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Abstract: Multi-junction solar cells have been of recent interest due to their ability to
achieve efficiencies as high as 50%. When small amounts of nitrogen are incorporated
into the lattice, material quality problems can arise with the formation of Ga-N and Ga-
In-N defects. The creation of nonradiative centers, and a decrease in homogeneity results
in lower efficiencies. Annealing these solar cells in a nitrogen-rich environment can
facilitate the rearrangement to the favorable In-N configuration. X-ray photoelectron
spectroscopy was used to characterize these binding configurations to determine if these
defects were passivated after annealing and hydrogenation treatments. The nitrogen
associated region was studied, illuminating details that have not been seen previously. A
second project investigated methods to look at natural or anthropogenic sources of air
pollution. Among various indoor air pollutants, low molecular weight aldehydes
(formaldehyde and acetaldehyde) have become an important class of volatile organic
compounds because of their classification as known or probable human carcinogens. A
nanoporous silica sorbent, named OSU-6, was explored in this study for its use in
aldehyde sampling with subsequent thermal desorption and gas chromatography/mass
spectrometry analysis. A series of analyses were performed to determine the materials
sorption capacity in a variety of sampling conditions.
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CHAPTER |

INTRODUCTION

This introduction as well as the following dissertation, is broken into two parts. The first part of
this dissertation (Chapters I-1V) examines the passivation of defects in nitrogen dopped
multijunction solar cell exploration using X-ray photoelectron spectroscopy (XPS). Multi-
junction solar cells are of interest due to their ability to achieve efficiencies as high as 50%. In
manufacturing, the small amounts of nitrogen incorporated into the lattice material can create Ga-
N and Ga-In-N defects. The creation of these nonradiative centers and a decrease in homogeneity
results in lower efficiencies. Annealing these solar cells in a nitrogen-rich environment and
hydrogen atom implantations can passivate these defects and possibility facilitate the
rearrangement to the favorable In-N configuration. The multijunction solar cells were provided
on behalf of the Seller’s group at OU, and hydrogenation was made possible by Dr. Khalid
Hossain at Amethyst. This work revealed an unknown peak in the nitrogen associated region

associated with implanted nitrogen.

This part begins with brief review of XPS (Chapter I and 11 ) and experimental methods outlining
calibration and surface treatments. Chapter 1l summarizes analysis that was conducted on a set

of pure semi-conducting samples. Finally, Chapter IV exams actual multi-junction solar cells.

The second part of this dissertation (Chapters V-VII) describes research accomplished with
nanoporous silica to be used for aldehyde sampling. Natural or anthropogenic sources of air
pollution include fossil fuel combustion, coal-burning power plants, automobile exhaust, and
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wood-burning fumes. Urbanized areas are more susceptible to high concentrations and exposure
to volatile organic compounds (VOCSs) that can have a direct or indirect impact on human health.
Among various indoor air pollutants, low molecular weight aldehydes (formaldehyde and
acetaldehyde) have become an important class of VOCs because of their classification as a known
or probable human carcinogen. Aldehydes can be generated indoors from existing infrastructure

or can infiltrate from an external source.

Understanding concentrations of air toxins such as aldehydes within urban areas has been
identified as a research priority. A variety of methods are currently used to measure levels of
aldehydes in the air such as sorbent-based sampling with subsequent instrumental analysis
(Chapter V). The most common technique involves sorbents functionalized with 2,4-
Dinitrophenylhydrazine (DNPH). However, quantification interferences occur in the presence of
ozone or nitrogen dioxide (NO). A nanoporous silica sorbent named OSU-6 was explored in this
study for its use in acetaldehyde and formaldehyde sampling followed by thermal desorption and
gas chromatography/mass spectrometry (TD-GC/MS) analysis (Chapter VIII). This worked was

completed with the help of Dr. Allen Ablett and Dr. Moumita Bhattacharya at Xplosafe.



1. Review of X-ray Photoelectron Spectroscopy

The history of XPS began when Wilhelm Roentgen, a German physicist, discovered X-rays and
won a Nobel Prize in 1901.1 Shortly after Charles Barkla, a British physicist experimented with
X-ray scattering later discovering the correlation between X-ray radiation and atomic weight.
P.D. Innes outlined a kinetic energy spectrum of photoelectrons excited by radiation of an X-ray
tube containing a platinum anode, a magnetic analyzer, and a photographic detector.?2 Manne
Siegbahn formed the foundation of the nomenclature of spectroscopy for describing the spectral
lines that characterize elements. His son Kai Siegbahn went on to develop XPS which allowed for
the accurate measurement of binding energies of photoelectron peaks. He was awarded a Nobel
Prize in 1981 for his contribution to the development of high-resolution spectroscopy. ** When
XPS became commercially available in the 70's it has been considered a widely used method for
the investigation of the surface of solid materials. Due to its sensitivity, this spectroscopy
technique is widely used to analyzed semiconductors, polymers, electronics, and many more

materials.

Detector —

Photon Source
hv

N—

ample

Figure 1.1. Diagram of X-ray Photoelectron Spectroscopy Instrument



The main elements of an XPS instrument include a photon source, an electron energy analyzer,
and an electron detector (Figure 1-1). Typically, the X-ray source consists of an aluminum
(1486.6 eV) or magnesium (1253.6 eV) anode is used to excite the surface of the sample causing
the emission of electrons. The electrons are emitted due to the sample's absorbance of
electromagnetic radiation, which is why we refer to these electrons as photoelectrons.® The
amount of energy that is required to pull the electron away from the attractive coulombic force of
the nucleus is known as the binding energy (B.E.). The energy provided by the X-ray is used to
overcome these forces. The energy of the X-ray is greater than the binding energy of the electron.

Thus, the binding energy of the electron can be calculated by the following equation:

Es=Env - Ex [Equation 1-1]

Where (En) is the energy of the X-ray photon and (Ex) is the measured kinetic energy of the
electron. The X-rays do penetrate deeper than the surface of the sample (10 nm) however, the
emitted electrons collide elastically or inelastically with the electrons in the upper layers. Elastic
collisions do not alter the kinetic energy of the electron, while inelastic collisions cause a
decrease in energy. The inelastically scattered electrons tend to form a spectrum background are

not counted if they do not escape the lattice.®

The photoelectrons that are ejected from the sample are highly energetic particles moving
hundreds of thousands of meters per second and would collide with the nearest gas molecule in
air, so XPS is frequently performed in ultra-high vacuum (UHV) conditions. The average
distance the electron will travel between inelastic collisions is defined as the inelastic mean free
path (IMFP A). Most of the photoelectrons (3¢ or 99.7%) will come from 3A of depth. A
photoelectron with a kinetic energy of 100 eV in the gas phase at 1 torr has the mean free path of

4



approximately 1mm. The pressure under UHV is typically 1 x 10 - 1 x 10 torr, which

drastically changes the mean free path of the electron to approximately 40km.

X-Ray Source

slit
oV ov
tt 1
| I
+V +V L
+V +V
! . I

ov oV
s$ slit

Figure 1.2. Diagram of cylindrical mirror analyzer (CMA)

After the photoelectrons are ejected, they can then travel into the analyzer. The analyzer is a
cylindrical mirror analyzer (CMA) which consists of two concentric cylindrical electrodes held at
different electrical potentials creating an electrostatic field (Figure 1-2), this guarantees that only
photoelectrons with specific energies can reach the detector, this is known as the pass energy

(P.E.). " The field between the cylinders is given by In(r2/r1), resulting from the focusing

condition:

_ eVKy C
Ey = NG [Equation 1-2]




The second-order focusing conditions are obtained for the special case where Ko= 1.31, the
entrance angle ae = 42.3°, and the distance L between S and F is given by L = 6.130. The
photoelectrons are recorded in a small kinetic energy range and determine the resolution of the
analyzer. Sweeping the voltages of the electrodes generate the spectrum. If the surface contains
no charging the kinetic energy (Ex) can be quantified by the Einstein equation where hv is the
energy of the X-ray quantum, Eg is the binding energy of the core level electron, and @ is the

sample's work function.

Ex=hv- Eg-® [Equation 1-3]

This is essentially conservation of energy Equation 1-3 where the work function can be viewed as
an adjustable instrument parameter to account for the loss of energy from the photoelectron
emission and absorption by the detector.® For materials containing two or more elements (except
H and He) the elemental concentration from the XPS survey spectrum can be determined using

Equation 1-4.

14
X, = Ifl 34
Zn /Sn

[Equation 1-4]

Where Xa, la, and Sa are the atomic concentrations, the relative sensitivity factor (RSF) for an
element and peak area A, in a surface having n elements. A library of RSF values has been
compiled for the Physical Electronics spectrometer and are based on the empirically derived
cross-sections of Wagner. ° Using a subtraction algorithm any contributions from the energy loss

background to the photoelectron peak intensities can be removed.



The XPS spectrum consists of peaks from the core-level electrons which are well defined by the
binding energy and electronic state of atoms. The binding energy of the core level electron
depends on the neighboring atoms as well. If there is a difference in lattice parameters, oxidation
states, and molecular environment, shifts in the binding energies for an element can arise. 1 A
chemical shift or binding energy shift can also occur due to environmental effects. For samples
with charged surfaces, an energy scale can easily be established by referencing the electron

energies to the Fermi energy of the spectrum.

The photoemission process is the transition from the initial electronic state to the final ionized
state. The initial state effects arise from the electron structure of the material before ionization
which can include spin-induced interactions and Coulombic interactions. Coulombic interactions
are controlled by the local chemical environment and electron structure of the atom. These effects
are commonly observed in the binding energy scale, a peak shift (chemical shift) can be seen with
a change in the formal oxidation state of the element. When the number of valance electrons
decrease, weaker screening of the core level hole is observed, so the photoelectron ejected from
this site will have stronger Coulombic attraction and will reach the detector at a lower kinetic
energy and be observed at a high binding energy. The kinetic energy of the ejected electron
increases and the binding energy decreases with increased screening of the nucleus from the

addition of valence electron charge.

Energy calibration for non-conducting samples is more complicated because electrons that are
ejected from the sample cause a potential difference to occur between the sample and
spectrometer. This can result in a retarding field that affects electrons leaving the surface and can
cause a significant shift in peaks (up to 150 eV). To mitigate this effect, charge compensation is

designed to replace the electrons ejected from the sample. %12



There are multiple types of lines that are observed in the XPS spectra. Photoelectron lines are
most commonly observed and are frequently outlined in XPS catalogs. The photoelectron spectral
lines are identified by the shell from which the electrons were emitted and their electronic

configuration (1s, 2s, 2p, etc.).

Incident X-ray f
\
A ,-' Vacuum Level

\
A

\. Conduction Band,
\ ! Fermi Level

X 7
) 7

\\Valence Bantlf

Figure 1.3. Schematic diagram of the core-level-photoelectron emission process
Note: Adapted from Practical Materials Characterization.

Auger lines can arise from the decay of a more energetic electron to fill the vacant hole (transition
from L to K shell) created by the X-ray photon to conserve energy (Figure 1-4). If the spectrum is
plotted using the binding energy the Auger peaks will appear at different locations based on the
X-ray anode used (Mg or Al). Satellite peaks (shake-off and shake-up) are also observed in an
XPS spectrum though less common than Auger lines. A monochromatic X-ray source creates
satellite peaks offset from the primary spectral lines due to a sudden change in Coulombic
potential when the core electron is ejected, it passes through the valance band of the atom. Due to
the interaction between the photoelectron and other electrons, there is an increased probability for

loss of a specific amount of energy (Plasmon loss peaks). 1



@ Emitted Auger Electron
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Figure 1.4. Schematic diagram of Auger electron emission process

Note: Adapted from Practical Materials Characterization.

The peaks position, and intensity are used to quantify the XPS spectra. The position allows us to
identify the element and chemical composition, while the intensity measures the amount of
material on the surface. The width of the peak (AE) is defined as the full width at half maximum
(FWHM), assuming the peaks are Gaussian-Lorentzian shaped, AE can be calculated by Equation

I-5.

