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ABSTRACT OF THE DISSERTATION

Energetics and dynamics in quantum confined semiconductor nanostructures

By
Jessica Hoy
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2013

Professor Richard A. Loomis, Chairperson

The ability to tune the band-gap energies of semiconductor quantum dots, nanoplatelets,
and quantum wires, their significant absorption cross sections, and high photoluminescence
quantum yields make these nanostructures promising moieties for use in optoelectronic devices,
solar concentrators, chemical sensors, and biological labels. The variable dynamics of the
electron-hole pairs that occur within semiconductor nanostructures, however, can complicate the
utility of these devices. The variability of the dynamics is born from the different paths
accessible for the charge carriers to endure. In this work, three pathways are proposed to be of
primary consequence, namely, electronic intraband relaxation, coupling to surface-mediated
processes, and tunneling to the external environment. The dominance of these paths will depend
on the sample. More importantly, within a sample, the contributions of the available pathways

are found to change with excitation energy.
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To this end, I investigated the dependence of the photoluminescence (PL) quantum yields
(QYs) on excitation energy for numerous semiconductor nanoparticles with quantum
confinement in varying dimensions. A strong dependence of the PL QY on excitation energy is
observed in quantum dots (QDs), nanoplatelets (NPLs), and quantum wires (QWs). The highest
PL QYs are within the first 300 meV above the band edge, and there is a severe drop in the PL
QY towards the highest excitation energies investigated, ~3.1 eV. These high PL QYs are 91 %
for CdSe/ZnS QDs, 24 % in CdSe NPLs, which are dispersed in toluene and 25 % in CdTe/CdS
QWs, which is dispersed in TOP. These values drop to 12, 8, and 8 % by 3.1 eV, respectively.
The decreases are not monotonic, and there are some recognized trends to the shape of this
dependency. Local minima in PL QY values occur when intraband relaxation is restricted and
ligand or surface mediated transitions are available. For example, the energy spacing between
charge carrier states of QDs with diameters of ~ 5.7 nm large enough that the coupling to the
surface states effectively competes with intraband relaxation and a minimum in the PL QY
results. These variations in PL QY are reduced when a shell is added to produce a type-I
heterostructure. QWs are more weakly confined systems with large surface areas. Their saw-like
densities of states that result from the long, unconfined dimension of the QWs and increased
valence state mixing yields a higher density of states which leads to a smoother PL QY
dependence of the excitation energy. The minimal undulations in the PL QY's that do still exist
in these QWSs, are further minimized with the addition of a shell to create a type-I
heterostructure. This result reveals the role of surface-related processes in QWs. The pseudo-2D
confinement and atomic flatness of NPLs results in narrow, discrete bands of states separated by
large energies, ~ 200 meV. This electronic structure restricts intraband relaxation and promotes

coupling to other pathways that sponsor non-radiative recombination even more efficiently than

Xvii



QDs. Exciting with high energies in the near-visible region severely diminishes PL QYSs in all
samples as these energies generate highly excited charge carriers that can access environmental

pathways.
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Chapter 1:

Introduction



1.1 Semiconductors and excitons

In atomic and molecular systems, energy transfer can occur within a molecule via
intramolecular vibrational energy redistribution and electronic state coupling. Energy transfer
between molecules can occur through coupling of rotations, vibrations, or electronic excitation.
In all of these energy transfer mechanisms, the probability for the coupling depends on the
relative energies of the states being coupled. Within a molecule, the energy between the first
excited state and the ground state depends on the build up of atomic orbitals to form molecular
bands, the highest occupied molecular orbital (HOMO) being the ground state, and the lowest
unoccupied molecular orbital (LUMO) being the first exited state. In solid state systems, the
magnitude of the energy difference between the HOMO and LUMO, referred to as the band gap
or E,, can be separated into one of the following three types: metals, semiconductors, and
insulators. In a metal the energies of the HOMO and LUMO orbitals overlap, and electron
promotion occurs with very little or no impetus. In insulators, E, is very large and electronic
excitation is a weak or unlikely process. Semiconductors, as their name suggests, have a
measurable band gap but not so significant as to limit electronic excitation. The states that lie at
or below the HOMO are in the valence band (VB) and the states that lie at or above the LUMO
are in the conduction band (CB). In large-scale semiconductor materials, the build up of the
atomic orbitals in forming the molecular orbitals includes many, many atoms each with slightly
different energies. In the case of heteroatom semiconductors, the VB can be comprised of metal
atomic orbitals and the CB is comprised of non-metal atomic orbitals. '

Electronic excitation can occur in a semiconductor when a photon with energy equal to or
greater than E, is absorbed. The promoted electron leaves behind a vacancy and there is less

electron density than there is the ground state of the system.” The electron deficient region



behaves as a positively charged particle with an effective mass greater than that of the electron,
and is referred to as a hole. Depending on the crystal structure of a semiconductor, the
dispersion or energy distribution of the VBs can lead to three types of hole states, a heavy-hole,
light-hole and split-off hole state. The materials investigated as part of this thesis have either
Zinc-blende (ZB) or Wurtzite (W) crystal structures, both of which have these three hole-states.
It has been shown, however, that transitions from the heavy-hole state tend to dominate the
optical spectra, and it will thus be the primary focus of any discussions.[Landsberg, 1991 #660]
The energy and distribution of the photogenerated electrons and holes are described quantum
mechanically by their wavefunctions, probability distributions, and permitted energies. The
breadth of the probability distributions of the electrons and holes determine their effective size
and are referred to as the electron a. and hole a, Bohr radii. As for all charged particles, there
are Coulombic interactions between the electrons and holes, and the strength of these
interactions determine if the electrons and holes can be treated separately or as Coulombically
bound electron-hole pairs, termed excitons. There is a preferred separation distance between the
electron and hole probability distributions in an exciton, and this distance is termed the exciton
Bohr radius, ag.
1.2 Quantum confinement

Decreasing the size of a semiconductor particle in one, two or all three physical
dimensions can change the electronic structure of the material by confining the spatial
distribution of the exciton, electron, or even hole wavefunctions. There are many reports on the
role of nanoparticle size on the energetics of the excitons, electrons, and holes.? In this thesis, 1
investigate how the properties and dynamics of excitons, electrons, and holes depend on the

degree of confinement of the semiconductor material. The samples characterized include



quantum dots (QDs), quantum wires (QWs), and nanoplatelets (NPLs) that exhibit quantum
confinement in 3D, 2D, and pseudo-2D, respectively. All of the materials studied are direct -
band gap materials.” The density of states in the VBs and CBs of a bulk semiconductor form
continua above the lowest energies of the bands, as depicted in Figure 1 A. The electronic states
in the CBs and VBs of a semiconductor become quantized, or discrete, as the size of the
material in at least one dimension is reduced to that of the exciton, electron, and hole probability
distributions.® Since there is a continuum of states for each of the dimensions that do not exhibit
quantum confinement, the density of states depend on the dimensionality of the material, as
shown in Figure 1. The states of a QD become discrete with energies of a few hundred meV
between the quantized states, Figure 1D, and there is a similar shift of the band gap to higher
energy than the bulk Eg.7'9 In a 2D system (Figure 1 C), the states resemble a saw-like
quasicontinuum, the energy between these states can be a few hundred meV, and the band gap
can also shift a few hundred meV above E,. The free degree of freedom along the long
dimension gives rise to a distribution of kinetic energies for the charge carriers that is dictated
by the temperature of the sample and tails spanning to higher energy accompany each discrete
state so that a saw-like pattern of states is formed.® Contrary to the QDs, the QWs can have
significant state mixing in the VB due to the increased energetic proximity of the hole states.'*"

This mixing leads to a more complicated energy pattern, and clusters or groups of transitions

can result that further increase the density of states.
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Energy—p»> Energy—»  Energy—»  Energy—»

Density of States

Figure 1-1. The density of states in energy for a semiconductor as the degree of quantum
confinement increases. On the left, a), shows the continuous nature of the bulk material, b)
depicts confinement in 1 dimension, c¢) in two and d) the density of states becomes discrete for
confinement in all three dimensions.

Another semiconductor nanostructure investigated as part of this thesis is the NPL.
Charge carriers in NPLs are considered to exhibit pseudo-2D confinement. Here, the
confinement in the dimensions are not the same, and there is one small dimension that exhibits
strong confinement, one larger dimension that leads to weaker confinement, and the third
dimension has no confinement.

