleate injection, maintained for 45 min, then the temperature was decreased to 120 °C overnight; b) Cd
oleate was injected at 180 °C and aliquots were taken; c) After addition of ZnUt,, the temperature was decreased to
120 °C for 48 hours; d) After Cu oleate injection, temperature was decreased to 120 °C for 48 hours; e) After Cu
oleate injection, maintained for 2 hours; f) 0.5 mL of Cd oleate was injected; g) Cd oleate was injected at 210 °C,
temperature was decreased to 120 °C overnight; h) After Cu oleate injection, maintained for 15 minutes, then
decreased to 120 °C for 3 hours; i) After Cu oleate injection, maintained for 30 min; j) 3.0 mL of Cd oleate was

injected; k) Cd oleate was injected overnight at 120 °C; I) 1.0
mL of Cd oleate was injected.

To more closely examine the possible redox
processes, samples were oxidized using air. Slow
evaporation of toluene over 48 hours was followed
by resuspension. It is believed that oxidizing the

sample quenches the Cu emission, since electrons are

Absorbance (au)

Cu:ZnSe/CdSe

Original
Oxidized

Photoluminescence (au)

300

400

500 600

Wavelength (nm)

lost. Upon reducing the Cu with DDT, the emission gjgyre 2.12 Absorption and PL of original sample
(solid line) and oxidized sample (dotted line).
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should return. After exposing the sample to
air for 48 hours, the emission intensity of
both peaks decreased (Figure 2.12). There
is a change in peak position of the higher
energy peak and after comparing the
absorption and PL spectra (Figure 2.12), it is
shown that the peak near 440 nm is not from
the NC. It is likely that oxidizing the sample
completely quenched the BE emission and
the peak that is observed is from
ligands/undoped NCs. When thiol was
added, the Cu emission increased past the
intensity of the initial (unoxidized) sample,
as expected. Figure 2.13 shows the PL of the
oxidized sample and the DDT-reduced
sample. To see if the reaction was reversible,
the sample was dried in air again. Upon
adding DDT, the Cu emission increased in
intensity and the peak at higher energy

decreased (Figure 2.14).

PL Intensity (au)

PL Intensity (au)

—Ad47-2D
—— 1uL DDT
———2uL DDT
—3uL DDT
—4uL DDT
—— 10uL DDT

400 500 600 700 800
Wavelength (nm)

Figure 2.13 PL of a sample being reduced with DDT
after it was oxidized. The NCs still exhibit the
concomitant shift, although the BE peak has blue
shifted ~75 nm.

—— A47-2DT

——1uL DDT
-2uL DDT

——3uL DDT

——5uL DDT

', —— 10uL DDT

v L] v L] " 1 " 1
400 500 600 700 800
Wavelength (nm)
Figure 2.14 PL of a sample being reduced with DDT
after it was oxidized, reduced, and then oxidized. The

concomitant shift still exists, although the changes are
smaller than previously.
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To look at the temperature sensitivity of Room Temperature

_ —— Coldest

the PL, Cu:ZnSe/CdSe NCs were cooled in ' g:ger

| ——Warm

\ — \Warmest

\ —— Back to Room Temperature
|

{
|
|

liquid nitrogen and the emission was monitored

as the samples warmed up (Figure 2.15) As

expected, both peaks increased with

temperature decrease.>* In addition, a blue-shift

Normalized PL Intensity (au)

in both the BE and Cu peaks is observed as ——
500 600 700 800 900
temperature decreases.>® Wavelength (nm)

Figure 2.15 PL of sample cooled with liquid
nitrogen. The intensity increases as temperature

Undoped ZnSe/CdSe decreases.

There are many examples in the literature of Cu-doped NCs with two PL peaks, where

the higher energy peak is attributed to undoped

ZnSe/CdSe
NCs. To investigate the cause of the higher

energy emission peak in these samples, a

control sample was prepared without Cu. Figure

Absorbance (au)

2.16 shows the absorption and emission spectra

Photoluminescence (au)

of this sample. Aliquots were taken during

-

CdSe addition and a red-shift in absorption and 400 500 600 700

Wavelength (nm)

emission spectra were observed (Figure 2.17).  Figure 2.16 Absorption and PL of ZnSe/CdSe NCs.
There is an absorption peak at 575 nm and one

Only one PL peak was Observed’ Indlcatlng emission peak at 610 nm due to the BE emission

that one peak, not two, comes from the NC.
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Figure 2.17 Absorption (a) and PL (b) of CdSe shell growth shows the size increasing with a red shift in
absorption and emission.