AEZZ AEZ peak + AEZ instrument [Equation |'5]

Where AEpeax is the width of the XPS peak, AEinstument IS the resolution of the instrument which is
affected by the pass energy, slit width, and line width of the X-rays. The peak can be broadened
by charging of the sample (insulating materials), energy uncertainty (Heisenberg’s),
inhomogeneity in the sample, or instrumental broadening. When multiple chemical states of the

same element coexist in the sample numerous overlapping components can be present in the
9



peak. Another peak of the same element that does not overlap should be used to quantify the
peak. ldentifying the sharpest peaks, which tend to be peaks with the highest orbital angular
momentum in each shell (1s, 2p,3d, 4f), is easier to find and perform a background subtraction
on. The estimation of peak shape and stoichiometry can only be quantified after the background is
subtracted. The most common backgrounds are linear, Shirley, and Tougaard. *1¢ Peak-fitting is
typically created from a set of Gaussian/Lorentzian line shapes, and careful modeling

construction is essential for an accurate representation of the data.

2. Energy Scale Calibration

When assessing the binding energies from the XPS spectrum one of the most essential steps relies
on accurately calibrating the energy scale of the spectrometer. There are various methods in the
literature for binding energy calibration. The binding energy scale referencing the adventitious
carbon (C 1s) peak as an internal standard is integrated into the International Organization for
Standardization method.?® 2* This peak is located at 284.5 eV and is used to assign to the work
function offset when calibrating the binding energy scale. The binding energy scale is calibrated
with respect to the Fermi level and the kinetic energy of the photoelectrons that are measured by
the spectrometer. The binding energy of the photoelectron depends on the work function of the
spectrometer and not the sample and is typically scaled up to the Fermi level. The typical method
of calibrating the electron spectrometer relies on measuring the binding energies of several peaks

that span the kinetic energy range of the spectrometer. %

We had originally measured the multi-junction solar cells in chapter IV using an incorrect work
function offset. After further evaluation of the spectra and referencing the literature, we decided
to recalibrate the binding energy scale to get a more accurate representation of the materials. This
was conducted by measuring the binding energy of elements in the sample and correcting them
using a reference manual for the accurate binding energy. The table below shows the raw data vs.

the corrected data and a graph of the two values showing a linear relationship.
10



Table 1.1. raw and corrected binding energies collected via XPS used in energy scale calibration

Peak Raw Data Corrected
(eV) (eV)
Oxygen 1s 520.75 531
Oxygen 2s 18 23
Indium 3dsy2 442.75 452.2
Indium 3ds2 435.5 446.6
Carbon 1s 279.25 284.5
Arsenic 3p3 138.5 143
Gallium 3p 102 104.75
600
?'3, 500 -
=
>
© 400 A .
c
L
o)
= 300 - -
e
E=
[va)
T 200 - -
O
2
0 - -
8 100
0 - -
I ! I ! 1 ! I ! 1 ! I !
0 100 200 300 400 500 600

Raw Binding Energy (eV)

Figure 1.5. Plot of raw binding energy data (eV) vs. corrected binding energy data (eV) for

Oxygen 1s, Oxygen 2s, Indium 3ds, Indium 3ds,, Carbon 1s, Arsenic 3p3, and Gallium 3p
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After the binding energy scale was properly corrected using the reference peaks the appropriate
work function offset could be applied and accurate binding energies could be determined.
Following the calibration, the C 1s peak was still utilized as a reference prior to every analysis to

properly align the sample and verify the energy scale.

3. Argon Sputtering

Monoatomic depth profiling is a destructive technique that uses an ion beam to etch the top layers
or contaminations off the surface of the material. Non-destructive techniques rely on energy and
angle dependence of the depth of the ejected electrons. However, this technique is limited to the
depth range of the attenuation length in the energy range of the electrons used, which is related to
the inelastic mean free path.!” Typically, argon or xenon are used to reduce the inclusion of the
primary ions. lon beam sputtering utilizes an ion source to generate a focused ion beam directed
at the sample. When high voltage is applied (2-10 keV) to the anode an electrostatic field is
established inside the ion sources, this confirms the electrons around a saddle point in the center
of the source. After the argon gas is injected into the ion source the high electrostatic field causes
the gas to ionize forming a plasma inside the source's region. These ions are then accelerated
from the anode to the cathode creating a collimated ion beam. The sample is etched by rastering
the argon ion beam over a known surface area, the sputter yield determines the rate at which the

surface is etched during a depth profile represented by the following equation:

Sputter yield= Number of atoms removed/Number of incident ions [Equation 1-6]

The sputter yield can be increased by increasing the angle of incidence (maximum= 60°). If the
ion beam energy is too high atomic mixing in solid samples can occur, so low ion energy with
high masses results in the best depth resolution. Upon sputtering, material from the surface is
removed, which causes atoms to become displaced and form empty spaces to which argon can

implant. Various factors conditions must be considered when optimizing the profiles. 182

12



4. Nitrogen Sputtering

In the case of the pure samples of GaAs, InAs, and InGaAs that were used for references the
specimens were chemically etched with a 2:1 citric acid/30% hydrogen peroxide solution for 60
seconds. Following the wet etching, the samples were loaded into the XPS chamber where it was
allowed to pump down to a pressure of 1 x 10°torr overnight. Once the appropriate vacuum was
reached the samples were moved into the sputtering position where they were bombarded with
argon ions at 2 keV with a beam intensity of 1-10 A ¢cm? in an 8 mm x 8 mm raster for

20minutes/cm with an incident angle of 55°.

An XPS spectrum was first obtained following argon sputtering. The samples were moved back
to the sputter position for nitrogen implantation. This was conducted at the same base pressure
(10° torr) as argon sputtering. The samples were implanted with N2* using research plus nitrogen
gas (99.9999%) at a beam energy of 4 keV. The samples were sputtered ina 1 cm x 1 cm raster
for 5 mins/cm. Once the samples were implanted with nitrogen, they were transferred back into
the XPS analysis chamber and analyzed with an Mg Ka anode (ho = 1253.6 eV) at pass energies

of 50 eV for high-resolution scans, and 100 eV for survey scans.

13



CHAPTER II

MULTI-JUNCTION SOLAR CELLS AND STANDARD SAMPLES PROCESSING

1. Multi-Junction Solar Cells

The 1 pum thick Gao.e1lno.1No.osASe.e7 multijunction solar cells were grown by the Sellers group at
The University of Oklahoma by molecular beam epitaxy at 420° C on a GaAs substrate capped
by an undoped 75 nm GaAs layer?!. To generate nitrogen radicals a high purity N, radio
frequency plasma (ADDON) source was used. Prior to growth, a GaAs buffer of 550 nm was
deposited on the GalnNAs films at 580° C. After the samples were grown, they were originally
annealed in a nitrogen-rich environment at 850°, 600°, and 300° C for 30 seconds. Following
annealing, a piece of each sample was hydrogenated using a UV-activated process at a dosage of
1.1x 10% atoms per cm?. 22 One GalnNAs sample was left as grown without RTA or
hydrogenation. Confirmation of hydrogen penetration was achieved by the use of ion beam

analysis, which indicated a penetration depth of 2um.

The GalnNAs samples were initially analyzed with a Physical Electronics Inc. X-ray
photoelectron spectroscopy instrument under ultra-high vacuum (UHV) working at a pressure of
1 x 10 torr. To ensure the spectrum was only influenced by the samples, they were placed on a

piece of carbon tape before being inserted into the vacuum chamber.
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The samples were then mounted on a stainless steel sample holder. A gate valve connects the two
chambers and is only open to the atmosphere when the sample is being transferred and is thought
to be mildly contaminated. The sample holder inside the loading chamber is connected to a long
transfer arm that is manually controlled by a motor. Once in place, the loading chamber was
allowed to pump down (1 x 10°° torr) overnight. After the appropriate vacuum is obtained the gate
valve connecting the two chambers is opened and the sample holder is moved into the main
chamber. Most of the experiments were performed using the non-monochromatic Mg K, anode
(ho = 1253.6 eV) to eliminate Auger peaks that are observed in the binding energy regions of
interest. Some experiments were conducted using the Al K, (hew = 1486.6 €V) which was non-
ideal for the samples containing gallium because of the Auger Ga L>MasMas transition. The
energy scale linearity was calibrated by the dual anode by setting an energy difference of 223 eV
between the two Ag 3ds; peaks. Electrons that were ejected from the samples were analyzed
using a cylindrical mirror analyzer (CMA) operating in the constant analyzer energy mode. The
pass energy was set to 100 eV for the survey of the whole spectrum, and 50 eV for the multiplex
analysis of specific binding energy regions which was defined as the width of the Ag 3ds, peak at
half its magnitude. The spectrometer was calibrated by setting the binding energy of the C 1s

peak to 284.5.
2. Capping Layer Removal

The undoped GaAs capping layer was removed with a chemical etch using a 25% aqueous
solution of NHs (ammonia hydroxide) for 60 seconds, this method interfered with an accurate
analysis of the samples.?® A new piece of the sample was etched using a 2:1 citric acid/30%
hydrogen peroxide solution for 60 seconds. The GaAs capping layer was removed at an etch rate
of 14.3 A/cycle.?” The samples were analyzed with XPS and etched in the peroxide solution once
more. After analyzing the spectra an error in the energy scale was detected, so proper adjustments

were made, shifting peaks to their correct binding energies. The peaks were resolved by curve
15



fitting with a product of Gaussian and Lorentzian lines. The intensities were determined as
integrated peak areas with a linear background. On the fitted components, the FWMH of Ga-N
N1s peak and the In 3ds, peak were fixed. This allowed for changes in the surface order, the

FWMH was allowed to vary in a narrow margin.

For depth profiling analysis, the samples were sputtered etched with Physical Electronics Inc ion
gun fed by high-purity argon gas at 2 keV with a beam intensity of 1-10 pA per cm? with a base
pressure in the chamber of 1 x 10— torr. The samples were sputtered in an 8 mm x 8 mm raster

for 20minutes/cm with an incident angle of 55°. The samples were analyzed with XPS and

sputtered using the same conditions once more.

3. Standard Samples

A set of standard samples were obtained to determine what elements were influencing the
formation of certain peaks in the spectra, particularly in the nitrogen associated region. The
following samples were obtained: GalnAs, InAs, GaAs, and GaP. These samples underwent the
same chemical etching treatment and sputtering method as the solar cells. Once the samples were
treated, they were split into two, half of the sample was analyzed as is with XPS. The other half
of the samples were sent to amethyst for hydrogenation at the same dosage and rate as the

GalnNAs samples (1.1x 10° atoms per cm?).

4. GaN Samples

The acquired GaN samples were grown on (0001) sapphire using a vertical hydride vapor phase
epitaxy method on an orientated sapphire substrate.?® The wafer was divided into multiple pieces
for different oxidation treatments. The first oxidation treatment was performed in the XPS
transfer chamber, which was filled with oxygen to 10 psi and left for 24 hours. After XPS
analysis a more aggressive method was required to oxidize the surface. The samples were then

etched using a 1:1 HCI: DI H,O solution for 60 seconds followed by a thorough DI water rinse.
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They were then blown dry with N to remove any moisture left on the surface. After the chemical
etch, the samples were subjected to dry oxidation. The samples were placed in a quartz tube
furnace (Thermolyne 21100) and dry air was allowed to purge the system for 5 minutes at room
temperature. Oxygen was then passed through the tube at a flow rate of 100 ml/min at
temperatures of 400 °C, 600 °C, and 800 °C for 30 minutes to 4 hours. 22 The samples were
allowed to cool to room temperature before XPS analysis. The samples were then sputtered with
argon in-situ (8mm x 8mm? raster for 20minutes/cm with an incident angle of 55°) twice to
remove the oxide overlayer before analyzing again. To analyze oxidation effects of the citric
acid/hydrogen peroxide etch on the GaN samples they were etched using the same method as the
GalnNAs samples. Prior to peroxide etch the samples were cleaned for 60 seconds in a 1:1 HCI:
DI H20 solution. After subsequent peroxide etch the samples were blown dry with N, and

analyzed with XPS.
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CHAPTER IlI

PURE SEMI-CONDUCTING REFERENCE SAMPLES

1. Introduction

To ensure that reliable and useful information was being obtained from our analysis, we acquired
a set of high-quality semiconducting wafers to be used as standards to reference our
measurements from the solar cells (Chapter V). The electron binding energies allow for
elemental identification and with small shifts (a few eV) providing information about chemical
states of the elements of interest so it’s important to scrutinize pure forms of these materials. The
following samples were obtained for XPS measurements: GalnAs, InAs, GaAs, and GaP. These
samples were initially analyzed without any chemical treatments or sputtering. A survey scan was
originally performed on all of the samples to allow for a quantitative elemental composition
determination. Binding energies become more important with the multi-junction solar cells and to
guantify the binding states of the elements present in these samples high energy-high resolution

scans of the nitrogen region were performed.