The strong, medium, and weak confinement terms mentioned are a result of the specific
size in each dimension relative to ag, a., and an. In the case of strongly-confined systems, the
restricted dimension(s) are smaller than both a. and ay.”> In an intermediate-confinement regime,
the size of the confined dimension is smaller than a. but greater than a,. In a weakly confined
system, the restricted dimension(s) are larger than both a. and a, but small enough that the
wavefunction of the exciton is perturbed, and an energetic shift of this state to higher energy
results. The QDs and QWs investigated in this thesis are sufficiently small that photogenerated
charge carriers in them are all intermediately confined. Charge carriers in the NPLs, however,
are strongly confined in one degree of freedom, X, intermediately confined in another, Y, and
are weakly confined in the last, 7' In NPLs, then the density of states is similar to 2D QWs,

in that there is a saw-like distribution to the states. The quantized energies of the NPLs are

observed to be separated by several hundred meV, and the band-gap energy is also shifted to



higher energy in accord with the extent of confinement. The NPLs are further dissimilar from
the QDs and QWs investigated due to the near atomic flatness and an extremely small inter-
platelet diameter distribution. The high quality of the NPLs synthesized in the Buhro laboratory
gives rise to little inhomogeneous broadening in absorption and photoluminescence spectra in
comparison with those of other semiconductor nanomaterials.

The extent of confinement also affects the spatial overlap of the electron and hole

wavefunctions and the Coulombic interactions between them.®

Bound electron-hole pairs, or
excitons, should also be treated as quantum-mechanical systems with wavefunctions that
resemble this simple H-atom system. The photogenerated electron-hole interactions are weak in
bulk semiconductors, and the binding energies are sufficiently small °that the electron-hole pairs
are not bound at room temperature. Instead, they dissociate into separate electrons and holes.
The dependence of the oscillator strength and the binding energy depends on how many degrees
of confinement there are. The energy interactions due to quantum confinement are often large
compared to the coulomb interaction term. Furthermore, the dimensionality may not permit the
electrons and holes to be stabilized at a preferred length within the coulombic potential, and
excitons may not be formed. Such is the case for small QDs, where the electrons and holes are
forced to occupy the same volume and the electrons and holes weakly interact and can be
considered as independent systems®. In QWs with 2D quantum confinement, the electrons and
holes are quantum confined in the radial dimension, but not along the long axis. The electrons
and holes interact strongly along the long axis, and can be bound, even at room temperature, as
1D excitons. Binding energies for 1-D systems are predicted to be tens of meV’s for typical

QWs.'®'7 ¥ Exciton levels with wave functions resembling simple particle-in-a-1D Coulombic

potential are associated with these bound D excitons, and such levels have recently been



observed for CdSe QWs in our laboratory.' Much less is known about the properties of electron
hole pairs in pseudo-2D semiconductor systems, although large oscillator strengths have
recently been predicted and observed for CdSe NPLs.'*"> The pseudo-2D structure of the NPLs
should result in bound excitons and some translational kinetic energy of the excitons.
1.3 Electronic structure and optical measurements

The resolution of the optical spectra recorded in the room-temperature experiments
presented here is not sufficient to resolve the individual transitions that are permitted based on
quantum-mechanical selection rules. The size distributions within the ensemble samples
provide further broadening the permitted transitions. Calculations on the excitation spectra of
CdTe QWs indicate that numerous electronic transitions with varying oscillator strengths tend to
fall within single absorption features.

The absorption of a single photon at the excitation energies utilized in these experiments
produces one electron-hole pair typically associated with the CB and VB states that are closest
in energy to the photon energy and that are optically allowed. > Varying the excitation energy
dictates the specific states that are accessed. Conservation of momentum must be obeyed for
the QW and NPL systems, so the excitons, as well as the electron and hole within each exciton,
are initially prepared with very little kinetic energy. The initially prepared electrons and holes
promptly relax via interband relaxation that is enhanced by phonon and momentum coupling.?
212223 Under low-power exciton conditions, the electrons and holes tend to efficiently relax to
the lowest energies within the CB and VB and radiative recombine, giving off photons near the
band gap energy, E,. The measure of the number of photons emitted versus the number of
photons absorbed is the photoluminescence (PL) quantum yield (QY) directly conveys the

efficiency for both relaxation of the charge carriers and radiative recombination.



1.4 Intraband relaxation

Once the electron-hole pair is photogenerated at energies above the band gap, relaxation
efficiently competes with emission from these excited states. Radiative rates are typically on
the order of 20 MHz to 1 GHz, but relaxation processes tend to occur with rates of 1 to 10
THz**  As just mentioned, the process of relaxation involves charge carrier coupling to
phonons (vibrational modes in the crystal lattice) in addition to coupling to electronic and/or
exciton states. Increasing the energy spacing between the electronic features increases the
number of phonons required for charge relaxation from one state to the next lower state. It is
hypothesized that above a certain energy difference, the probability for phonon-mediated
relaxation between these states will become negligible, as the coupling to multiple phonons
becomes improbable. **** The energetic threshold where phonon coupling becomes so
inefficient that the rate for interband relaxation becomes low is known as the phonon bottleneck.
® In general, the density of states is lower and the energy spacing between adjacent states is
higher near the band edge in comparison with those at energies well above the band gap. Both
effects mean more phonons are required for charge carrier relaxation from one state to the next.
As a result, differences in the efficiency for relaxation to the band gap should be more prevalent

for excitation energies accessing this low-density regime near the band gap.

1.5 Competing pathways

There exist numerous charge carrier relaxation pathways and mechanisms that compete
with interband relaxation and radiative recombination, and these will result in a reduction in the
PL QY. The roles of these competing pathways become even more prevalent when inter- and
intraband relaxation becomes less efficient, such as when there is a phonon bottleneck. 2

Typical pathways that efficiently compete with intraband relaxation of the charge carriers to the



20,25 22 27-29

band gap include coupling to bound ligand states, coupling to surface traps, or

tunneling into the environment.’*?

The nanoparticles investigated in this thesis are single
crystalline, but there may be imperfections in the QDs, QWs, or NPLs that would result in
variations in the potential-energy landscape. The potential minima can trap or localize the
excitons, and even separate the electrons from the holes in the QWs or NPLs. The proximity of
the ligands bound to the surface of a nanoparticle to the charge carriers photogenerated within
the nanoparticle can also influence the dynamics and the PL QYs. The energetic alignment of
the ligand states relative to the CB and VB states of the semiconductor nanoparticle can result in
the formation of donor or acceptor states that will influence the relaxation dynamics. For the
larger nanoparticles, such as QWs, incomplete surface passivation by the ligands can result in
localized charge carrier traps and an irregular potential-energy landscape along the QWs. The
formation of Type I semiconductor systems can be achieved by forming a shell of a higher-
energy semiconductor on the nanoparticle. This shell acts as an energetic barrier between the
charge carriers generated in the core of the semiconductor nanoparticle and the surface of its
surface and the local environment. Depending on the offsets of the core and shell VBs and CBs,
the charge carriers may still interact with varying degrees with the surface ligands and
environment via tunneling of the charge carriers through the shell.” The environment can
consist of the solvent as well as any free ligands from the synthetic reaction. The tunneling
efficiency of the charge carriers depends to some extent on the specific electronic states of the
electrons and holes. The radial probability distribution of the lower-energy S-like states will
have a lower probability for tunneling through the shell than higher-energy states, such as the P-

10,24,34

like and D-like states that have extended probability to longer radial distances. As aresult

of these probability distributions and the lower potential barrier for tunneling, the dynamics of



charge carriers prepared well above E, will tend to be more strongly influenced by the surface
and environment than those prepared near E,.

The last alternative relaxation pathway arises from the surrounding environment of the
sample. For ensemble measurements the nanoparticles are typically suspended in a solvent,
such as toluene, hexane, etc. However, colloidal synthetic techniques that are used for making
the semiconductor nanoparticles, often have other byproducts and residual ligands remaining in
the sample. Most of the residual ligands are short chain alkyl, amine, or phosphine chemicals.
These compounds, as well as the solvent itself, can both absorb photons and interact with the
charge carriers photogenerated with the semiconductor nanoparticles.  The typical onsets for
absorption of these types of molecules are typically in the blue spectral region, and as a result
they may overlap transitions associated with excitation of the QDs, QWs, and NPLs. Even if
not directly excited, the offsets between the HOMOs and LUMOs of these compounds relative
to the energies of the CB and VB states of the nanoparticles may result in additional relaxation
pathways along which the charge carriers photogenerated within the semiconductor nanoparticle
can evolve.