Cu-doped ZnSe

To examine the impact of Cu further,

samples without the CdSe shell were
synthesized. The absorption of these Cu:ZnSe

NCs are shown in Figure 2.18. The first excitonic

Absorbance (au)

absorption is at 400 nm. These NCs are brown in

color by eye, which can be seen in the tail of the

. . - - 35 T T T T ¥ T v N
absorption, this color is possibly due to CuSe. 350 | 400 450 500 . 550 600

Wavelength (nm)
Figure 2.18 Absorption and PL of Cu:ZnSe.
Emission peak near 425 nm is characteristic of ZnSe
NCs.
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Cu-doped ZnSe/ZnSe

To address the effect of Cd oleate addition,
Zn oleate was added instead. Figure 2.19 shows the
absorption and emission of these NCs. In
comparison to those with a CdSe shell, there is only
one emission peak observed and it is in the area a
ZnSe peak would appear. Without adding a CdSe
shell, no Cu emission is observed. The shell material

alters the NC emission, as expected, due to the large

Cu:ZnSe/ZnSe

Absorbance (au)

Photoluminescence (au)

400 500 600 700 800
Wavelength (nm)

Figure 2.19 Absorption and PL of
Cu:ZnSe/ZnSe NCs. The emission peak is
characteristic of Cu:ZnSe emission.

difference in band gap energy (1.7 eV for CdSe and 2.7 eV for ZnSe). This indicates that no “shell”

actually formed and that coating the NC with the same material for a shell as that in the core

doesn’t create a core/shell structure, but more of an internally doped NC. So the NC should exhibit

the same properties as Cu:ZnSe, and is simply a doped NC. It is also possible that upon adding Zn

oleate, the Cu leached out of the system and it was no longer doped or a core/shell structure may

not be required for dual emission, but rather it presents the required electron structure or conditions

needed to observe the Cu emission.

No ZnUt;

Finally, step 3, the addition of ZnUt,, was
omitted. No differences in the absorption and PL
were observed, as shown in Figure 2.20. Despite
this, other reasons for the ZnUt. that are not readily
apparent may exist, like filling Zn?* lattice defects in

the ZnSe core, or removing hole traps.
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Figure 2.20 Absorption and PL of Cu:ZnSe/CdSe

without ZnUtz. The spectra is the same as when
ZnUtz is added.



Discussion

To help explain the effect of DDT on the NC PL, Figure 2.21 shows a possible electronic
interaction of DDT with the NC CB, VB, and Cu-state (a) and the structure of DDT (b). DDT is
an electron donating, or hole withdrawing species in which the lone pairs on sulfur can act as hole
traps. Thiols donate one lone pair to the Cu and the others serve as traps for the VB holes.>®

a 4]

HS/WWCHg

Cu®
""" Thiol

eeeseee——— /B

Figure 2.21 (a) Proposed electronic structure of Cu-doped ZnSe/CdSe with thiol and (b) Structure of
dodecanethiol (DDT)

In the presence of Cu, Klimov describes the effect of thiol on Cu-doped NCs as a change
in oxidation state, from Cu?* to Cu*. Figure 2.3 shows the recombination processes. In the Cu?*
state, Cu already has one unpaired electron, which can capture an electron from the CB resulting
in recombination. Figure 2.21a shows the electronic structure of the NC in which the thiol energy
level resides between the Cu level and VB. Since the Cu?* is closer to the thiol than the CB, the
Cu will capture electrons from the thiol instead of those of the CB, producing a Cu™ emission. This
assumes the thiol only interacts with the Cu, as mentioned above, and the Cu?* is reduced to Cu".

An alternative explanation considers multiple types of interactions between the thiol and
NC. Figure 2.21 can help explain interactions of the thiol with the NC surface in addition to
interactions with Cu. In the case of the Cu?" model, the permanent holes in the VB compete for

the same CB electron as Cu. When the hole is quickly removed from the NC by thiol, the emission
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occurs only through the Cu center. In the case of Cu™, the BE and Cu emission would be suppressed
together.*

The Cu emission can only be seen when surface hole traps are present.’® Higher Cu
emission quantum yields can be obtained using a synthesis that results in surface hole traps and no
surface electron traps. The intensity of the Cu peak is determined by the efficiency of trapping the
hole in the trap states and the intensity of the BE peak is determined by the inefficiency of trapping
the electron and the hole in the trap states. The quantum yield of Cu emission is complicated
because it increases in the absence of electron traps and presence of hole trap states.*®