2. XPS Analysis

After initial XPS analysis, the samples underwent the same treatment methods as the GalnNAs

samples to ensure that the etching and depth profiling techniques were not influencing any peak
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formation. A pure sample of GalnAs was etched, sputtered, and analyzed. The first measurement
via XPS was a full survey of the entire binding energy range of the sample (Figure 3.1) A survey
of the whole region allows us to identify the carbon (C 1s) peak to assign a proper work function

offset which is essential during calibration.
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Figure 3.1. XPS survey spectra for GalnAs sample after hydrogenation and argon ion sputter

The high resolution XPS spectra for the nitrogen region show a minor peak in the form of Ga-N,

however, the signal-to-noise is too high to get an accurate fit (Figure 3.2).
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Figure 3.2. XPS spectrum for N associated region for GalnAs sample after hydrogenation and

after argon ion sputter

In order to determine the influence of indium and arsenide with the binding configurations in the
nitrogen associated region, a set of InAs materials was measured. The survey spectra for InAs
after etching and sputtering are outlined in Figure 3.3 and the high-resolution nitrogen associated

region is shown in Figure 3.4.
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Figure 3.3. XPS survey spectra for InAs sample after hydrogenation and argon ion sputter
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Figure 3.4. XPS spectrum for N associated region for InAs sample after hydrogenation and argon

ion sputter

21



As expected, there is no peak formation in this region even after hydrogenation. Materials
containing nitrogen contaminations would typically form a substitutional nitrogen peak (N 1s)

located around 396-398 eV.

The survey ( Figure 3.5) and high-resolution nitrogen associated region (Figure 3.6) for the GaP
sample are shown below. After initial analysis, prior to hydrogenation, the nitrogen-associated
region for this sample showed two very small peaks located at approximately 398 eV and 410 eV.
However, after hydrogenation, these peaks were not present. The hydrogenation process has the
ability to dislodge or react away any nitrogen contaminations that could have been on the surface

of the sample originally.
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Figure 3.5. XPS survey spectrum for GaP sample after hydrogenation and argon ion sputter
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Figure 3.6. XPS spectrum for N associated region for GaP sample after hydrogenation and ion

argon sputter

The measurement of these pure samples helps with peak identification of later samples and
ensures that the spectrums are accurate and reproducible. The GaAs turned out to be more
complicated than the other pure samples. While the survey spectra of this material (Figure 3.7)
did not reveal any significant peaks the nitrogen-associated region the high-resolution N 1s scan

turned out to be more complex.
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Figure 3.7. XPS survey spectrum for GaAs sample after argon ion sputter and hydrogenation

The high-resolution spectra show weak two peaks located at 398 eV and 410 eV even after
hydrogenation and sputtering (Figure 3.8). Studying the nitrogen associated regions in these
materials becomes important because, unlike the GaP sample where the peak is no longer present
after hydrogenation the higher binding energy peak is still present in the GaAs material. We are
now hydpothesizing that the nitrogen was traped in the mateiral during the growth process and

not presented as a surface contaminent.
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Figure 3.8. XPS spectrum for N associated region for GaAs sample after hydrogenation and after

argon ion sputter

The peak located at 398 eV is consistent with the literature as the N1s peak with gallium binding
to nitrogen in the lattice. ** However, the weak peak located at 410 eV is not reported in the
literature and remains unidentified. For example, Lay et al. investigated nitride semiconductors,
which included InGaAsN, GaAsN, and InAsN. The samples were sputtered with argon and the
XPS spectra were obtained, the nitrogen region showed the N 1s peak (N-Ga and In-Ga) located
at 397-398 eV respectfully. However, the spectrums did not show any satellite features or peaks
in the higher binding energy region.®* To further investigate what type of elements were binding
in the lattice to form the higher binding energy peak we obtained a pure GaN sample. This

sample will help to independently identify the binding energies of nitrogen and gallium.
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3. Gallium Nitride

The GaN samples were initially analyzed as is, and then were chemically etched, sputtered, and
hydrogenated like the previous pure samples. The resulting spectra shows one broad peak at 398
eV (N 1s Ga-N) and a smaller peak located at approximately 410 eV (Figure 3.9). If the peak at
410 eV was caused by nitrogen on the surface it should disappear after sputtering with argon and
hydrogenation as the GaP samples did. However, the peak is still present similarly to the GaAs

samples.
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Figure 3.9. XPS spectrum for N associated region for GaN sample after hydrogenation and argon

ion sputter

The peak located at 410 eV has not been report in the literature. However, a peak has been

reported around 408 eV and is characterized as a nitrate compound with nitrogen atoms absorbed
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on the oxide surface as well as nitrogen entry into the lattice.*® % Bian et al. report an XPS
spectrum for ZnO-based films where two peaks were observed in the nitrogen-associated region
when the film is doped with nitrogen, at approximately 397.5 eV and 407.5 eV. It is also reported
that in N-In codoped Zn-O films the peak at 397.5 eV is more pronounced and indicates the
presence of an N-Zn bond. However, the peak at higher binding energy (407.5 eV) that
corresponds to an N-O bond disappears with N-In co-doping. " Levtushenko et al. reports similar
spectra for N-doped ZnO films and N-Al co-doped ZnO films, where two peaks are observed at
approx. 398 eV and 408 eV.*® The sputtering process should remove any surface oxygen from the
samples, so the formation of an N-O bond is unlikely. It is reported in the literature that samples
containing oxygen show no nitrate or nitride peaks after they have been sputtered with argon, the
only peak that remains in the nitrogen-associated region of the N1s peak at approximately 396-
398 eV.% %0 Previous research has also pointed out that there are two types of N species in
titanium dioxide materials; one at the N1s peak position, but one that appears above 400 eV. This
work was evaluated through electron pragmatic resonance spectroscopy measurements and
density function theory (DFT) calculations. They attributed the nitrogen peak at 400 eV to
interstitial nitrogen (which will be explored in section 4) bound to lattice oxygen. This puts the
nitrogen in a positive oxidation state similar to that found in nitrite (NO2) and nitrate (NO3")

species.*

3.1. Gallium Nitride Oxidation

To understand if this peak is influenced by oxygen, the chamber of the XPS instrument was filled
with oxygen slightly above atmospheric pressure (10 psi). After oxidizing, the samples were
analyzed with XPS and showed that not enough oxygen had been incorporated into the GaN

wafer. A native oxide layer of approximately 5 A is typically detected on as-grown Ga
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terminated, (0001) GaN surfaces. To incorporate more oxygen, the sample was treated using a
chemical etching solution and was then subjected to an oxygen-rich environment for various
times and temperatures.?®-32 “2Once the samples were treated, they were analyzed using XPS. The
confirmation of oxidation is observed by an increase in the intensity of the O 1s peak (Figure
3.10), this represents the oxygen on the surface having a lower coordination number than the bulk

oxides on the as-grown sample.
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Figure 3.10. XPS spectrum for O 1s associated region for GaN sample untreated and after
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oxidation treatments

The spectrum for the samples that were oxidized (Figure 3.11) only revealed one weak peak in
the nitrogen region that is associated with the N1s peak (GaN). There could be a very small
undetectable peak at higher binding energies, however, if NOx was formed it should be a
significant peak. Pal et al. reported that the lower energy N 1s peak became undetectable upon

plasma oxidation of the GaN surface,* Indicating that a GaO film forms and the nitrogen is
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eliminated. Watkins et al. report no real changes in the N 1s peak in GaN upon oxidation
representing no surface NOx formation.*® These results are consistent with what is observed in

the GaN sample.
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Figure 3.11. XPS spectrum for N associated region for GaN sample after chemical and dry

oxidation treatment

There is also concern that the peroxide/citric acid etch, used to remove the protective overlayer on
the InGaNAs samples (chapter 1), could have oxidized the surface and formed the higher binding
energy peak. Thus, the same etching method was used on the GaN wafer. The XPS spectra were
obtained after the GaN was soaked in the peroxide etching solution. The spectra reveals only one

nitrogen peak identified as the N 1s peak at 398 eV (Figure 3.12). Chemical reactions during the
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peroxide etching solution did not cause the formation of the higher binding energy peak observed

in the GalnNAs samples.
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Figure 3.12. XPS spectrum for N associated region for GaN sample after HCI cleaning and H,O,

etch

After evaluating the influence of oxygen on the nitrogen associated region, we have concluded
that nitrooxy peaks are not seen in these samples. We oxidized the surface using various methods
and this was confirmed through the increase in intensity of the O1s peak. Once the samples were
completely oxidized, we see the higher binding energy peak disappear from the spectra. Further

investigation into this unknown peak will be explored in the next section by means of nitrogen

ion sputtering.
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4. Nitrogen lon Sputtering

To determine the effects of nitrogen had on these samples, particularly the higher B.E. peak, we
introduced Nz into the lattice of the pure samples (InGaAs, GaAs, InAs). There are three main
methods for the introduction of nitrogen to these materials: thermal nitridation, plasma
nitridation, and N, bombardment. As InAs and InGaAs samples did not show any nitrogen
features in the binding energy region of 390 eV-420 eV, any nitrogen observed should be
associated with nitrogen implantation . Since the GaAs sample showed two low-intensity peaks in
this region, the addition of more nitrogen into the sample should significantly increase the

intensity of these two peaks.

Typically, an inert gas is used to sputter samples to prevent reactivity on the surface or atomic
mixing within the lattice. In traditional sputtering techniques with xenon or argon, ion
implantation is one of the drawbacks that causes sample modification. However, in order to
introduce sufficient amounts of nitrogen into the sample to evaluate the higher energy peak
formation, N,* implantation will be used. Nitrogen ion bombardment is an easy way to introduce

reactive nitrogen into the lattice at low temperatures.

lon bombardment has been previously used to modify the microstructure and improve the
hardness and density of thin films. The implantation of nitrogen has also been studied for use in
semiconductors to form buried insulating and barrier layers. Nitrogen implantation at room
temperature can led to the formation of metal nitrides.* *° Previous research has reported the
effects of low-energy N> beam bombardment on InAs, InSb, and InP materials using in-situ XPS
and the formation of nitride surface layers and interstitial nitrogen. The recombination of
molecular nitrogen can also take place, which is more likely in compounds that offer more space

for the N, on the interstitial lattice sites. 4
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Using the sputtering process described in (Chapter 1) , the films were bombarded with high-
energy N ions where the energy of the incoming gas is a function of the applied substrate bias
voltage.*” Figure 3.13 shows nitrogen ion bombardment and implantation into the lattice. To
reduce the effects of nitrogen thin film deposition with this technique the amount of N, was

carefully controlled through the amount of voltage applied to the sputter gun (about 4 keV).
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Figure 3.13. Diagram of nitrogen ion implantation into the crystal lattice

Once the samples were sputtering with sufficient amounts of nitrogen, they were transferred back
into the XPS chamber for analysis. The high-resolution spectra for the nitrogen associated region

for InAs before and after nitrogen implantation is shown below (Figure 3.14)
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Figure 3.14. XPS spectra of nitrogen associated region for InAs before (top) and after (bottom)

nitrogen sputtering
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A shown in the spectra there is a clear increase in the N1s peak at (398 eV) and the peak at higher
binding energy indicating that a significant amount of nitrogen has been incorporated into the

InAs lattice. The XPS spectra for InGaAs before and after nitrogen implantation is shown below.
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Figure 3.15. XPS spectra of nitrogen associated region for InGaAs before (top) and after

(bottom) nitrogen sputtering
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The spectra for the InGaAs sample confirmed nitrogen implantation by the formation of a clear N
1s peak and the unknown peak at higher binding energy. Previous measurements of GaAs
samples show two low-intensity peaks in the nitrogen associated region. In order to understand if
adding more nitrogen increase an already existing peak, the sample underwent the sample
nitrogen ion implantation method. The spectra for before and after nitrogen ion sputtering is

shown below (Figure 3.16).
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Figure 3.16. XPS spectra of nitrogen associated region for GaAs before and after nitrogen

sputtering
5. Conclusion

The peak locations in the nitrogen associated region were consistent throughout the samples and
various surface treatments showed similar modifications to the surface. Chemical etching had no
effect on the N 1s region nor did oxidation. During the nitrogen implantation experiment
alterations in the higher binding energy peak are finally observed. A clear indication of
implantation is observed in the GaAs, InAs, and InGaAs, in which the peak at 410 eV intensity is

significantly magnified.