The schematic energy-level diagram included in Figure 2 depicts the relaxation

pathways that may be followed for charge carriers prepared in CdSe/ZnS QDs.
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Figure I-3. Attenuation spectra of four different samples of PbS QWs. The samples were
suspended in dry carbon tetrachloride. The washing and drying procedures are discussed in the
text.

118



The water spike at 0.459 eV (2700 nm) is a strong feature that is most easily removed with
longer drying times and is not permanent. This can be seen in the two representative attenuation

spectra in the figure below.
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Figure 4. Two attenuation spectra of a batch of 13.4 nm diameter PbS QWs with respect to the
time at which the data was collected after completion of the drying process. The arrow indicates
the prominent water vibration. The wires were washed twice and then dried for ~ 4 hours. The
black attenuation spectrum is taken within 15 minutes of completion of the drying process. The
red attenuation spectrum is taken 24 hours after the drying process, while being stored, in the
borosilicate test tube in which they were dried.

The attenuation spectra were fit by first, subtracting a scattering background. The residual was
subsequently fit to a sum of Gaussian functions to determine the energies of the electronic
features. The values were obtained for the band edge E,. These numbers were compared to those

obtained from the wires Jianwei collected and are shown below.
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Mean Diameter Estimated E, Method for
fitting
10.2 nm ( 2.5) 0.615 eV !
10.8 nm (+ 1.5) 0.560 eV !
11.2 nm (£ 2.3) 0.529 eV !
11.7 nm (= 1.9) 0.490 eV !
13.4 nm (£ 2.0) 0.477 eV !
14.2 nm (+ 2.4) 0.465 eV !

Table I-2. The measured E, for different diameter PbS quantum wires. Some fitting was
performed by Jianwei and some by myself. The literature for the fitting procedure is listed.The
difference between the two fitting methods is that Sun and Buhro use an exponential decay to fit
the background and Kuno et. Al. use a wire scattering term plus a bulk scattering term.

As was suggested in chapter 5, it would be interesting to study the confinement effects in
PbS, since the exciton bohr radius is so large. The strong, intermediate, and weak confinement
regimes could be studied within the range of diameters what were synthesized. Using origin one
can digitize previous data from a document. In this way J. Sun attenuation spectra can be fit

using the same procedure as I have used. The E, from both methods can be compared. Plotting

the £, with 1/d* can be used to display the transition between the intermediate and strong

confinement regimes.>
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Appendix II.

Details of the Photoluminescence Spectrometer

This section can serve as a manual for the home-built photoluminescence spectrometer.



ITA. WARNINGS: READ THIS SECTION BEFORE USING THE SPECTROMETER

a. SAFETY RULES:

- When working directly on the spectrometer, uncovered, at the laser table, use the LASER
SAFETY GOGGLES. When aligning and you need to remove goggles, remember to keep a
mildly lit room and refer to lab specific safety training for alignment tips.

- When working with the InSb detectors you will need to fill these with liquid N2. Remember to
use CRYOGENIC gloves, eye protection and to wear closed toed shoes, long pants, and long
sleeves.

- The power supplies for the InSb detectors have some soldered wires. Before connecting these
to power, always be sure that the electrical tape and INSULATING covers are properly covering
these supplies.

b. REMINDERS TO PREVENT DAMAGE TO THE SPECTROMETER:

(1) Lock-In amplifiers display error: OVLD — this means signal overload. This can permanently
damage the lock-ins and must be fixed IMMEDIATELY. Most likely you have too much signal
from the lamp letting too much light in or the PMT voltage being too high. The quickest fix is to
close the shutter to block the light: Go to front panel of shutter control box. The switches are
labeled “N.O. / N.C.” and “Local / Remote” and are both DOWN. Flip the one switch from
“N.C.”/down to “N.O.”/up. This closes the shutter, blocking the beam and will provide a
temporary fix to you problem. (Note: before running the data collection program, you need to
flip the switch back for the computer to communicate with the shutter.) Even if you do fix it
quickly, you might want to test for damage. To do this: go to the “testing” section of the Lock-in

manual and perform test # 10.
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(2) Whenever moving either the chopper wheel for any reason — ALWAYS unplug the motor
and ALWAYS test the motion of the wheel BY HAND before plugging it back in and turning it
on.

(3) Sometimes the oscilloscope is used to monitor the shape of a weak signal and parameters are
adjusted. ALWAYS return the parameters back to their original settings when you return the
BNC cables to their original layout. If necessary, you may then gradually adjust the parameters
to the new setting, while monitoring the Lock-In amplifier display.

(4) If the lock-in amplifier is off but (any) detector is on and uncovered damage can be caused
to the detector. Therefore, (any) detector active area should ALWAY'S remain covered or within
the spectrometer housing when it is ON.

(5) The switches are labeled “N.O. / N.C.” and “Local / Remote” and both should be DOWN to
allow the program to communicate with the shutter.

(6) BNC 2090 is being used to trigger the start of data collection by the lock-in amplifier. The
connections go to “Trig In” in the back of the Lock-in amplifiers. Similarly the BNC 2090 is
used to trigger open and close of the shutter. These wires should connect the front of the BNC

2090 to the front of the shutter control box.
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IIB. Layout:

Figure II-1. D2

Excitation
Monochromator
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IIC. PROCEDURES

A. PROCEDURE FOR: SPECTROMETER CALIBRATION

Each optical component of the spectrometer has an optical efficiency that will affect the amount
of signal to varying degrees at each wavelength. We purchased a NIST calibrated lamp and it
has a Correction file that lists the total power expected to be transmitted at each wavelength. If
we shine this lamp through our spectrometer and collect the light at the output we can set up a
ratio between the expected intensity at each wavelength and the actual intensity of light that is
transmitted through the spectrometer.

(i.) Wavelength Calibration

A neon pen lamp can be used to validate the grating wavelengths. This is typically a
procedure performed when a new monochromator or a new grating is implemented, if a turret is
switched, or if the monochromator has just been returned from being serviced. Whether
calibrating the 21501 or the 23001, there are a few important steps necessary to ensure that the
procedure is done without problems.

First, the pen lamp will need to be set up the correct distance away from the entrance slit
of the monochromator to ensure that the image of the lamp lines are clear and sharp on the other
side of the focusing lens (on the entrance slit). Second, because the pen lamp is extremely bright
and strongly diverging, 2 irises are required to keep a good signal-to-noise ratio. The first iris
usually is placed somewhere between the pen lamp and the focusing lens to block a majority of
the diverging light. CAUTION: this iris can get HOT. The second iris should be placed at the
entrance of the monochromator to allow only 1 clean, sharp line through the entrance slit. Last,
because you are using a Lock-In amplifier to collect your data, you will need to place one of the

chopper wheels in the optical path. Since the slits in the chopper wheel are relatively small, the
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best place for the chopper is between the second iris and the entrance slit. This will require some
CAREFUL arrangement of the wheel and TESTING out its motion by turning the wheel BY
HAND before plugging it back in.

You can utilize the wavelengths in the CRC handbook on the position of Neon lines.
Create two columns in origin: one of the measured wavelengths and one of the standard
wavelengths (form CRC). Find the difference between the two for several data points. Find the
average of the difference between the two. From the two columns of data, find a set of values is
“different” by roughly the average amount, you will need these two (measured and standard)
wavelength values. Now, you can use the information to adjust the wavelengths in the Acton
software (STIK, on desktop). Use the procedure from the monochromator control software

entitled “SpectraPro v.3.37” -> help -> Software manual.

(ii.) Instrument Response Calibration

Introduction:

The NIST lamp is sent to Avantes who send the lamp to the Netherlands to be calibrated on a
NIST spectrometer. It calibrated from 300nm to 2500nm. It is returned to us with both a hard
and digital copy of the Correction File that gives us how much power (in uW/cm’nm) the lamp
should emit at each wavelength and this calibration file is good for 60 hours of use. The lamp is
aligned through the excitation arm and data is collected at the input of the sample holder. Then
it is aligned through the detection arm, with the lamp at the sample holder position, and data is
collected at the output of the detection monochromator. After a few required steps to treat the

data (discussed further in the next section), an instrument response function (IRF) can be made
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by creating a ratio between the Calibration File that was sent and the Collected Avantes data.

This data can be used to correct any sample data in the following way:

X —_— NISTCOr}‘eclionP ile
SampleData,, NIST . |

User notes:

(1)  Locate and unpack the NIST lamp (located above the laser table in a box), the plastic baggie
labeled “AVANES LAMP POSTS” (from the black file cabinet), and open the “QTH Bulb
Lifetime” program.