To compare the effect of shell thickness, NCs were grown with different amounts of
CdOA©.. For thin shell samples, the shell may be too thin for the same thiol-NC interaction to occur
(vs. samples prepared with standard Cd amount). With a thinner shell, the NC surface is poorly
defined and many defects are present. Addition of thiol has a larger effect on the NC emission.
The thiol also may be too close to the Cu and will donate electrons to the VB as well as the Cu so
the related emission peaks won’t increase. With medium thickness shells, there is more shell
material and fewer defects so the NC is less sensitive to the thiol. The Cu emission is high in the
original sample (Figure 2.9) because there are more electrons (less holes) present. By adding DDT,
electrons are added and the hole traps are removed. Only so many defects exist and once they are
removed, the Cu emission will reach its maximum intensity. The thick shell NCs may have a shell
that is so thick it is difficult for the DDT to interact with the Cu to donate electrons and remove
holes. There are also fewer defects, thus decreasing sensitivity. With a thicker shell, the NC is also
larger in size, resulting in a smaller band gap energy. With the smaller band gap energy, the CB
lies closer to the Cu state (potentially closer than the thiol), and the Cu captures electrons from the

CB and thiol donates electrons to the VB resulting in no BE recombination. The Cu emission has
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low intensity in the thick shell sample because there are excess holes competing for the CB
electrons that the Cu requires for emission.

After looking at the reduction of the sample, oxidation was studied. Upon oxidizing the
sample with air, both peaks decreased in intensity. Oxidizing the sample reduces the amount of
electrons in the NC; this means there are less electrons to participate in the BE recombination and
the Cu recombination. The peak attributed to the NC was completely quenched upon oxidation.
This means that this system is not chemically ratiometrically reversible as anticipated. Dual-
emission is only obtained when dopant atoms are present and there is a core/shell structure of
different materials.

In summary, when there is less cadmium, the thiol interacts strongly with the VB and Cu
of the NC. When more cadmium is present, the thiol interacts weakly with Cu, but can still interact
with the VB. When surface traps are present, the PL is dominated by BE emission. Adding thiol
removes these traps decreasing the BE emission and increasing the Cu emission, thus creating a
ratiometric relationship. When the sample is oxidized, the BE emission is quenched and the Cu

emission decreases in intensity. Upon reoxidation, the Cu emission is restored.
Methods

Materials
Zinc stearate (ZnSty), 1-octadecylamine (ODA, >99.0%), trioctylphosphine (TOP, 90%),
elemental selenium (Se, >99.5%), tri-n-butylphosphine (TBP, 97%), oleic acid (OA, 90%),
hexadecylamine (HDA, 90%), copper (1) chloride (CuClz, 97%), dodecanethiol (DDT, >98.0%),
tetramethylammonium hydroxide pentahydrate (TMAH, >95%), cadmium acetate dihydrate
(CdOAC2, 98%), copper acetate (CUOAC2, >99.0%), stearic acid, toluene (>99%), acetone (>99%),

and ethanol (>99%) were purchased from Sigma Aldrich. Undecylenic acid (Ut2, 99%) and
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1-octadecene (ODE, 90%) were purchased from Acros Organics. Zinc acetate (ZnAc.) and
methanol were purchased from Fisher Scientific. Zinc undecylenate (ZnUt,) was purchased from

Gelest. All chemicals were used as purchased with no further purification.

Copper Oleate

Copper oleate (CuOA>) was synthesized as described below in a procedure from Klimov
and co-workers.** TMAH (9 g) and oleic acid (14 mL) were combined in a flask. Methanol was
added to dissolve the gel/solid that formed. CuOAc: (5 g) was dissolved in methanol (400 mL)
while heating to ~50 °C. The CuOAc: solution was added drop wise to TMAH/OA solution
overnight. The CuOAc: solution clogs the separatory funnel periodically and needs to be cleaned
out. Once all was combined, the precipitate was filtered, washed with methanol and acetone, and

vacuum filtered to dry. Copper oleate was stored at 2 °C.

Cu-doped ZnSe/CdSe

This general procedure was adapted from Klimov, and co-workers.** In a 3-neck 100 mL
flask, ZnSt> (63.5 mg) and ODA (0.25 g) were dissolved in ODE (5.0 mL). A condenser was
attached to the middle neck, and a septum and temperature probe to each of the side necks. The
flask was placed under vacuum for 1 hour at 100 °C. After one hour, the solution was put under
nitrogen and the temperature was increased to 270 °C. The Se/TBP mixture (2.4 M, 1 mL) was
injected and the solution was immediately cooled to 190 °C. CuOA: solution (6.3 mg CuOA: in
1.0 mL ODE) was added drop wise over 3 minutes. After 30 minutes, a solution of ZnUt, (24.6
mg Utz and 26.3 mg ZnOAc: in 1.5 g ODE, or 64 mg ZnUt; in 1.5 g ODE) was added by syringe
pump set at a rate of 5 mL/hour. After the hour-long injection was complete, the temperature was