Nitrogen is small enough to fit in between normal crystalline lattice locations or it can replace the
cation to form substitutional nitrogen.*® The N 1s peak around 398 eV is consistent with
substitutional nitrogen most commonly in the form of GaN or InN. The higher binding energy
peak (410 eV) is occasionally seen in the literature but is not identified. When reported, this peak

is either ignored or associated with surface N-O bonds. Another issue can arise with the
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appearance of Auger lines, which can obscure this region of the spectra. These lines are only
observed when using the more traditional aluminum anode. For our measurements the

magnesium anode was purposefully selected to avoid these peaks.

With nitrogen ion sputtering, this higher energy peak can be seen with greater intensity than the N
1s substitutional nitrogen. This observation indicates that the nitrogen implantation is causing
this peak formation. The peak locations for the samples that received nitrogen ion implantation

remained the same with respect to binding energy as well as the area and FWHM.

Although the binding energy of this unknown peak was much closer to the range of nitrites and
nitrates instead of nitrides, further oxidation of the sample did not increase this peak. Therefore,
this peak can be assigned to interstitial nitrogen. The significance of this peak is discussed in the

next chapter.
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CHAPTER IV

XPS STUDY OF MULTI-JUNCTION SOLAR CELLS

1. Introduction

A development in new renewable energy technologies has become increasingly more important in
the last 10 years. Improving the conversion efficiencies of these new technologies is crucial in
making them competitive with conventional sources of energy. Commercially available solar
panels are commonly comprised of single-junction solar cells, typically using silicon as a
semiconductor with efficiencies around 32%.*° The method used today that is the closest to
practical implantation for harnessing the full solar spectrum and improving efficiencies is through
the application of multi-junction solar cells. The Multi-junction solar cells have been of recent
interest due to their ability to achieve efficiencies as high as 50% .*° These multi-junction devices
use a high-bandgap cell to absorb high-energy photons while a slightly lower bandgap material is
below to absorb photons with longer wavelengths. Materials such as gallium indium phosphide
(GalnP) and indium gallium arsenide (InGaAs) create multiple layers that all respond to various
wavelengths of solar irradiation. These systems are typically used in space applications such as
satellites and spacecrafts because of the ability of each cell to absorb different regions of the solar

spectrum.
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In these materials, the incorporation of small amounts of nitrogen in the lattice can cause material
quality problems during the growth process with the formation of Ga-N, and Ga-In-N3 defects. 2
These create nonradiative centers and decrease homogeneity that results in lower efficiencies. To
passivate these defects rapid thermal annealing (RTA) in a nitrogen-rich environment is shown to
facilitate the rearrangement of the unfavorable Ga-N configuration to In-N. 152 An alternative

method of hydrogenation has also been studied as a method of reducing nitrogen-based defects in

dilute nitride materials and form strong N-H bonds. 5%

2. XPS Analysis of Thermal Annealing Defect Passivation

The initially received GalnNAs samples were hydrogenated and rapidly thermally annealed at
850°,600°, 300°, and one as grown. The samples were placed in the XPS chamber and were left
overnight so the pressure could reduce to 1.5 x 10 torr. The carbon C 1s peak (284.5 eV) was
used as a reference to properly align the binding energy scale of the spectra and assign an
appropriate work function offset. The GaAs capping layer interfered with initial analysis of the
sample, so it was originally etched with an ammonia solution. This treatment chemically reacted
with the first junction (GalnNAs layer) forming contaminations and causing interference with the
XPS spectra. #An acid-based etchant (hydrogen peroxide/citric acid) solution was then applied to
fresh samples to remove the capping layer without interfering with the materials below.?’
Experiments on GaN (Chapter I11) showed that this etching solution did not affect the N1s peak
and did not influence the formation of additional peaks. Etching time and solution etchant

concentrations were selected based on the etch rate, so that the capping layer was only removed.
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Figure 4.1. GalnNAs samples before and after citric acid/peroxide chemical etching

Once the capping layer was properly removed the samples were analyzed with XPS using an
aluminum and magnesium anode. Both anodes were required to span the binding energy range of
the peaks and to shift the X-ray-dependent emission of Auger electrons. The indium-related
binding region (460 eV-430 eV) shows that one of the indium 3 ds/, peaks is predominantly
binding to nitrogen in the lattice and is located at approximately 444.5 eV (Figure 4.2), which is
near the InN reference Auger parameter point.>” % The splitting causes a second peak (3 dr)
peak located at 452 eV, the difference in energy between these two peaks is 7.5 eV which is
consistent with the literature for semiconductors. The indium 3 ds; and 3 ds2 peaks (with intensity
ratio 3:2) remained constant for the samples that were annealed at different temperatures and

were used alongside the carbon C1s peak as a reference.
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Figure 4.2. XPS spectrum for Indium associated region for GalnNAs sample at 300° C RTA

The indium (3ds) peak is an occurrence from spin-orbit splitting (j-j coupling), all orbitals
(except s) give rise to a doublet with the two states having different binding energies. These peaks
have specific area ratios based on the degeneracy of each spin combination, which assists in
elemental identification. The arsenic (3ds;) peak at approximately 41 eV (Figure 4.3) was

constant throughout all samples. The gallium (3ps2) peak at approximately 104 eV was also

constant throughout all of the samples.*
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Figure 4.3. XPS spectrum for As 3ds, associated region average for as grown, 300 °C, 600 °C,
800 °C RTA GalnAs samples.
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Figure 4.4. XPS spectrum for As 3ds, associated region average for as grown, 300°, 600°, 800°
RTA GalnNAs samples.
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The primary reason for characterizing these GalnNAs solar cells with XPS was to identify if RTA
in a nitrogen-rich environment and hydrogenation facilitated the rearrangement of the nearest
neighbors from Ga-N to the more favorable In-N configuration, so the nitrogen binding
associated region (420 eV-385 eV) was extensively studied. A representative spectrum was
selected to show this region. The preliminary analysis of the XPS spectra revealed three peaks in

this region (Figure 5.5).
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Figure 4.5. XPS spectrum for N associated region for GalnNAs sample RTA at 300° C.

The peaks were analyzed using XPSPeak fit, a peak-fitting software designed for XPS. A linear
background was subtracted, and the peaks were fit using a Gaussian-Lorentzian function. The
most prominent peak, which is constant throughout the samples annealed at different
temperatures was thought to be centered around 396 eV. This peak is typically regarded as the N

1s peak and is the substitutional nitrogen form of indium nitride.®%-%3 The possible N 1s binding
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species and their corresponding energies are relatively close. Thus, multiple fittings were

attempted using the following binding energies:

Table 4.1. N 1s species and corresponding binding energies

N 1s Species Binding Energy (eV) Ref.
Ga-N 398 38-40
In-N 396 34-37
As-N 394 39

After further investigation of the remaining samples, an error in the energy scale was discovered.
Using the indium 3ds; reference peak, the work function was adjusted properly. Accurate spectra
were then collected, which shifted the N 1s peak to a slightly higher binding energy (Figure 4.6).

This peak is now in agreeance with the Ga-N configuration at approximately 398 eV.34 64 65

Identifying all the peaks in the nitrogen-associated region of the spectrum was especially
challenging due to the unidentified peaks located at higher binding energy. The literature does not

classify any material or chemical states associated with these locations on the spectra.

3. XPS Analysis of Hydrogenation Defect Passivation

Hydrogenation removes the local electronic effects of nitrogen by shielding the atom with
protons. To understand if hydrogenation passivated the nitrogen-related defects and initiated the
formation of the In-N configuration, we obtained GalnNAs samples that removed this step and
compared the two. The same etching procedure was applied to these new samples, and they were

analyzed with XPS. As expected, there was no change in the indium, gallium, arsenic, and carbon
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region of the spectra. The spectra for the nitrogen associated region (Figure 4.6) showed more

defined peak formation following hydrogenation.
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Figure 4.6. XPS spectrum for N associated region for GalInNAs sample RTA at 300 ° C (top) and

600 ° C (bottom) before (left) after hydrogenation (right)

The nitrogen region reveals the same N 1s (GaN) peak at 398 eV, however, the two peaks at
higher binding energy become more defined after hydrogenation treatment. Despite changing the
intensity of the peaks, no shifts in binding energy were seen for the N 1s peak which indicates
that nitrogen is still binding to gallium in the lattice. The peak located at 408 eV (middle peak)
also remains in the same location throughout the samples. However, the highest binding energy
peak (410 eV) shifts slightly higher (412 eV) after hydrogenation. The samples annealed at the
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highest temperature (850° C) showed the greatest increase in intensity and peak formation after

hydrogenation shown in Figure 4.7.
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Figure 4.7. XPS spectrum for N associated region for GalnNAs sample RTA at 850° C before

(top) and after hydrogenation (bottom).

To ensure the etching solution did not react with the surface and influence the formation of these
higher binding energy peaks, the samples that underwent hydrogenation were sputtered in-situ

with low-energy argon ions. This is to confirm there was not contamination remaining on the
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surface before analysis. The samples were sputtered at 2 keV in a raster 9 mm x 9 mm for 20
minutes at a base pressure of 5x107. This process removes several nm from the surface. Once the
samples were sputtered, they were analyzed with XPS again (Figure 4.8). The peak that was
located at the highest binding energy (412 eV) has now disappeared and the peak that was located
at 408 eV shifted slightly higher to 410 eV. The N 1s (GaN) peak remained unchanged. This

remains true for all samples that were annealed at various temperatures.
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Figure 4.8. XPS spectrum for N associated region for GalnNAs sample RTA at 600° C before

(top) and after (bottom) sputtering
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Due to the fact that the higher binding energy peak was still present, the samples were sputtered

once more to ensure any additional surface contaminations were removed and to etch further into
the junction layer. This caused a slight decrease in peak intensities, but the peaks remained at the
same binding energies. The highest B.E. peak is thought to be a contamination introduced during

the chemical etching process; this peak is removed after argon sputtering.

The relative concentrations of the nitrogen peak to the indium peak were calculated for the
samples after argon sputtering at different RTA temperatures. Using the intensity and sensitivity

factors of the N 1s peak and the In 3ds, reference peak the relative concentrations were plotted in

Figure 4.9.
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Figure 4.9. Graph of relative concentrations of N 1s (398 eV)/ In3dsy>

The relative concentrations can be calculated using equation 1V-1, where | is the intensity of the

peak and S is the sensitivity factor determined by the spectrometer
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L h/5 [Equation 1V-1]

n, 1,/S;

The sensitivity factor is used to scale the measured peak areas so that discrepancies in the peak
areas are representative of the amount of material in the sample. An elemental library from
Physical Science Instruments was used for this determination. From the plot, there appears to be
a trend with an increase in RTA temperatures and N concentrations. This could be facilitating the
formation of more substitutional nitrogen in the lattice. The samples annealed at 600°C show the
highest concentrations of nitrogen, it has been reported that the thermodynamic solubility of N in
bulk GaAs is at about 650 ° C.% This could account for the highest relative concentration of
nitrogen for the samples that were rapidly annealed in a nitrogen rich environment around this
temperature. Higher annealing temperatures appear to help facilitate the formation of the

favorable In-N configuration, as seen by an increase in the N/In concentrations.