(2)  Ensure that both PMTs are completely off. Remove the PMT that is located on the output of
the second/emission monochromator. Keep the front face covered until this step is complete.
Use the posts in the bag to attach this PMT to the tall post. Remove the cuvette holder by
pulling the posts out of their holders — but leaving the post holders fixed to the table. Fix this
PMT/post to the laser table at the position where the sample-holder had been. Ensure that all the
proper connections are still attached.

(3)  The NIST lamp does not have a holder nor does it have any threaded holes with which you
can secure it to the laser table. Instead, we use flat posts that are located in the black file cabinet
next to the laser table. These posts are in a plastic baggie and are labeled “AVANES LAMP
POSTS”. One post is higher than the other because the lamp has 2 levels on its encasement.
Each post is placed under the appropriate ridge to get the lamp to be the appropriate height and
to be level. The lamp can be used in the right-side-up or up-side-down position and in the latter

case the posts will need to be in the reversed order so as to hold the lamp up to an inappropriate
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height to the rest of the optics in the beam path. Be careful to arrange the power cable so that it
will not be bumped or jostled as this will lead to misalignment.

(4)  To calibrate the excitation side, first the QTH lamp is removed from its original position to
allow room for the Avantes lamp. (The replacement procedure can be found in paragraph 1 of
section 2.3.2). Next, the 1.5” lens that was in the bag with the posts must be placed in front of
the 2” F/4 lens in front of the monochromator. (This is a “replacement” for the telescoping lens
inside the lamp housing.) Then, place the NIST lamp on the posts in front of this lens. Turn the
lamp on. Return to the computer and in the program window — enter the current date into the
LOWER box, labeled “Avantes Lamp”. Select the Run button, which will turn green AND push
the Run white arrow. (See section 2.4.1 for details.)

®))] Align the lamp left and right with ONLY the second lens in place. Then put the first lens in
place; first align the height by adjusting the neck of the lens or adding/removing spacers on the
posts for the lamp; second align back/forth so that the spot is focused and sharp on the entrance
of the monochromator. The only height adjustment that should be needed should be once it is
focused and sharp check to make sure that the lamp is level — place the level on top of the lamp
on the flat section. The posts have been adjusted so that the lamp should be level. The second
lens might need some minor adjusting in HEIGHT ONLY. The beam will be focused when you
can see a small circle (1 cm = d) on the entrance slit of MonoExc.

(6)  The NIST light will progress through the monochromator, through the lenses and chopper on
the output side of the monochromator, 9% will reflect off of the beam splitter into PMT #1 and
the transmitted portion will be detected by PMT #2. Make sure there is nothing blocking the

beam path. Then replace the cover over the beam path.
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(7)  Turn on the pre-amplifiers, lock-in amplifiers and PMTs. The signal from the NIST lamp is
weak and there is likely no cause for OVLD (signal overload). If you see this — close the shutter
immediately and determine the cause of the OVLD. You can probably just adjust your PMT
voltage settings to fix this.

(8)  The slit widths for the MonoEXC for NIST data collection are typically set wider than for
sample data collection. This is necessary to ensure reasonable signal-to-noise for both PMT’s.
Wider slits will require lower PMT voltage settings and vice versa. Typical settings for the
NIST lamp are: 1.5mm slits, 900V excitation PMT, 450V transmission PMT (this PMT is
currently at the transmission point, replacing the sample holder). The Pre-amplifier/Amplifier
settings typically used are: 500nA/1V (transmission) and 50nA/100mV (excitation).

(9)  You should not need to adjust the pre-amplifier settings — if you do it is VERY important to
RECORD these numbers in your notebook and electronically in the auto-generated text file.

(10) Open the “Photoluminescence and Photoluminescence Excitation.vi.” Program. Select a
name for the scan you are collecting — in this case the name should include be:
“Date NIST Excitation GratingName”.

(11) Turn off the room lights. Start the program (click white arrow). Enter the appropriate values
in when prompted (See section 2.4.2) (REMEMBER TO ENTER THE SLIT WIDTHS). The
raw data will then be saved in an excel file and the text file containing all of the appropriate
parameters will be saved with it.

(12) The data will not be dealt with yet. Next, you need to calibrate the emission arm of the
spectrometer. In this case, a few parts will need to be adjusted. The first is the PMT at the
sample holder — that will need to be replaced back to its original position on the exit port of

MonoEm. Next, the NIST lamp will take the place of the PMT you just moved. It will be aimed
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to shine light down the path towards the MonoEm and ensure proper alignment again. Finally,
you need a chopper wheel placed along this arm of the spectrometer. The easiest route it to
unplug the power chord from the current chopper and use a screw driver to CAREFULLY
remove the wheel currently set in place. Then locate the spare chopper system in the file
cabinets and CAREFULLY attach the wheel. Bolt this system to the laser table at the location
between the last optic and the MonoEm. Once this is in place and you have made certain that the
wheel is touching nothing, plug the motor back in and turn the chopper back on.

(13) Once you are certain that the alignment is set you will want to adjust the slits on the entrance
and exit slit of this MonoDet. Since this pathway is shorter with fewer optics, less light is loss.
So, in order to not overload the detector or lock-in amplifier the typical slit widths are ~ 0.25
mm and the PMT voltage ~ 650 V.

(14)  You should not need to adjust the pre-amplifier settings — if you do it is VERY important to
RECORD these numbers in your notebook and electronically in the auto-generated text file.

(15) Use the “Photoluminescence and Photoluminescence Excitation.vi.” Program again. Select a
name for the scan you are collecting — in this case the name should include be:
“Date NIST Detection GratingName”.

(16) Start the program (click white arrow). Enter the appropriate values in when prompted (See
section 2.4.2) (REMEMBER TO ENTER THE SLIT WIDTHS). The raw data will then be
saved in an excel file and the text file containing all of the appropriate parameters will be saved
with it.

(17) You now have 3 different data sets for the calibration of the spectrometer. Use the

information in the next section to get these data prepared for use in the Data Analysis file.
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(iii.) Treatment of the Instrument Response Calibration data and Application of these data
to Analysis programs

Introduction:

Before these calibration files can be used to analyze any unknown/sample data, they need to be
corrected to match the same parameters that are used to collect unknown/sample data. An
example of the following detailed procedure can be seen in the origin project:
“D:/Hoy/Calibration/MarchNIST datafile.op;j”.

User Notes:

(D) Each data set needs to be adjusted for (a) slit width differences, (b) voltage, (¢) pre-
amp settings (if they were switched) and (d) smoothing. Last, each data set will be placed in an
excel file and its file name will be entered into the appropriate locations within the analysis
program.

(2) The average slit widths across all wavelengths used for the MonoExcitation are 0.94 —
0.96 mm (to get 5 nm) and the average slit widths used for MonoEmsission are 1.93 — 2.00 mm
(to get 5 nm). Correct the calibration data by multiplying by the factor relationship (that will
reduce the excitation data and increase the detection data). The data the lists the slit width
translations can be found in table: “desktop:/Slit Width Data 111710.0gw” and these slit
calculations can be found in : “D:\Hoy\Calibration Files\ SlitWidths 082510.0pj” and Raw data
found in July 2011. Do this for all three data sets.

3) To correct for the voltage differences you will need the voltage translation chart
found in: D:\Hoy\CalibrationFiles\Old\Data Obtained 2calculate GAIN ogw.zip. This step is
simple. Find the voltage that was used to collect the calibration file, determine the gain, and then

divide the calibration data by the gain amount. Do this for all three data sets.
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(4) If the pre-amp settings are changed then a correction should be made. Take the
typical Pre-amp setting and divide by the pre-amp setting used to collect the calibration data.
This should be a whole number on the orders of 10’s, 20°s, 25°s or 50°s. What ever this number
is, divide the calibration data by it. Do this for all three data sets.

&) Finally, all data sets should be smoothed. For these data, because we cover the full
range of instrument sensitivity in one single scan, but we do not have the option of adjusting the
lock-in amplifier sensitivity, the resulting data can have regions where the local fluctuations are
step-wise in nature. Savitzky-Golay smoothing can remove this. This can be done in an origin
program. Don’t use large “Points of Window”’; <20. Do this for all three data sets.