increased to 210 °C for 1 hour. A CdOA: solution (0.2 M) was prepared by dissolving CdOAc>
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(73.8 mg) in OA (0.776 mL) and ODE (0.675 mL). The cadmium oleate solution (0.50-1.5 mL)
was added to the reaction by syringe pump at a rate of 1 mL/hour. Aliquots were taken at various
time intervals. Once shell growth was complete, the heating mantle was removed and the solution
was cooled to ~80 °C. The septum was removed, the nitrogen valve closed, and toluene was added.
The NCs were divided into 4 test tubes (12 cm x 150 mm), filled approximately half-way with
acetone and sonicated to suspend. After centrifugation for 5-10 minutes at 5 kRPM, the NCs
formed a pellet at the bottom of the tube (if NCs remained in solution, more acetone was added
and they were centrifuged again). The solution was decanted, a pipette full of toluene was added,
and the NCs were sonicated to suspend them in toluene. Acetone was added to fill the tubes half
way, making sure to mix the acetone and toluene layers, and the tubes are centrifuged again. This
process was repeated once more. After the third centrifugation, the liquid was decanted and the

NCs were suspended in a small amount of toluene for storage.

Undoped ZnSe/CdSe
The synthesis for ZnSe/CdSe core/shell NCs was the same as the synthesis of

Cu:ZnSe/CdSe above without the addition of CuOA..

Cu-doped ZnSe

The synthesis for ZnSe/CdSe core/shell NCs was the same as the synthesis of

Cu:ZnSe/CdSe above without the addition of CuOA..

Cu-doped ZnSe/ZnSe
The synthesis for Cu:ZnSe NCs was the same as the synthesis for Cu:ZnSe/CdSe above

without the addition of a CdAOA: solution.
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Chapter 3 - Conclusion and Future Work

Conclusion

It was shown dual-emitting NCs can be synthesized using a growth doping method forming
doped core-shell structures. The broad, lower energy red luminescence peak is present when Cu
impurities are incorporated into the NC and the green luminescence peak is assigned to band edge
emission. To assess the cause of each emission peak, the NCs were synthesized using the same
method without adding CuOA>. The resulting NC exhibited only the higher energy emission,
suggesting the green luminescence is from band edge, and the broad peak is due to Cu.

To study the importance of the CdSe shell, NCs were made by replacing Cd?* with Zn?*,
Without Cd?*, only one emission peak was observed. This showed the Cd?* shell is needed to
observe this dual-emission, possibly because the band gap energy of the Cu:ZnSe NCs is outside
the Cu energy level. There was also uncertainty of the role of ZnUt> in the synthesis, including its
contribution to the emission. Upon synthesizing NCs without ZnUt», no significant difference in
the absorption or emission were observed. Therefore, the purpose of this step was not readily
apparent, although there may be more subtle reasons such as filling of defects in the lattice.

Finally, the redox properties of these samples were studied. The NCs were treated with
DDT to reduce them and exposed to air for oxidation. During reduction, the Cu emission increases
and the BE emission decreases. To adjust the thiol sensitivity, NCs with different shell thicknesses
were synthesized. Thicker shells resulted in lower sensitivity, as expected. Upon drying the sample
in air, the intensities of both emission peaks decreased. After this, the Cu emission can be restored

with the addition of DDT, but the BE peak was not recovered.
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Future work

There are still many aspects of the NCs that need to be studied. To gain a better
understanding of the NC PL, time resolved studies should be explored. The redox properties can
further be investigated by using different reductants. There were also difficulties with sample-to-
sample variations, exacerbated by the multistep synthesis further complicating the system and
yielding inconsistent results. Simplification of the synthesis by reducing the number of steps
should reduce the sample variations and thus, the disparities in results. In addition, a more
simplified system, such as a homogeneous alloy, could give insight into the importance of the Cu
position and core/shell structure. Using alternative materials without heavy metals will reduce the

toxicity of the NCs, increasing their appeal for applications.
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Appendix A - Uncorrected Spectra

The uncorrected spectra of samples with different shell thicknesses are shown in sample.

Figure A.1-Figure A.3.
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Figure A.1 Uncorrected spectra of thin shell sample.

154 Sample A5
+1uL DDT
+5 uL DDT

— +17 uL DDT |
3 +49 uL DDT
> 104 ‘

g7

c

o

IS

—

o

5

500 600 700 800 900
Wavelength (nm)

Figure A.2 Uncorrected spectra of medium shell sample.
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Figure A.3 Uncorrected spectra of thick shell samples.
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Figure A.4 Uncorrected spectra of Sample 38-4. The corrected spectra is shown in Figure
2.6a and 2.11a.
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Figure A.5 Uncorrected spectra of Sample 46-3. The corrected spectra is shown in Figure
2.11d.
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Figure A.6 Uncorrected spectra of Sample 47-3. The corrected spectra is shown in Figure
2.11h.

36