The relative concentrations were also determined for the higher binding energy peak after
sputtering at different RTA temperatures. The same indium 3d s, peak intensity was used along

with the intensities for the peak located at 410 eV.
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Figure 4.10. Graph of relative concentrations of higher binding energy peak (410eV) / In3ds,

From the plot, we can see that the RTA annealing temperature did not impact the relative
concentration of nitrogen in this peak. This is in agreeance with our hypothesis from the set of
pure samples, that this peak is formed by interstitial nitrogen. If this peak was a form of
substitutable nitrogen, then RTA should have altered the concentrations as we observed with the

N 1s (398 eV) peak.

5. Conclusion

A better understanding of the nitrogen associated region was acquired through the nitrogen
implantation. The exploration of the InAs, GaAs, and InGaAs samples and N, bombardment we
were able to identify the higher biding energy peak at 410 eV. This peak was formed as a result of
interstitial nitrogen. Previous work suggests that a majority of nitrogen atoms added to these
materials would be expected to go to the isoelectronic substitutional indium or gallium sites.®’

Interstitial nitrogen could form in high concentrations under non-equilibrium conditions during
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the molecular beam epitaxy growth process. Bosker et al ® showed that nitrogen diffuses in the

GaAs lattice by a kick-out mechanism involving interstitial nitrogen.

The location of this peak on the binding energy scale indicates interstitial nitrogen. The N 1s peak
is located at a slightly lower B.E. due to the -3 charge on the nitrogen in GaN, so less energy is
required to eject this core electron. The addition of valance electrons can decrease the binding
energy by increasing the screening of the nucleus. However, a chemical shift is observed with the
interstitial nitrogen due to the higher oxidation state which increases the coulombic interaction
between the ejected electron and the nucleus. This shift is observed in the binding energy scale

with the interstitial nitrogen at a higher binding energy (410 eV).

Typically, interstitial nitrogen incorporation was dramatically reduced when the samples were
annealed at high temperatures. Annealing atoms were dissociated in the crystal structure and a
reduction in interstitial sites were observed. From the relative concentration determination for
this higher binding energy peak, we did not observe a relationship between annealing
temperatures and nitrogen concentration. The efficiency of these materials goes down at high
temperatures, and from Figure V-9 we can see that the samples annealed at 650° C forms the
most favorable In-N bonds. This is because the solubility of N into bulk GaAs is around this

temperature.

Interstitial nitrogen has not been previously reported at such a high of binding energy before.
Typically, interstitial nitrogen at this B.E. derives from nitride-related peaks located at 404 eV.
However, the previous oxidation experiment disproves that oxygen influences the formation of
this peak. In contrast to previous research reported a detailed XPS analysis indicates the presence
of interstitial nitrogen as shown by the presence of a sharp peak at 410 eV. The quantity of

interstitial nitrogen increased significantly when the pure samples were bombarded with N2 which
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was revealed through a peak formation at 410 eV that was not observed in the samples before the

treatment.

It has been reported that Ar* sputtering can facilitate the formation of nitrogen interstitials. This
mechanism involves the displacement of N atoms from the Ga-N lattice into the interstitial
position from the collision cascade caused by the ion bombardment. The theoretical studies have
shown a defect state of Ga-N materials formed by ion bombardment. Although we suspect
nitrogen to be predominantly binding to Gallium, there are multiple N configurations such as N-N
split interstitials, N-As split interstitials, and isolated interstitial N. It has been reported that the
formation of isolated N is unlikely because of its high formation energy. The defect energy levels
predict this defect in the form of stable interstitial state of the N-N configuration in the form of a
split interstitial.® 7° This could be why we see the higher binding energy shift to higher after
argon sputtering. The energy provided by the argon ions break the Ga-N bonds on the surface
leaving the Ga and N uncoordinated on the surface. The nitrogen can be displaced into the

interstitial position.

Figure 4.11. Geometry of N-N split interstitial in bulk GaAs

Figure Adapted from Carrier et al.”
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The geometry of the N-N split in Ga-As is shown in figure 4.11 The nitrogen atoms might
energetically favor moving out of the substitutable site to the neighboring interstitial site as the
incorporation of nitrogen increases. Previous calculations have displayed that isolated interstitial
nitrogen is typically unlikely because of their high formation energy in the lattice” Instead of this
formation nitrogen would complex to form N-N split interstitials which are more energetically
favorable to form. For this defect the most important transition levels in the bad gap are (0/-)
transitional at 0.12 and 0.29 eV above the valance band maximum. This complex causes less

strain in the epilayer compared to the substitutional Nga.

From the previous exploration of N-N interstitials and the peaks we are observing in the XPS
spectra we are led to believe that we are observing these types of defects in the lattice. This is
demonstrated upon nitrogen ion sputtering and increasing the intensity of the peak by forcing
these ions further into the interstitial of the lattice. Although small amounts of N in these samples
should reduce the band gap, however it is unclear how the N is incorporated into the lattice. From
the experiments we have conducted during this study we believe that part of the nitrogen is mixed
as an isovalent constituent forming a substitutional alloy, but small amounts are being
incorporated as a defect in the form on split interstitials. Identifying these defects in the future
will be possible with this presenting experimental evidence of this peaks location and further DFT

calculations.
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CHAPTER V

MEASURMENT OF VOLATILE ORGANIC COMPOUNDS IN AIR

1. Volatile Organic Compounds

Natural or anthropogenic sources of air pollution include fossil fuel combustion, coal-burning
power plants, automobile exhaust, and wood-burning fumes. Urbanized areas are more

susceptible to high concentrations and exposure to aldehydes, ketones, and particulate matter.

Volatile organic compounds (VOCs) have been found in rural, urban, and indoor air. These
compounds have both a direct and indirect impact on human health. VOCs are defined as organic
compounds with a boiling point ranging from 50-260 °C at room temperature and standard
pressure.* The polarity, volatility, and concentration can range from low parts per thousand (ppt)
to high parts per billion (ppb). Photochemical smog and tropospheric ozone formation are formed
when VOCs emitted from natural and anthropogenic sources interact with UV light. These
compounds typically consist of low molecular weight pollutants including C, to Ci4-n,
hydrocarbons, aldehydes, ketones, benzene, sulfur compounds, and many more. Some natural
sources that emit VOCs are forest fires, vegetation, and animals. Although a large contribution of
VOCs comes from natural sources, heavily populated and industrialized areas result in a majority

of the anthropogenic sources.
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These are not limited to biomass burning, refining, use of fossil fuels, household chemical
products, and certain coatings and paints. The sources of VOC emissions from a 2017 study

conduct in the European Union (EU) are shown in figure V-1.2

As people spend a majority of their time in indoor environments the adverse effect of indoor air
pollution has become an issue of global concern. People in the US spend at least 90% of their
time indoors, making this environment a key setting for potential human exposure to air pollution.
Various factors can influence the air quality indoors such as proximity to anthropogenic sources,
buildings design, air circulation rates, furniture within the building, and the occupants’ habits.
Pollutants that are generated indoors can come from smoking cigarettes, specific cleaning

solutions, emissions from the building's paint or furniture, and personal care products.

SOURCES OF VOC EMISSION

OTHER

ENERGY PRODUCTION AND DISTRIBUTION

TRANSPORTATION
AGRICULTURE
COMMERCIAL, SCHOOLS, HOUSEHOLDS
INDUSTRAIL PROCESSES

Figure 5.1. Sources of VOC emission in the European Union (28 area) in 20172
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Among various indoor air pollutants, low molecular weight aldehydes (formaldehyde and
acetaldehyde) have become an important class of VOC because of their classification as known or
probable human carcinogens. Air pollution has been listed as the greatest environmental risk to
human health by the World Health Organization (WHO). Not only do these compounds cause
potential health problems, but their reactivity in the atmosphere and high concentrations can also
cause environmental problems. Aldehydes are present in the air we breathe but are also emitted

from the products we use and consume.

2. Environmental Aldehydes and Exposure

Environmental aldehydes include acrolein, acetaldehyde, and formaldehyde. The burning of fossil
fuels and the combustion of organic material releases high concentrations of aldehydes. It is
estimated that 1-2% of aldehydes released are produced from vehicle exhaust, and the increase of
ethanol-blended gasoline increased formaldehyde emissions by 30-50%. *# Industrial
manufacturing releases aldehyde into the atmosphere as a by-product. Due to its high thermal
stability and reactivity, formaldehyde is extensively used in the synthetic resin industry. This is of
great concern in the industrial workplace, where formaldehyde has been measured as one of the
most abundant carbonyl compounds.® Occupational exposure of aldehydes may occur from
inhalation of vapors or direct skin exposure from persons working in aldehyde production
industries, laboratories, and the healthcare industry. ® The International Agency for Research on
Cancer (IARC) classified acetaldehyde and formaldehyde as Group 1 carcinogens. The reactivity
of the aldehydes due to their electrophilic nature gives them their toxic properties which can

modify proteins and DNA. -8
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Aldehydes can be generated indoors from existing infrastructure or can infiltrate from an external
source. The combination of these two causes a higher concentration presence indoors compared
to outdoors. ® These compounds can vary in homes and buildings depending on a multitude of
factors such as emissions, ventilation, and building design and materials. A list of some of the

commonly detected indoor aldehydes and possible emission sources are shown in Table V-1 .

Table 5.1. Table of Indoor Sources for Formaldehyde and Acetaldehyde

Aldehyde Sources
Building materials, pesticides,
Formaldehyde flooring, fuel-burning appliances,

wood products
Building materials, laminate,
Acetaldehyde varnishes, paints, tobacco smoke,
HVAC System,

Primary indoor emission sources of formaldehyde include decorative building materials, furniture
that was bonded using urea formaldehyde resins and UF foam insulation, floorings, and other
wood-based materials. Large quantities of formaldehyde are released from the interior
components of building materials and furniture such as adhesives, wood glues, plywood, and
synthetic fibers. Typically, the volatiles are contained deep within the material which results in a
slow continuous release that decreases over time. Fossil fuel combustion is an important source of
indoor formaldehyde since traditional fuels (biomass, coal, liquid petroleum, kerosene) are used

as heating and cooking sources in the household, specifically in developing countries.

With the growth in urbanization, the time which people spend indoors has increased. Indoor air
quality (IAQ) has become an issue of concern as building-related illness (BRI) and sick building
syndrome (SBS) have increased in recent decades.! 12 With a shift towards more energy efficient
buildings with minimal air leakage and increased insulation these adverse side effects could

increase. It has been shown that these building-related symptoms have increased negative health
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effects, i.e., eye, nose, and throat irritation and headaches, and led to a decrease in productivity in

the workplace and schools. 3

Understanding concentrations of air toxins such as aldehydes within urban areas has been
identified as a research priority. 1 There is a large range of chemicals that are detected in the
indoor environment, therefore a complex method of analysis such as gas chromatography-mass
spectrometry is used to quantify the compounds. Exposure limitations set by the Occupational
Safety and Health Administration (OSHA) for formaldehyde and acetaldehyde are outlined

below.

Table 5.2. Exposure limits for formaldehyde and acetaldehyde outlined by OSHA

OSHA Exposure OSHA Exposure Limitations
Analve Limitations 15-minute-short-term exposure
y 8-hour-time-weighted limit
average (PPM) (PPM)
CH20 0.75 2.0
C2H4O 100 150

3. Sampling and Quantification Methods

There are various methods for sampling, analyzing , and quantifying VOCs present in specific
environments outlined in Table 5.3. While there are handheld continuous read-out instruments
used to collect atmospheric pollution data, they can vary due to environmental influences such as
the activity of VOC emissions from industries, wind velocity and direction, and peak traffic
times. This causes fluctuations in VOC concentrations making it difficult to accurately assess the

concentrations that could led to adverse health effects. This type of detailed sampling requires a
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more in-depth method. Due to the nature of VOCs in air, a better analytical assessment is needed

to accurately evaluate the concentrations.®

Table 5.3. Table of common analysis methods for VOC

Analysis Method

Pro

Cons

Gas Chromatography- Thermal
Desorption with Flame lonization

Detector (FID)

High sensitivity and linear
in response, good for fixed
site observations in serviced
laboratory, stable and
reliable

Not selective and will
respond to all organic
compounds except HCHO,
identification based on
retention times, unable to
identify unknown
compounds, not portable,
and requires hydrogen gas

Thermal Desorption GC-MS

High sensitivity, capable of
identifying unknown
compounds in air samples
from MS library, increased
sensitivity with selected ion
modes

Benchtop analysis set up
too large for field analysis,
challenging to calibrate,
moister can interfere with
measurements

Proton Transfer Reaction Mass

Spectrometry (PTR-MS)

High sensitivity to
numerous VOCs, no sample
treatment, fast response

Only identifies mass of
product ions, cannot
distinguish isomers, not
portable, expensive (200K-
400K)

Bulk Photoionization Detection

(PID)

Handheld detector, lower
power demands, can be
used to pinpoint the source
of VOC emission

Not selective to one gas
requires calibration for
each VOC, photochemical
reactions with vapors can
cause reduced sensitivity
from the internal surface
coating.