(6) From these finished products, three separate excel documents must be created. These
will be saved in a location specific to this calibration date and any sample data collected after
this date will want to be able to refer back to all of it. To this end, set up a folder within
calibration folders, entitled “Calibration Date”. Save the origin project used to prepare the
calibration data here as well.

(7) Excitation data collected from the PMT detecting reflected photons can be the first.
Column A of the excel document should be wavelength — but it must be in whole numbers in
order for the analysis program to run properly — so you will need to change this. The typical file
name is “Exctation Transmitted G1.txt”. Repeat this for the Detection data. Last, the reflected
excitation data divided by the transmitted excitation data will be used to generate the final excel
document, again with wavelength in column A. (typical file name is
“Excitation_Ratio_G1.txt”).

(8) Open the “Total Data Analysis” LabView program. On the front panel there are three

‘control” boxes. Use these to choose the calibrations files necessary for correcting the sample
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data. Choose the appropriate files depending on the headings above each control box. Repeat
this for the other two files. When you have completed this, put your cursor over each of these
control boxes separately, right click, select “data operations”, then select “Make Current Value
Default”. When you have done this, save the entire program and you can close the program.

(iv.) Validation of the Calibration

The validation step requires collecting data for two standard dyes, analyzing these data, and
checking the ratios of the quantum yields. NOTE: PROCEDURE C provides more details on the
data collection process necessary to perform THIS VALIDATION.

(1)  The two dyes used for this process are rhodamine 6 G (Rh6G) (C,sH3;N,03Cl) and oxazine 1
(Ox1) (CH26CIN3Os). R6G has a known quantum yield (QY) of 95 % and Ox1 has a known
(QY) of 11%." [ Sens, R, 1981, # ]

(2)  First, one cuvette of each dye is made. The concentrations of these dyes must be kept very
low, below 0.01 absorbance units across the standard excitation wavelength range. From R6G
this is 450 nm to 490 nm and for Ox1 this is 560 nm — 600 nm. Concentration dependencies
dues to re-absorption of emitted photons have been found to contribute significantly above
0.01.[Kubin, 1982, Journal of Luminescence, 27, 455 - 462] Once these have been made, you
will collect one absorption spectrum for each. Use the procedure for the absorption spectrometer
outlined in appendix II.

(3)  Next, collect at least 5 different emission spectra by exciting at 5 different wavelengths for
R6G. Use the procedure outlined in the next section (2.3.2) for sample data collection. The 5
different wavelengths should span the range suggested above and each excitation wavelength

will be exciting the sample with different absorbance values. The step size between these should
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be 5 nm as the slit widths used will be 5 nm. To determine how to set 5 nm slits, utilize the chart
“Desktop/ Slit Width Data 111710.0gw”. Do the same for Ox1.

(4)  Once the emission data has been collected, use the “Total Data Analysis” program to correct
the data for the instrument response. The procedure for using this program is detailed in
Program Details section 2.4.3.

(5) Finally, you want to determine that the ratios of the QY’s are correct and so the QY’s must
be calculated. Create an origin project with the absorption and corrected emission data for both
dyes in it. Generate a new X-column for the emission data that is energy (NOT wavelength). Be
sure that these emission spectra do not contain any excitation scatter in them. If they do use the
procedure outlined in section 2.5 to remove it. Next, integrate the total emission for each
spectrum obtained and record this value in the column next to the absorbance value column,
corresponding to the appropriate wavelength of excitation. Add a new set of values to this: go to
the bottom of these 2 columns and append a new row with 0 as the absorbance value and 0 as
the integrated emission. Change the absorbance column “X” values. Now, select the integrated
emission and plot these values. They should make roughly a straight line. Fit these data to a
straight line. Perform this procedure for both R6G and Ox1. Record the slopes for each.

(6)  Verify that the ratio of the slopes between R6G : Ox1 ~ 8.60 (95 / 11 = 8.60). The closeness
of the values should be within 7 % error (8.60 % 0.60)

(7)  Assuming that these values are within this range, you will now need to open “Quantum Yield
Calculator” program. On the front panel of this program there is a chart in the bottom, right-
hand quadrant. In this chart you can enter the slope, intercept, standard deviations of both of
these, the type of dye and the date the dye data was collected. First, enter this information in the

chart. Next, this information will need to be entered into the ‘control boxes’ corresponding to
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each. Typically, for the visible samples we study, Ox1 is used to calculate QYs and so, in the
left-hand side of the front panel, enter the slope, intercept, standard deviation of slope and
intercept, in addition to 11% for the known QY. You must then right click over each box, select
“data operations”, then select “Make Current Value Default”. Finally, save the program.

This is the end of the calibration procedure. The data analysis program and the quantum yield

calculator program are now set for analyzing new unknown sample data.

137



B. INSTRUCTIONS FOR CHANGING QTH BULB OR BULB SOCKET

The procedure for changing a QTH bulb can be found in the manual. Be sure to turn the
lamp off when replacing the bulb. Be sure to wear gloves when handling the new bulb. The bulb
has some variability in how it sits in the socket. WEARING LASER GOGGLES, investigate the
relative position of the new filament on the entrance slit of the monochromator. Turn the bulb
off and perform one or two gross adjustments by shifting the bulb up or down. The procedure to
perform the alignment of the filament and its reflection from the parabolic mirror are found in
the manual.

To replace a socket — FIRST, DISCONNECT THE POWER SUPPLY. Again, wear
gloves while handling the socket and replacing it. The replacement sockets were purchased from
City Lighting as detailed in section VIII. The picture in the manual will give you the

information needed to replace the socket.
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C. PROCEDURE FOR: DATA COLLECTION

(D) Before you turn on the QTH bulb, open the program entitled: “QTH Bulb Lifetime”. Follow
the instructions in section 2.4.1 for utilizing this program efficiently.

(2) If you are collecting data after calibrating with the NIST lamp, you will first need to replace
the QTH lamp to its original position. ALWAYS USED LASER GOGGLES WHEN
WORKING WITH THIS LAMP. This position is marked on the laser table in red marker. Make
sure that the beam is aligned and centered on the entrance port of the MonoExc. For a
discussion and to see the equations used to determine the distances from this rectangular beam,
see section, IIE, page 139. To properly focus light out of lamp utilize the telescoping lens on the
exit port of the lamp. To find the “focused” point, first dial the lens completely forward; then
bring it back (counter clockwise) a few millimeters from the fully forward position.

3) Next, you will need to set the appropriate slit widths. This will depend on the excitation and
emission wavelengths you will be using, which will inherently depend on the sample of interest.
Once you determine the single excitation wavelength, look up the necessary setting for the slits
to produce 5 nm of bandwidth (Desktop/ Slit Width Data 111710.0gw). For the emission scan
range, determine the middle wavelength, and use the setting necessary to produce 5 nm of
bandwidth for that value.

(4) Always collect absorption first to ensure that the absorbance values remain below 0.05 (for
quantum nanostructures)’ and below 0.01 (for dyes)'. Insert the sample into the sample holder.
Ensure that the entire set up is covered properly. Turn on the PMTs (main power switch only),
turn on pre-amplifiers and lock-in amplifiers, turn on the chopper and the shutter system. The
chopper wheel typically starts at a frequency higher than it is set to and gradually reaches its set

frequency after about 30 minutes.
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®))] Open the “Photoluminescence and Photoluminescence Excitation.vi” program and create a
name for your data. Typically, this should include “Date Sample name Batch Number Name
of Person that synthesized it/company from which the sample was purchased”. Often times, an
additional appendage is included if necessary but this information can also be included in the
text file notes. Follow the rest of the instructions for using this program in the section 2.4.2. As
a reminder, the raw data collected in this program is not corrected for the instrument response.
In order to utilize the data, you must next open the “Total Data Analysis” program. Enter the
name of the file you just collected and follow the steps detailed in the proceeding section for
running this program.

(6) When the “Total Data Analysis” program is done running, the data is completely ready. You
should close the analysis program and the excitation energy dependence program. One you turn
off the QTH bulb you can stop the “QTH Bulb lifetime” program — make sure you follow the
appropriate steps to ensure that you save the data properly.

(7) Open a new Origin project. Create an X column of the energy range over which you
scanned. Copy and paste column B from the analyzed file of the data you just collected and
analyzed into a column next to the X column.