Gas Chromatography-Mass Spectrometry (GC(MS)) is the most common analytical technique for
detecting and quantifying a broad range of compounds that have reasonable volatility and thermal
stability. The method consists of liquid extraction coupled with GC(MS). Typically, activated
charcoal is used for air sampling, while carbon disulfide is used to extract the adsorbed organics.

This technique tends to have lower sensitivity to other available methods because of solvent
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dilution during extraction. Additionally, because of its polarity and strong binding interactions

charcoal cannot efficiently desorb the organics in aqueous and polar environments.

Thermal desorption (TD) combined with GC is used to determine VOCs in air samples even at
low concentrations (0.5 ppb-25 ppb). Thermal desorption is used to extract the target compounds
from a sorbent material and transfer them to the GC(MS) analytical instrument (Figure 5.2). This
method offers advantages over using a sampling canister by reducing the cost per analysis
because there is no sample preparation and no air extraction equipment needed. Using thermal
desorption tubes offers better recovery than the canister method for a wider range of vapor phase

organics and polar compounds.

The TD process employs a high purity intern gas (typically helium) that is used in high-
temperature extractions. The target compound is transferred from the air sample to the pre-
concentrator which is either a cryogenic trap or an electrically cooled Peltier trap. The VOCs are
desorbed from the tube using high temperatures and a stream of helium to transfer them into the
trap for pre-concentration. In the final step, the helium flow is inverted through the trap and the
cold trap is rapidly heated to a high temperature at the maximum rate to transport the VOCs into

the GC(MS).

Electron Impact

Oven lonization

— -Sorbent Trap

Thermal = =

vesoon === | G

Tubes - =

Quadrupole

Detector

Auto Sampler Thermal Gas Mass
Desorption Module Chromatograph Spectrometer

Figure 5.2. Schematic of thermal desorption coupled with gas chromatography/mass

spectrometry
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Whole air sampling methods consist of collecting the air sample using tightly sealed containers
such as highly durable polymer bags or stainless-steel canisters. During canister whole air
sampling, samples are collected by drawing air through an orifice into the evacuated vessel by
free or applied movement (vacuum). Prior to analysis, the samples are withdrawn, and enrichment
of the VOC:s is carried out using a cold trap to improve the sensitivity of the method. The sample
is then analyzed through GC(MS) to determine concentrations of the collected compounds.
Multiple analyses can be performed on one sample by injecting aliquots of air from the sampling
vessel into the instrument. This method can be used to accurately quantify the amounts of
extremely volatile compounds such as acetylene, N2O, H.S, and SFs. However, problems arise
when too much moister is present in the sampling environment. Water is a severe interference and
limits the sample quantity from which the compounds can be pre-concentrated while freezing in
the cryogenic traps. Clogging at the cryogenic trap and capillary interface can occur from high
moister levels as well. Limitations also arise with the cost of transporting the heavy containers

and equipment for cleaning the vessels.

Polymer bags could ease the transportation prices of stainless steel canisters and offer a wide
range of volumes. °Although multiple polymer bags are available, Tedlar is the most commonly
used. The use of these bags is outlined for use in various EPA compendium methods (TO-3, TO-
12, TO-14A, TO-15A). The bags are cleaned thoroughly by repeatedly filling the bag with an
ultra-pure inert gas and evacuating it under a small amount of pressure. The outgassing procedure
of the container material leds to large contamination levels. These bags are reusable but do
require a rigorous cleaning procedure using an ultra-pure inert gas. Micro-damages and defects
from mechanical stress during sample handling can alter the polymer film structure and interness

of the material, so repeated bag usage is not recommended.’
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3.1. Sorbent Sampling

Sorbent tubes are widely used in combination with GC and thermal desorption. Target
compounds can range in volatility and include polar, apolar, and reactive species. An assortment
of sampling techniques and sorbent materials have been developed to be used in specific
applications. These techniques include passive (diffusive) sampling onto sorbent tubes, active
(pumped) sampling onto sorbent tubes, and transfer of whole air samples from canisters or bags

onto sorbent.

During sorbent sampling, the target analyte is entrapped onto a solid adsorbent material followed
by thermal desorption and chromatographic analysis. The thermal desorption of these compounds
from the sorbent offers a higher level of sensitivity than other methods because there is no
dilution of the sample. Sorbent tubes allow for high recovery of polar and reactive target
compounds, that would otherwise react using a canister. Unlike other sampling methods, sorbent
tubes are relatively small, easy to condition, facilitate collection, and transport. 8 1° Sample tubes
can usually be reused at least 100 times before the sorbent material needs to be replaced.
Optimizing the sorbent material is necessary to prevent artifact formation and breakthrough
problems when sampling. The selection of the sorbent material is very critical and depends on the
sample matrix and the target compound. Recovering compounds that are non-volatile and
strongly adsorbed onto the material and breakthrough problems with volatile compounds are the
limiting steps of this method. The environmental sampling conditions (humidity, temperature, and

concentration) can impact the quantity of the substance that is captured on the sorbent.20-22

Passive sampling typically consists of open-faced badges or cartridges that contain sorbent
material. 2 This sampling method is best suited for long-term monitoring to allow for sufficient
concentration of the compound onto the sorbent material. During molecular diffusion, the

compounds move from an area of high concentration to an area of lower concentration and
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diffuse into the tube and collects on the adsorbent. The limitations of these sampling devices
come in terms of surface air velocity and back diffusion. Passive sampling utilizes the two
concepts of axial diffusive samplers and radial samplers. Axial diffusive sampling was developed
in the late 70’s and is comprised of a stainless-steel tube packed with a single sorbent and capped
with a fine mesh gauze. A fixed 15 mm air gap between the surface of the sorbent and the gauze
allows for diffusion across a barrier. The sampling surface and air gap can be fixed and provide
the vapor concentration at the sorbent surface, while the sampling rate is a constant function of

atmospheric concentration.

Radial diffusive samplers are typically comprised of a cartridge containing the sorbent sampling
material housed in a porous polymer body that allows for sampling around the circumference of
the cylindrical surface. To minimize air velocity effects and low uptake a porous polymer is used
however, the sorbent material saturates relatively quickly and back diffusion occurs. These
sampling devices are well suited for short-term (0.5 h to 6 h) air monitoring at low concentration

levels.

Active sampling onto a sorbent tube is one of the most used TD sampling methods. This approach
utilizes a pump to draw an air sample through the sorbent tube to trap the target analyte on the
sorbent material. In the last 10 years, international standard methods including thermal
desorption, procedures have grown rapidly. There are now TD standards that cover a wide range
of sampling environments such as ambient, indoor, and workplace atmospheres. The most used
EPA method (TO-17) employs the use of TD tubes that are 3.5” long with an outer diameter of
6.4 mm and an inner diameter of 4 mm for glass and 5mm for stainless steel shown in Figure 5.3.
The total mass of the sorbent typically ranges from 100-600 mg. These tubes have the capacity to
be packed with up to three discreet sorbent beds that are arranged in order of increasing sorbent
strength from the sampling output. Since the sorbent selection is specific for each target analyte

the tube size is allowed to be constrained within the range described in the standard method
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without concerns for lower retention of the organic compounds. During active sampling, a known
volume of air is pulled through a sorbent tube at a constant flow rate (20-200 ml/min).2* The

limiting factors in active sampling are typically related to sorbent selection and preparation.

Adsorbent bed

Stainless steel gauze (~100 mesh)

15 mm
Pump Flow 5 mm
-
- ] -
Desorption
Flow
Stainless Steel Tube
3.5 (89mm)
Adsorbent bed
Unsalinaized glass wool
15 mm
Pump Flow 4 mm
—_— -—
- —
Desorption
Flow
Glass Tube
3.5 (89mm)

Figure 5.3. OSHA standard stainless steel and glass sorbent tube parameters

3.2. Sorbent Selection

The consideration of sorbent strength (analyte breakthrough), artifact formation, and sampling
environment (relative humidity) need to be considered when selecting the sorbent material and
types of sorbent tubes. The Environmental Protection Agency (EPA) outlined situations where

one sorbent is not well suited for the capture of all compounds so, it is essential to select a sorbent
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capable of sorbing the class of compounds with the highest health risks or deploy multiple

samplers to capture all of the compounds of interest. The most important information from the

application of adsorbents is the breakthrough volumes. This is defined as the collection

efficiency, the retention value for the adsorbate versus adsorbent combination, and the number of

theoretical plates of the adsorbent.>2¢ The breakthrough volume and characteristics give

information for field sampling in order to calculate safe sampling volumes. During sampling, it's

possible for the sorbent to show degradation problems that can impact the adsorption process.

During sampling and thermal desorption oxidizing reactions can occur on specific adsorbent

materials. Moister retention on sorbents is typically avoided because water content may cause

degradation of the chromatographic column. The most widely used sorbents for organic gas

sampling can be found in table 5.4.16.2%-%

Table 5.4. Common sorbent materials used for VOC sampling

Surface
Adsorbent  Adsorbent Suitable Analytes Area Advantages/Disadvantages
Name Class
(m*g)
Activated Graphitized - Most non-polar 2000 - High Capacity
Carbon Carbon VOCs - Reactive with some
- Slightly polar compounds
VOCs
Carbotrap Graphitized - Most non-polar 100 - Low background
Carbon VOCs - Reactive with aldehydes
- Slightly polar
VOCs
Carboxen Carbon - Polar VOCs 700- - Significantly hydrophilic
Molecular - Non-polar VOCs 1200 - Low artifacts
Sieves - Retains water in high
relative humidity’s
Carbosieve  Carbon - Mostly polar 820 - High capacity/
Molecular VOCs Breakthrough
Sieves - Chloromethane - Low desorption efficiency
Surface
ﬁdsorbent Adsorbent Suitable Analytes Area  Advantages/Disadvantages
ame Class (m?g)
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Porapak Porous - Most non-polar 300 - High background
polymer VOC - Low thermal stability
Tenax TA Porous - Most non-polar 35 - Low background
polymer VOCs - Low surface area
- Slightly polar - Does not react
VOCs - Decomposition can occur
- Aldehydes
- Terpenes
Silica Gel - Polar hydrocarbons 750 -High surface area

- Low molecular
weight mercaptans
- Inorganic acids

-Low reactivity
-Not compatible in high
humidity environments

3.3. Sorbent Strength

The adsorption/desorption relationship largely determines the analytical sensitivity and precision
of this method. The sorbent must be selected to sufficiently retain the target analyte during
sampling but weak enough to desorb it during the thermal desorption phase. The retention of
breakthrough volume is typically used to measure the sorbent's strength. A stronger sorbent is one
that offers greater safe sampling volumes for most organic compounds relative to different
weaker sorbents. Sorbent strength is usually related to the surface area, generally weaker sorbents
are described if their surface area is less than 50 m?/g (Tenax, Carbopack C), medium strength if
the surface areas are in the range of 100-500 m?/g, (Carbopack B), and strong if the surface area
is around 1000 m?/g (Sperocarb, Carbosieve S-I11, Carboxen 100).3 The strongest sorbents are
used to capture the most volatile species. Ambient conditions can affect retention volumes of the
sorbent. The retention volumes of hydrophobic sorbents such as Tenax TA, carbon black, and
high porosity polymers are not as sensitive to relative humidity like carbonized molecular sieves
are. When sampling VOCs the weakest compatible sorbent should be selected because it offers
reliable retention volumes and quick quantitative recovery during thermal desorption and

quantitative analysis.®** Commercial sorbet are available in a wide range of strengths that allow
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for quantitative retention and release of organic compounds. However, these sorbates have issues

with artifact formation, recovery, and humidity effects.

During the recovery process, some sorbents are known to release organic compounds closely
associated with the nature of the sorbent. Some of these porous polymers such as Cromosorb,
HayeSep, and PoraPak, have been shown to have relatively high artifact formation associated
with thermal desorption.®® Carbonized molecular sieves and carbon black tend to not have any
inherent artifacts but are more likely to contain chemically active materials. Sorbents derived

from natural charcoals are generally unsuitable for reactive species.®

Water and water vapor can greatly influence the collection and analysis of VOCs. Relatively high
humidity’s have been the most critical concern affecting the validity of VOC measurements.
Weak and medium strength sorbents including porous polymers (Tenax TA) and graphitized
carbon (carbopack) are selected for high relative humidity (>80%) sampling because of their
hydrophobicity.® Strong sorbents are typically less hydrophobic (Carbosieve, Carboxen, carbon
molecular sieves) and facilitate the retention of high volatility polar analytes, but excessive water
retention on the adsorbent material causes breakthrough and leds to artifacts during thermal

desorption analysis. ¢ %7

Nanoporous silica is one solution. With a large surface area and uniform pore distribution,
nanoporous silica has high sorption capacities and VOC sampling capabilities. In the 1970s the
first patent for the preparation for low-density silica was filed which eventually led to the
synthesis of the first nanoporous silica material.*®3 This family of materials has uniform pore
distribution and relatively high surface areas (>1000 m?/g) resulting from a self-assembling
molecular array of surfactants used as the organic template. Nanoporous silica production

involves adding a silicate source to an aqueous surfactant solution followed by hydrolysis and
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condensation to builds a silica framework around the surfactant micelles. The surfactant is then

removed by microwave digestion, calcination, or solvent extraction.*

Previous studies have focused on the use of MCM-41 and SBA-15 for the adsorption of organic
pollutants from the air. Mobile Composition of Matter (MCM) and Santa Barbra Amorphous
(SBA) are made of hexagonal, cubic, or meso-lamellar phases. The sampling process using these
materials involves organic molecules adsorbing on the surface of the silica by van der Waals
forces (London dispersion forces and dipole-dipole interactions). The strength of this material is
fairly weak so desorption from the surface is possible through heating or solvent extraction. A
range of pore sizes can be achieved by manipulating the alkyl chain length of the surfactant
template, which can improve the selectivity of adsorption by immobilizing the gas molecules of
certain sizes. *! The hexagonally structured nanoporous silica material was originally created as
molecular sieves with a wide range of pore sizes. The particularly high internal surface area and
ability to precisely tune the pore size are some of the favorable properties that have made these
materials of high interest. Unlike carbon-based sorbents that are currently being used, nanoporous
silica does not contain reactive groups that could interfere with sample collection and subsequent

analysis.

4. Problems with Aldehyde Sampling

The use of an inert sorbent is especially important when sampling reactive carbonyls like
acetaldehyde and formaldehyde. Although several standardized methods are outlined by the U.S.
EPA (Method 0100) they lack ease in use and contain data quality concerns. Typically, the
method relies on 2,4-dinitrophenylhydrazine (DNPH) functionalized sorbent materials, but it has
been known that ozone interferes with formaldehyde measurements by degrading DNPH and
DNP-hydrazones. Another difficulty arises with the encounter of nitrogen dioxide (NO-) on the

DNPH-coated sorbent which reacts and forms 2,4-dinitrophenylazide (DNPA). Formaldehyde-
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DNP-hydrazone and DNPA show similar chromatographic properties, which may result in higher
formaldehyde concentration estimates. 4243 There is also competition for the adsorption sites
during sampling, the aldehyde along with NO; and ozone is drawn into the sorbent tube
simultaneously. When all of these compounds are competing for adsorption on the surface the

aldehyde could be released prematurely before it can react with the DNPH.

To mitigate the interference from these compounds, the EPA suggests removing ozone prior to
sampling. This involves constructing an ozone denuder or scrubber that can intercept the
contaminant before it reaches the sorbent tube. However, the use of an upstream ozone scrubber

can oxidize NO to NO, which can interfere with quantification.*

Although these discoveries have been made with NO; and ozone interference during
formaldehyde sampling new method development has been lacking because standard methods
have not yet been modified to reflect these latest discoveries. Comparable to formaldehyde
sampling, acetaldehyde sampling on DNPH coated sorbents exhibit similar interferences.
Collection efficiencies (CE) concerns with acetaldehyde are demonstrated during a 24-h sampling
period (EPA standard sampling period) with CE ranging from 1-62%. %> Consequently the
concentrations of acetaldehyde that were adsorbed on the DNPH-coated material are frequently
underestimated and concentration biases continue to propagate through important data collection
outlets. The need for a practical solution for increase CE with acetaldehydes lies in developing a

new sorbent material used in sampling.
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CHAPTER VI

OSU-6 SORBATE AS ALDEHYDE SAMPLING MEDIUM

1. OSU-6 Sorbate

Many organic compounds and sampling environments are unstable with respect to oxidation,
decomposition, and reactions with functional groups present on the surface of the adsorbent. In
this study, a nanoporous silica material called OSU-6 will be investigated for its use in
acetaldehyde and formaldehyde capture and desorption. The use of this material will mitigate
problems that arise during sampling with the use of nanoconfinement technology that stabilizes
unstable organic compounds. This silica material consists of hexagonal arrays of tubular pores
with a diameter of 3.5 nm. The Barrett-Joyner-Halenda (BJT) pore diameter and high curvature
allow a large range of different chemical compounds to bind by the cumulative addition of
nonspecific Van der Waals forces.*® The non-specific nature of the attractive forces with sorbates
promulgated by the nanoconfinement effect means that it is capable of sorbing an extensive array

of chemical classes with high capacity.

OSU-6 does not contain any functional groups or additives that can interfere with analysis like
other available sorbents such as graphitized carbon black. This material has previously been
shown to have high thermal stability and resistance to hydrolysis when compared to other
available mesoporous or nonporous silica.*’” Adsorbed molecules are in proximity to more than

one of the pore walls and are held by stronger forces. Therefore, the neighboring adsorbed
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molecules enhance the adsorption effect. A series of laboratory tests and calculations were
performed using OSU-6 to determine its adsorption capabilities with acetaldehyde and

formaldehyde.

2. BET Analysis

Adsorption isotherms are used to measure the amount of gas adsorbed by a material at a constant
temperature as a function of pressure. Characterization of the pore structure is important to
understand the diffusion of the gas molecules within the porous system. Braunauer, Emmett, and
Teller (BET) isotherm for nitrogen gas adsorption-desorption is a commonly used technique to
study the physical adsorption of the material. During BET analysis nitrogen is adsorbed on the
surface at cryogenic temperatures (-150°C), because most gases and solids interact weakly. The
temperature of the solid is held at isothermal conditions, while the pressure of the adsorbing gas
(nitrogen) increases. Increasing the pressure causes more molecules to adsorb on the surface
forming a thin layer, in which the number of molecules on the monolayer can be recorded from
the volume adsorbed. The available surface can then be calculated from the cross-sectional area
of the adsorbate. A mathematical model must be used to calculate the surface area since gas

adsorption as a function of pressure does not follow a linear relationship.*

The BET model assumes multilayer adsorption of a gas on the adsorbent's surface and provides
information on how the solid will interact with its environment. In materials containing small
pores (2-3 nm in diameter), capillary condensation can take place above the pressure region
instead of multilayer adsorption, this data should be excluded during subsequent calculations to

avoid an overestimation of specific surface area.

The specific surface area of the sorbent material can be determined by the physical adsorption of

nitrogen onto the surface at cryogenic temperatures. The amount of adsorbate gas is measured by
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a volumetric flow technique, to which calculations can be applied. The physical properties of the
sorbent such as pore size, pore-volume, surface area, and particle size are all properties that can

influence adsorption/desorption.

The adsorption-desorption isotherm for OSU-6 sorbate is shown in Figure 6.1. The curves are
typical for mesoporous materials containing hexagonal channel arrays. This isotherm resembles
Type Il isotherms according to IUPAC classification, which is identified by adsorption on
nanoporous solids through multilayer adsorption followed by capillary condensation. An increase
in adsorption took place above P/P, = 0.2, which suggests capillary condensation of N within the
pores confirming the presence of nanopores. The capillary condensation in the nanoporous matrix

and limiting uptke causes an H-1 hysteresis loop.*
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Figure 6.1. Nitrogen Adsorption isotherm for OSU-6
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The BET equation below utilizes the information from the isotherm to determine the surface area
of the sample where X is the weight of nitrogen adsorbed at a given pressure (P/Pg), Xn is the
monolayer capacity, which is the volume of gas adsorbed at standard temperature and pressure

(STP), and C is constant.>°

1 1 cC-1/(P .
XIPa/P] — XmC + XC (P_o) [Equation VI-1]

2.1. Multi-Point BET

During a multi-point BET, five data points in the P/P, range of 0.05 to 0.30 are used to determine
the surface area using the above equation. The monolayer capacity Xm can be determined by the

following equation:

Xpm=—= [Equation VI-2]

From the monolayer capacity determination, the total surface area can then be calculated from the
following equation where Lay is Avogadro’s number, An is the cross-sectional area of the

adsorbate (0.162 nm? for N2 molecule) and My is the molar volume (22414 mL)

S= X’"Lﬂ [Equation VI-3]
v

A linear section from the adsorption curve is used for these calculations. The BET equation is
plotted to determine the monolayer of adsorbed gas quantity and BET constant. From the
monolayer adsorbed gas volume, the specific surface area was determined. The BET plot is
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shown in figure 6.2 where five points were chosen, and the model was applied to achieve a linear

fit. We assume a linear relationship for adsorption isotherms in the range of 0.5< p/po < 0.30.
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Figure 6.2 . Multipoint BET plot for OSU-6

2.2. BJH Method

The pore volume is determined in a subsequent experiment in which the gas pressure is increased
further until all of the pores are filled with the liquid nitrogen. Following this, the pressure is
incrementally reduced until all the condensed gas is evaporated. The BJH (Barrette, Joyner, and
Halenda) method was then applied to calculate the pore volume. These calculated values are

outlined in Table 6.1.
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Table 6.1. Specific Surface Area and Pore VVolume of OSU-6 determined from BET and BJH

analysis
Material Specific Surface Area (m?/g)  Total Pore Volume (cm?/g)
OSsuU-6 583 3.12

3. Aldehyde Quantification

3.1. Acetaldehyde Quantification

After the completion of the breakthrough determination (Chapter V1), the analyte can then be
guantified using thermal desorption-gas chromatography-mass spectrometry (TD-GC/MS). A
standard thermal desorption tube (EPA Method TO-17) was packed with fresh OSU-6 and
exposed with acetaldehyde for 3,6 , 9, and 12 minutes at various RH levels. Following
acetaldehyde capture, the tube was then thermally desorbed, pre-concentrated, and injected into

the GC-MS. The chromatograph from the GC(MS) for acetaldehyde is shown below.

3.2. Formaldehyde Quantification

Prior to formaldehyde quantification via TD-GC(MS) an intermediate step must be completed. In
order to obtain a representative signal from the GC(MS), the formaldehyde must first be desorbed
from the OSU-6 sorbent tube onto a DNPH-coated sorbent tube (Figure 6.3). Through the
functionalized tube an appropriate concentration of formaldehyde can be determined. Although
sampling interference can arise with DNPH from air oxidants such as nitrogen dioxide and ozone,
using an OSU-6 sorbent tube to sample the analyte initially will mitigate any problems that stem

from these compounds.
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Figure 6.3. Desorption from OSU-6 TD tube onto DNPH-coated TD-tube before GC(MS)

analysis

Once the formaldehyde was desorbed onto the DNPH-coated tube it was then injected into the
GC(MS) for quantification. From the chromatograph, we see that the intermediate step of
desorbing from the OSU-6 TD tube onto the DNPH functionalized tube the concentration of
formaldehyde in the sample was able to be determined. This was completed at the same RH and

column lengths as the acetaldehyde experiments.