(8) This step is for removing the excitation scatter from the scans taken near the emission
wavelengths scanned:

First, determine the excitation wavelength for the spectrum you are dealing with.
Highlight the data at the excitation wavelength. Delete the data 5 nm above and 5 nm below the
excitation value. If you are unsure of the bandwidth, plot the data and delete the values until the
excitation scatter is completely removed. This procedure was found to be more efficient than

fitting the excitation spike and emission feature, collecting the integrated intensity of the two
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and subtracting them.The results of  this study can be seen in
D:\Hoy\Origin\FittingexcitationScatter.opj

IF YOU ARE EXCITING AT 630 or 650 nm, YOU WILL NEED TO examine the
excitation scatter closely. Often times these two colors require that A FEW EXTRA DATA

POINTS are deleted (on the shorter and longer wavelength sides, respectively).

D. PROCEDURE FOR: CHANGING MONOCHROMATOR TURRET

The procedure for changing a turret is important as you will use this process to run the
instrument from the far UV to the NIR. The majority of this procedure involves instructions
written by the company PI Acton. The procedure can be found at the URL listed below but
PLEASE NOTE - this procedure was written only for the short path-length monochromator
(21001 series). For the 23001 series, the procedure is different in ONE VERY IMPORTANT
WAY: Step 2, that asks you to change the wavelength the grating is set to — for the 23001 — you
must change the grating to the longest wavelength — not to zero as is the case for the 2150i.

The procedure can be found in Section IV-E of the document below:

ftp://ftp.piacton.com/public/manuals/acton/SP-21501.pdf
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IID. Program Details

A. QTH Bulb Lifetime

Overview:

This purpose of this program is to generate a text file that records the date and length of time
that either a QTH bulb or the Avantes NIST lamp was used for. The program uses a counter and
will either generate a new text tile or append data to a previously generated text file. The
average length of time that Newport says that their bulbs last is 50 hours. Typically the signal-
to-noise increases significantly from 15-20 hours. The Avantes Lamp calibration is good for 60
hours according to the company. After this point, the lamp should be returned for calibration.
Since the lamp is sent overseas, this process takes a while; previously, it has never taken less
than 3 weeks.

User notes:

When you open the program, there are 2 text boxes for entering a file name. One is listed as
being for the QTH bulb and the other is listed as being for the NIST lamp. If you just replaced
the QTH bulb and you wish to monitor its usage time, change the file name in the UPPER grey
box to be the “QTH_current date.txt” If you are using the Avantes NIST lamp for the first time
since it returned from being re-calibrated, change the name in the LOWER grey box to be
“NIST current date.txt”.

Next you click the button in the center for the front panel so that it is illuminated (green).
Finally, push the standard, white RUN arrow (upper left hand side of menu bar) to begin the
program and turn on the lamp you are monitoring.

The most important step is this last step, when you are done using your lamp. To tell the

program to stop, you must click the button in the center of the screen. You will be asked 2
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questions. The first is if you want to save the data. You will select YES. The second question
asks if you are using the Avantes NIST lamp. You will either answer YES or NO depending on
what you are using.

Program details or Frequent issues:

The text files are generated in D://Hoy/QTH Bulb Lifetime. The date + start time and date +
stop time are entered all together on one line, and each time the program is run a new line is
added. Therefore, to determine the total number of hours the program has been running, one
must find the difference for each date and then add them up. Typically, after 10 or so, I add
them and then edit the document with a dashed line and the total after the first 10.

If you forget to turn on the program (and you have no documented account of the time) or if you
forget to turn off the program (and you have a severely wrong over estimate of the time), you
can also, just estimate based on data collection files, how long the lamp was used for and then
edit the text file with the date and a time estimate.

B. Photoluminescence and Photoluminescence Excitation.vi

Overview:

This program collects PL or PLE data and creates an excel document with the data in it. As was
previously mentioned, there are 2 detectors in the spectrometer. One monitors the lamp
fluctuations and the data from this detector can be related to the photons exciting the sample.
This data is therefore referred to as the excitation data. The second detector is at the end of the
beam path that is collecting photons emitted from the sample at 90 degs to the incident light and
is referred to as the detection data. The shutter is also used to get an average amount of
background scattering contributing to the total photon count. This average amount can then be

subtracted from the data. Any PL or PLE data that is collected is put into an excel file. These

143



collected excel documents that have not been analyzed (or raw data) contains 4 columns: 1:
wavelength, 2: detection normalized by dividing by excitation, 3: excitation only, and 4:
detection only. The data collection program also generates a text file to keep track of the day,
time and parameters used to collect the data.

User Notes:

There are 2 large tabs with the heading: “Go To Wavelength” and “Collect Data”.

When you click the white RUN arrow starting the program to collect data a series of grey boxes
appears, one after the other, in which you are asked a series of questions. The answers to the
questions are placed in a text file that is required for the necessary data anlysis.

Once the last question is answered the program begins the scan and the data is collected.

C. Total Data Analysis

Overview:

This program uses the NIST collected data and the accompanying calibration file to correct any
sample data for the instrument response function (IRF). The shape of the IRF comes from the
wavelength dependence of the lenses, monochromator (grating) and detectors. The program can
correct both PL data and PLE data.

This analysis program first opens the text file containing all the important parameters, corrects
the last 2 columns separately, divides the analyzed detection data by the analyzed excitation
data, and then generates an analyzed file that is similar to the original file: column 1 is
wavelength, and then detection divided by excitation, then excitation, then detection.

User Notes:

The base path for the file that will be opened is set. Enter the rest of the file name in the

indicated box. Ensure that the calibration files chosen are the most recent. If the file a PL
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spectrum, you can push the arrow to start the program. If the file is PLE, change the base path
from “C:\Documents and Settings\admin\Desktop\PL scans” to “C:\Documents and
Settings\admin\Desktop\PLE” and change the Control switch from PL (green) to PLE (red).
Program details or Frequent issues:

Often times, a file name is entered incorrectly. It can be as small a detail as a space missing. It
can be a calibration file, data file, or text file.

D. OQOuantum Yield Calculator

The slope of absorbance versus integrated emission intensity is a straight line proportional to the
quantum yield. Typically to collect this data one makes several cuvettes with various
concentrations of a known dye, collects absorption, and then collect emission by exciting at the
same excitation color and integrating the intensity.

The math required to determine an unknown quantum yield:

QY(DYE)772 — QY(UNKNOKWN)nz

(DYE) m(UNKNOWN)

For a sample that does not have an excitation energy dependence on the quantum yield, another
way to collect this data is to vary the excitation color (essentially varying the absorbance values)
and collect the emission and integrate. Here again, we have the values to plot absorption versus
integrated intensity. The graph in the bottom right had corner of the front panel provides a list of
slopes and intercepts for either Rhodamine 6G (R6G) and/or Oxazinel (Ox1) at the dates that
they are collected. Beneath the slope and intercept the standard deviations of the numbers are

also reported.
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Sometimes we work with unknown samples that do have a energy or wavelength dependence of
their QY’s. In this case, we need another method for calculating the quantum yields of such
samples. So, we use a method where we compare integrated intensities of unknown samples to

the slopes and intercepts of known dye slope, intercept values.

=mX +b

(INTEGRATED _ INTENSITIES ) (ABSORBANCE _VALUES)

Slope is m and intercept b, as usual. The know dye slope and intercept are plugged in. Since
there is an unknown sample we wish to determine the QY of, we use the uknown sample

absorbance value in place of X and solve for Y.

INTEGRATED _ INTENSITY =m_ X +b

(CALCULATED) (DYE) (MEASURED _ ABSORBANCE) (DYE)

This (calculated) integrated intensity is proportional to the QY of the known dye and this ratio
can be set equal to the measured integrated intensity over the unknown QY value we are trying

to calculate.

INTEGRATED _ INTENSITY

(CALCULATED) __

QY(DYE) QY(UNKNOWN)

INTEGRATED _INTENSITY

(MEASURED)
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This process has been tested with two standard dyes, wherein the second dye is the “QY
(UNKNOWN)” we are solving for. Then this calculated value is compared the literature value.
For example, Oxazinel has a QY reported to be between 10 and 16% and again reported to have
a QY of 11%.[Brouwer, 2011 #10] We determine a QY of ~11%. This number does vary a
small amount. If it has been a while since the system was recalibrated the value might fluctuate
more. If it is outside of the error of previous measurements then the system should be
recalibrated.

The program itself simply performs the aforementioned math. Additionally, it uses the
standard deviation values to determine the error bars for the QYs. The standard deviations are
propagated through each step of the calculation utilizing the appropriate procedure in Chapter
3.5 of Harris, [Harris, D., Quantitative Chemical Analysis, 6 Edition, 2003, W.H. Freeman and
Company, NY], yielding an absolute and percent relative error.

User Notes:

Enter the corrected absorbance value in the appropriate indicator box. Enter the integrated
intensity of the PL in the appropriate indicator box. Select run. The values will appear in the
boxes labeled QY and % relative error.

Program details or Frequent issues:

Refer to the chart on the front panel to ensure that the appropriate dye data entered for “slope”,
“intercept”, “standard deviation in slope”, and “standard deviation in intercept”. Make sure that

if you are using oxazinel (thodamine 6G) data, the QY entered below for the dye information is

11 (95).
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IIE. SPECIFIC CHARACTERISTICS THAT ARE INTEGRAL TO THE SET-UP
A. APPROPRIATE USE OF OPTICS WITH THE NON-COLLIMATED NEWPORT LIGHT
SOURCE

The light source purchased for the photoluminescence spectrometer is a quartz-tungsten-
halogen source. The reason for purchasing this 250 W bulb was is smooth and wide spectral

output, which can be seen  here:  http://assets.newport.com/webDocuments-

EN/images/Light Sources.pdf (page: 30). The lamp was advertised as a collimated light source

indicating that the optic required for focusing the light into the monochromator would be the
standard F/4 plano-convex lens. However, upon purchasing the lamp it was determined that the
lamp was not collimated, rather it was diverging. At 1 foot away from the output of the lamp,
the 1 cm x 4 cm filament creates a ~ 15 cm diameter beam.

Replacing the lamp didn’t seem like a good idea. Smaller filaments were an option or arc
lamps were an option. However, the sacrifice would have been power (smaller filaments) or
monitoring and removal of noise (arc lamp). Newport has a calculation to accompany their

“gently-diverging” QTH lamp. The equation can be seen in the Newport document on the

“desktop\Getting Light into a Monochromator.pdf” on pages 5,6 and 7. This equation
verifies that the focusing optic must be at ~28 cm away from the focusing lens. In our case, the
focusing lens is a 2” F/4 plano-convex lens which is then 8” away from the entrance slit of the
monochromator.

Email discussions took place between, myself, Rich, Roger Milson and Lana Pryde

during the months of September and October 2007.
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B. EXTRA SCATTER FROM MONOCHROMATOR GRATINGS

A plane ruled diffraction grating is a type of reflection grating that will diffract white
light with different intensity distribution depending on the wavelength(s) and angle of incidence
as well as the spacing of the grooves. The blaze angle of the grating characterizes the angle of
reflection. It is related to the groove spacing (d) and incident wavelength(s) by the equation: mA
= 2dsinf.[Moore, Building Scientific Apparatus, 2" Edition, 1989, Addison-Wesley Publishing
Company, Inc.] Any integer value (m) of a particular wavelength is permissible. In any
commercial spectrometer, exciting at 350 nm allows the second order diffracted light to be
detected at 700 nm. However, in the spectrometer I built it was found that some extra scatter
was appearing in some of our scans. This scatter occurred at roughly 1.48 — 1.40 times the
excitation light, and in this case, was detectable when exciting from 450 — 500 nm. An example
of this can be seen below. Upon using a 550 SWP filter, this scatter will be reduced.

Upon examining the beam at a point in the spectrometer where it was diverging creating
a large spot size, a small dot of the scattered light could be seen. Upon addition of a 550 LWP
filter, this scatter will be depleted.

Over the course several months from February 2010 through May 2010, I worked with
Bill Fischer at PI Acton to determine the source of this problem as well as a solution. Initially,
they were unable to replicate our data. I determined the difference between our set-up and
theirs: they were using a CCD and we use a PMT. When they switched detectors, they were able
to reproduce our data. They determined that this scatter was due to the grating coating and that a
holographic grating will reduce this scatter. Their data, plane ruled (top) and holographic

(bottom) is shown below. The holographic grating does cause a further reduction in the intensity
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of light that makes it through the monochromator. Therefore, 1 holographic grating is utilized

on the emission side when this spurious scatter is interfering with data collection.
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[IE. LIST OF SPECTROMETER COMPONENTS AND COMPANY CONTACTS

1. Newport Oriel Lamp
Part number
(66506; 250W QTH Light Source, 06/25/2007, $3,457.80)
Subcomponents:
Power Supply

Bulb part number
(6334NS; QTH 250Watt Filament, $34.00)
Socket part number
(No option to purchase JUST the socket from Newport; So, we purchased from City
Lighting on 4307 West Papin Street, St. Louis, MO)
(01/17/11 MILL80054Z, MILLER L80054 round mrl6 SCKT round mrl6 socket
253 base, $1.51)
Communication on appropriate focal lengths for this rectangular filament
Age of bulbs, noise data
Age of sockets
(Start using in fall 2007, needed replacement in January 2011)

2. Princeton Instruments 2100i Monochromator

Part number
(SP 2155, PI Acton, $4750.00)

Subcomponents:
Part No’s Turret 1: Grating 1, Grating 2
(1) 150-120-500; Plane ruled, 32x32mm, 1200g/mm 500nm blaze, $300.00
(2) 150-120-300; Plane ruled, 32x32mm, 1200g/mm 300nm blaze, $
Turret 2: Grating 1, Grating 2
(1) 150-060-1; Plane ruled, 32x32mm, 600g/mm lum blaze, $275.00
(2) 50-030-2; Plane ruled, 32x32mm, 300g/mm 2um blaze, $275.00
Turret 3, Grating 1
(1) 300g/mm at 3um blaze

Scattering data for slit width determination

Communication to computer: RS232 connection

Labview Handle number: 1

Contact = Bill Fisher = bfisher@princetoninstruments.com

3. Vincent Associates Single Channel Shutter Driver
Part Number

(VCM-D1, 02/23/10, $850.00)
Typical physical set up (front switches)

4. Stanford Research Systems Optical Chopper (5/6 and 25/30 slot blades)
Part Number (SR 540, 06/01/12, $1095.00)
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This device requires no computer communication. It does need to be connected to the Lock-In
amplifiers so that these devices receiving signal are only locking on to signal at the frequency
set by this chopper.

The connections are through a wire then alligator-to-bnc input to the front panel of each lock-in.

5. Stanford Research Systems Pre-Amplifiers
Part Number
(SR570, 10/13/08, $2,295.00 each)
Front panel settings
Excitation Pre-Amp needs less gain than Detection pre-amp
Any data on optimal settings

6. Stanford Research Systems DSP Dual Phase Lock-In Amplifiers
Part Number (SR830, 06/01/07 and 09/26/08, $4200.00 each)
GPIB number 7 and 8 (Do not change these)
Front Panel settings:
Input: use A only
The time constant is typically 30 ms with a 24dB/octave slope
Sensitivity/Dynamic Reserve (see the Manual for conversion)
Line Filter and Linex2 filter — both on Have them on
Back Panel Settings:
A connection from the BNC 2090 goes into the back of each lock-in to tell the lock-ins
for the purpose of a triggered start for data collection.

1 Repair: Thought we blew out an op amp: tried replacing, with Greg Potters help, 01/10/08,
part no.’s AD 645 (U101) and NPD 5564 (U102). This didn’t work so we sent the Lock-In back
for repair to front panel - $450.00.

7. Princeton Instruments 2300i Monochromator
Part number
(SP2355, spectraPro monochromator, 06/25/07, $7950.00)
Subcomponents:
Part No’s Turret 1: Grating 1, Grating 2, grating 3
(1) 1-120-500, Plane ruled, 68x68mm, 1200g/mm 500nm blaze, $700.00
(2) Holographic Grating — Visible “1200@500nm”-like
(3) Visible coating mirror
Turret 2: Mirror, Grating 2, grating 3
(1) 1-060-1, Plane ruled, 68x68mm, 600g/mm lum blaze, $650.00
(2) 1-030-2, Plane ruled, 68x68mm, 300g/mm 2um blaze,
(3) 1-030-3, Plane ruled, 68x68mm, 300g/mm 3um blaze,
Labview Handle number: 2

Contact = Bill Fisher = bfisher@princetoninstruments.com

8. Hamamtsu Photomultiplier Tubes*
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R3896 $719.00

There are 2, one for excitation and the other for detection.

This is a high quantum efficiency, 28 mm detector active area, side-on PMT.

Manual and gain information can be found in: Desktop/ pmt_handbook applications.pdf

Good Technical Contact: Kate Pritchard: KPritchard@hamamatsu.com (908-252-7660)

9. InSb NIR detectors w/MSL-12 Dewar from IR Associates
(2 total of both)
IS-1.0 ($1500.00) (06/25/07 and 06/24/09)
Matched Pre-Amp
IAP-1000IS ($ 475.00) (06/25/07 and 06/24/09)
Pre Amp Power Supply
($150.00) (06/25/07 and 06/24/09)

Suggested Power Supplies for the detector:

Linear Regul Power Supply, AC-DC dual tracking outputs, =15V out, 0.3Amps, Acopian
Technical Company

(DB15-30, 01/05/11, $132.00 each)

10. UV/Vis/NIR lenses and mirrors
all from CVI Melles Griot Corporation

All lenses made of Calcium Flouride for vis and IR (CFIR); 180nm — 8um

All mirrors are coated with GOLD; 95.5% average reflectance (650nm-1.7um) and 98%
average reflectance from 2um-16um)

Contact = Jake Jamarillo = jjaramillo@civmellesgriot.com

11. NIST traceable Halogen Lamp

with calibration file: CC-UV/VIS-CAL

(purchased separately, extended CAL to 2500nm)
AvaLight-HAL-CAL, 09/29/09, $952.00
HL-Recal-NIR, 09/29/09, $273.00

Contact = Greg Neece = gregn@avantes.com

12. LabView Analysis Programs
LabView version 8.6*

QYH Bulb Lifetime

Photoluminescence and Photoluminescence Excitation.vi
Data Analysis

Quantum Yield Calculator

Contact procedure: call the NI support line from the lab phone. Tell them what version of
LabView you have and what you specific question is (questions are, bullet). Have the program
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in front of you ready to run. They will either likely tell you a change to make then test OR they
will ask you to send a screen shot of the trouble. Once an email chain has started there is a
customer service number associated with your emails. You will need this number to enter if
you need call them back. The person you work with usually will solve your trouble within as
quickly as a few minutes to a few days.

154



IIG. LIST MANUALS AND THEIR FILE LOCATION

1) Origin: Monochromator slit width determination:
D:\Hoy\Calibration Files\ SlitWidths 082510.0pj
2) Origin: Voltage gain determination, compared with documented gain:
D:\Hoy\Calibration Files\Old\ Data Obtained 2calculate GAIN ogw.zip (Determined in
house)
D:\Hoy\Calibration Files\Old\3896Gain ObtainedByFit ogw.zip (Determined by Hamamatsu)
A3) Origin: example of calibration file analysis:
D:/Hoy/Calibration/MarchNIST datafile.opj
) Newport manual:
Hard copy on the desks in the office
(5)  Newport Rules for determining first focal length:
Desktop\Getting Light into a Monochromator.pdf
(6) Lock-in manual:
Hard copy on the desks in the office
Desktop/www.thinksrs.com/downloads/PDFs/Manuals/SR830m.pdf
@) Pre amp manual:
Hard copy on the desks in the office
8 PMT manual:
Desktop/ pmt_handbook applications.pdf
9) STIK software manual:
Desktop/SpectraPro v.3.37 -> help -> Software manual
(10)  Vincent associates manual
Hard copy on the desks in the office
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Appendix I11.

Absorption Spectroscopy Details



The PerkinElmer lambda 950 is an attenuation or extinction spectrometer. It measures the
amount of light transmitted through the sample. It does not account for non-absorptive losses
such as scattering. It was upgraded in September of 2010 to include an integrating sphere
coupled with the detectors. This component can be easily swapped out with the attenuation
detectors have the capability to collect scattering off the front face of the cuvette. The scattering
sphere provides a more reliable absorption spectra as it accounts for some of the scattering. The

differences between attenuation and absorption for QDs and QWs are shown below.
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Figure III-1. The top graph displays attenuation (red) and absorption (black) for some large
CdSe/ZnS QDs purchased from NN Labs. The bottom graph displays attenuation (red) and
absorption (black) for some CdTe QWs. The insets provide a smaller wavelength range near the
band edge. These data were all corrected for by the procedure explained below.

However, it was found that from scan to scan, the absorbance values can shift by a randomly

varying amount, creating an offset. The exact reason for this is unknown. An example is shown

below.

160



0.18+ 0.010
- 3
0164 2 0.009
] 8 o008
0.14 4 o 0.007
1 3 0006
2 0.12 <L o008
& 0.10- J 0 (04 ey
Qo I 750 780 810 840
3 0.08
é’ 0] Wavelength (nm)
0.06 4
0.04 /
1 ’ Oxazine1
0.02 4
0004 - - CTTTTT T ITTTT t%i_
T v T M L] M T v T M 1
525 600 675 750 825 900
Wavelength (nm)
0.15 1 -0.02 1
[
9 T
Q. -0.03-
o}
2 ]
0.104 < -0.04-\"\-....__
o) ]
(&)
= -0.05 L
o 720 750 780
_g; 0.05+ Wavelength (nm)
<
(0 e e e, SR e
CdSe/znS QDs -
-0.05

T v Ll M T v T M L v 1
400 500 600 700 800 900
Wavelength (nm)

Figure I1I-2. The data in the top graph display two absorption spectra of Oxazine 1 that were
taken 25 minutes apart from each other. There is an offset of the data and the inset displays a
smaller wavelength range to enunciate the values. The bottom graph displays two absorption
spectra for the large diameter CdSe/ZnS QDs that were taken 10 minutes apart from each other.
These are the same QDs that were studied in figure 1. The inset displays the smaller wavelength
range to enunciate deviations between the two spectra.

The deviations in time between the two Oxazine 1 spectra are ~3E-3. This is outside of the

acceptable noise for the lambda 950. Although the deviations between the two QD absorption
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spectra are small, the overall offset is off by -0.05. As can be seen by the data in figure 1, and
from our knowledge of these samples, this is highly inappropriate.

When relying on absorbance values to generate comparative spectra or to calculate QYs, it is
important that the values are accurate. False variability can indicate a single sample changing in
time. False variability between two different samples can also lead to inappropriate conclusions.
Therefore, a modified procedure is used to treat these absorption data. This is shown below. The

significant step is 8.

(1)

Let the instrument warm up for 30minutes.
(2) Set up Parameters.
(3) Click "set wavelength" button. It's at the top of the screen. Choose 630nm.
(4) Open the lid and turn the over head light on about 1/2 way. Take the "background" cuvette
(make sure that the outside has been wiped clean and DRY and carefully slide it in - NOTE: the
cuvette holder has the capacity to move (meant to be helpful but not so much here). Use a piece
of business card to make sure that the light is going through the sample holder appropriately.
You should check this with a cuvette in place to make sure that the light is NOT clipping the
meniscus. You will get faulty overall offsets if the light is too close to the meniscus.
(5) Close lid and collect autozero when you have time to collect both autozero and sample scan.
(6) Collect sample scan. Again, take your time when replacing cuvettes.
(7) If you have any additional samples - even if they have the sample "background" cuvette -
you must re-collect the background scan. The lamps tend to drift. This is why it is good to leave
NO delay time
between collecting the autozero and the sample scan (step 5 and 6).

(8) Once you have the data, check the region where there should be NO absorption (i.e.: Band
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gap = 705, look at the region: 890-775). Chose a region with a representative amount of noise as
well. There will likely still be an offset of some sort. The absorption values in this offset should
be no more than |[10E-3|. This is within the realm of acceptable noise for the PerkinElmer
UV/Vis. If it is larger, either positive or negative, first check the beam height relative to the
meniscus of your sample. If that appears fine, you should shut down the instrument for
~30minutes and start over. Remember to close the program down too.

What to do with an appropriate offset: take at least 50 data points where there should be NO
ABSORPTION, and average them together. Then subtract this average value from the entire
absorption spectrum.

Advice If you want to start your scan from 890nm, a good way to do this is to change the

“detector switch” wavelength to 900nm. This is the highest it will go.

Another way to minimize error is to use matched cuvettes. We have purchased a total of 16
cuvettes over the course of the fall of 2010 and spring of 2011. The matched-ness of the
cuvettes was tested at the end of the spring 2011. The graph containing the absorption spectra

for these cuvettes is shown below.
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Figure III-3. Each line is the absorption spectrum for each of the 16 cuvettes we purchased
from Starna.

These cuvettes are expected to have ~ 90 % transmittance across the experimental range and 50
% by 150 nm. The purple and the red curves are quite deviant. The highly unmatched cuvette is

labeled as “Unmatched” and stored in the cuvette containers in the wet lab. The other slightly

deviating curve (purple) was re-run and found to match.
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