4. Sampling Capacity

Although the physical characteristics of the sorbent are vital properties for analyte capture, the
extraction ability of sorbents during TD-GC(MS) analysis depends on the breakthrough volume
and sorbent capacity. The breakthrough volume is the amount of gas that causes a compound to
migrate through an adsorbent bed of one gram at a specific temperature. 5! The breakthrough

volume allows for an estimation of the maximum sampling volume that guarantees a quantitative
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sampling of a compound using a certain adsorbent mass at specific sampling conditions. The
breakthrough volume can be described by a breakthrough curve, which involves the relationship
between the analyte concentration and the volume passed through the sorbent. The kinetic and
retention parameters can influence the breakthrough volume (BTV) and the performance of the
sorbent. The term breakthrough volume is comparable to the retention volume of the analytes,
however, in order to express this value in terms that can be widely used with different column
sizes, it is expressed as the volume of the carrier gas that will purge the analyte of a given volume

or weight of the sorbent bed. *2

The breakthrough volume is typically determined by using online or offline methods. These two
experimental approaches include elution and frontal chromatography. These two methods involve
filling an adsorbent tube with a known amount of adsorbent material and analyzing the
breakthrough via GC. The chromatograms from these experiments provide data to quantify the
breakthrough behavior. The actual BTV can be calculated using the reduced breakthrough time. 5
Typical experimental determination methods, off-line methods, in particular, are very time-

consuming and expensive.

In this study, a benchtop sampling apparatus (Figure VI-4) was used to determine the sampling
capacity of the OSU-6 sorbent. Air is passed through a humidification module which is controlled
by a Dakota Instruments mass flow controller (£ 1%) varying the flow rate based on the target
RH. The tested RH values were 0%, 40%, and 80%. To ensure the sorbent has fully saturated the
humidity inside the analysis chamber was monitored using an Omega USB-RH Sensor (+3%).
Once the humidity levels stabilized, zero-grade air was passed over the sorbent for 1 hour. Zero-
grade air was employed as the carrier gas for the target analyte, this was controlled through two
mass-flow controllers. The total flow rate was held at 50 mL/min with the formaldehyde

concentration at 0.5 ppm (lower than OSHA exposure limits). The use of an automatic switch was
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employed to mitigate a spike in resistance that occurs at the onset of the experiment and minimize

error with breakthrough times.

The breakthrough experiments were conducted with column lengths of 30mg, 45mg, 60mg, and
75mg. The OSU-6 (40/60 mesh) was packed into a Markes’ industry-standard thermal desorption
tube with an 8.9-cm length and 4-mm internal diameter. The two ends of the tube were sealed
using a small piece of glass wool and secured with a metal spring to withstand the high flow of
gases. Prior to breakthrough analysis, the packed sorbent tubes were conditioned in a Markes'
TC-20 tube conditioner. The tubes were loaded into the conditioner and heated under a flow of

research plus nitrogen (99.9999%) gas at 180° C for 2 hours.

The breakthrough of the target analyte was detected using a Grove-HCHO chemiresisitve sensor
which was stored in the analysis chamber at the end of the TD tube containing OSU-6 sorbent.
The breakthrough time was recorded by the time taken by the sorbent to become 50% saturated
with the analyte and corrected for the value obtained from the blank column. The same

experiment was conducted for acetaldehyde but at a higher concentration of 50 ppm.
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Figure 6.4. A representative apparatus that incorporates chemiresistive sensors for the real-time

detection of aldehydes

Figure 6.5. Chemiresisitve sensor with Arduino circuit board (right) and Groove HCHO

chemiresisitve sensor (left)
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CHAPTER VII

ALDEHYDE BREAKTHROUGH QUANTIFICATION

1. Breakthrough Experiments

The breakthrough experiments were performed by passing zero-grade air through the sorbent
column. After allowing the sensor to stabilize the target analyte was passed through, a decrease in
the signal for the chemiresisitve sensor was observed until it reached a minimum intensity. The
breakthrough point denotes 100% of the analyte permeating through the sorbent. For all of the
experiments, the breakthrough time was measured when the sorbent adsorbed 50% of the analyte
exposure concentration. This time will become longer by increasing the sorbent column mass.
The effect on the adsorption of water vapor during analysis specifically with polar molecules is of
great importance and must be investigated. To assess the effects of moister concerning adsorption
capacities varying levels of relative humidity (RH) were introduced to the column before and

during analysis.

The sampling capacity of the sorbent for acetaldehyde and formaldehyde was determined as a
breakthrough volume (BV). This is used to evaluate the performance of the sorbent under various

column lengths and relative humidity. The breakthrough volume is used to assess the safe
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sampling volume (SSV) before the analyte of interest is quantitatively eluted off the packed
sorbent bed and is absent or undetected. Understanding the BV is necessary in order to assure the
analyte of interest is adsorbed on the surface and are not purged off the sample during collection.
The chemiresistive sensor (Figure 6.5) was used to determine the amount of gas passing through
the column. When the sensor interacts with the target organic gas the resistance of the sensor
decreases, which can be used to determine the breakthrough points of the analyte from the change

in resistance.

Thermal desorption tubes were used in this experiment as a default sample holder to conduct the
breakthrough analysis of formaldehyde and acetaldehyde vapor through a sorbent column. Only a
background signal was observed using the chemiresisitve sensor at the onset of the experiment
when the analyte was passed through the sorbent column. As the OSU-6 sorbent started to
saturate with the aldehyde vapor a breakthrough from the background signal sets off. A decrease
in signal is observed until it reaches a minimum intensity at a breakthrough point when the

sorbent is completely saturated.

The uptake capacity for formaldehyde and acetaldehyde on the OSU-6 sorbate was analyzed
using a benchtop apparatus containing a chemiresistive sensor for real-time analysis. The data
was recorded at various RH (0%, 40%, and 80%) with several column lengths (30mg, 45mg,
60mg, and 75mg). As the pores in the sorbent started to saturate, the contaminated gas started to
escape through the column and reached the sensor which caused a decrease in the resistance
value. Figure 6.6 depicts a representative signal obtained from the chemiresisitve sensor that was
located in a plastic housing at the end of the TD tube containing 60mg of OSU-6 sorbent at 40%

RH.
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Figure 7.1 Change in the resistance measured by Groove HCHO sensor with an increase in the

formaldehyde concentration

The resistance was normalized to show an increase with corresponding analyte concentration, so
the y-axis illustrates the decrease in the resistance with an increase in the formaldehyde
concentration. The breakthrough time was denoted by the time taken for the sorbent to reach 50%
saturation with the target analyte. During a typical uptake experiment, the resistance value of the
sensor stayed constant as the sorbent adsorbed the target analyte (formaldehyde or acetaldehyde).
To reduce the effects of a resistance spike at the onset of the experiment an automatic switch was
installed in the setup. The breakthrough time was expected to increase with an increase in the

sorbent column mass or length.

The breakthrough curve below is a representative signal obtained for acetaldehyde, measured

with a Grove HCOC sensor with a TD tube containing 60mg OSU-6 at 40% RH.
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Figure 7.2. Change in the resistance of the Groove HCHO sensor with an increase in the

acetaldehyde concentration

For each breakthrough curve obtained, the time between the initial exposure and the point
corresponding to 50% of the breakthrough intensity (50% breakthrough time) was determined and

then corrected with the value that was acquired for the column without OSU-6 sorbent (blank

column).

The 50% breakthrough time for all three RH values with formaldehyde were plotted linearly as

shown in Figure 7.3 and the breakthrough values are quantified in table 6.2.
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Figure 7.3. 50% Breakthrough Times for formaldehyde at 0%, 40%, and 80% RH values with

various column lengths

Table 7.1. Corroboration of Breakthrough Times for Formaldehyde at 0%, 40%, and 80% RH

values with column lengths of 30 mg, 45 mg, 60 mg, and 75 mg

Mass of 50% 50% 50%
Analvte sorbent Breakthrough  Breakthrough  Breakthrough
y (mg) Time (s) at 0% Time (s) at Time (s) at
RH 40% RH 80% RH

CH2O 30 38 98 66
CH20 45 50 115 78
CH20 60 77 136 107
CH20 75 72 159 94
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The data reveals the lowest recorded breakthrough times for formaldehyde were tested under 0%
RH conditions. Typically, water vapor is adsorbed by polar sorbents and their breakthrough
capacity is reduced for most organic compounds. High RH can block the available pores for VOC

exposure and reduce the adsorption capacity for non-water-soluble compounds.

However, the breakthrough capacity for water-soluble compounds (formaldehyde) increases in
the presence of humidity. This could account for the low values associated with the 0% RH
results. From the data, the samples tested under 40% and 80% RH showed promising sorption
capacities. Previous research has shown that the optimum relative humidity for sampling
formaldehyde was 50%, where lower RH resulted in lower capacities due to less adsorbed

moisture for adsorbing formaldehyde.>

The breakthrough times for acetaldehyde are shown below in Figure VI-8 and are quantified in
Table VI-3. Contrary to the formaldehyde data the breakthrough times increased by reducing the
RH levels. The columns tested under 0% RH had the longest breakthrough times because the
acetaldehyde could fully saturate on the surface of the sorbent. However, the columns tested

under 80% RH has the quickest breakthrough times.
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Figure 7.4. 50% Breakthrough Times for Acetaldehyde at 0%, 40%, and 80% RH values with

various column lengths

Table 7.2. Corroboration of Breakthrough Times for Acetaldehyde at 0%, 40%, and 80% RH

values with column lengths of 30 mg, 45 mg, 60 mg, and 75 mg

Mass of 50% 50% 50%
Analvte sorbent Breakthrough  Breakthrough  Breakthrough
y (mg) Time(s)at0%  Time (s)at Time (s) at
RH 40% RH 80% RH
C-H.O 30 109 50 4
C-H.0 45 160 62 12
C-H.O 60 245 98 29
C-H.0 75 237 155 43

It has been reported that at higher humidity’s acetaldehyde adsorption is impeded by water

molecules decreasing its hydrophobicity resulting in less adsorption. During the sampling
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process, the accumulation of water vapor on the sorbent can outnumber the sampled aldehyde
molecule by more than 1000%.% % This can cause the displacement of collected acetaldehyde

with water molecules, which could led to premature breakthrough and sample loss.

2. Experimental Uptake
While breakthrough times were extracted from the breakthrough curve collected using the
chemiresisitve sensor, the experimental uptake values were also determined for those experiments

subsequently using the following formula. The values are quantified in Table VI-4.

Experimental Uptake

min
mass of sorbent (g)

[breakthroughtime (min) x flow (L) X analyte exposure concentration (%)]

[Equation VI1-4]

Table 7.3. Experimental Uptake Capacity Values for Formaldehyde and Acetaldehyde with

column lengths of 30mg, 45mg, 60mg, and 75mg at relative humidity values of 0%, 40%, and

80%
Mass of Experimental Experimental Experimental
Analyte  sorbent uptake capacity uptake capacity uptake capacity
(mg) (mg/g) at 0% RH (mg/g) at 40% RH (mg/g) at 80% RH
CH20 30 0.010 0.027 0.018
CH0 45 0.009 0.021 0.014
CH20 60 0.010 0.018 0.014
CH0 75 0.008 0.017 0.010
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Experimental Experimental Experimental

Mass of
Analyte  sorbent uptake capacity uptake capacity uptake capacity
mo (mg/g) at 0% RH (mg/g) at 40% RH (mg/g) at 80% RH
CoH:0 30 0.030 0.013 0.001
C2H4O 45 0.029 0.011 0.002
CoH:0 60 0.034 0.013 0.004
CHsO 75 0.026 0.017 0.004
3. Conclusion

Although the uptake capacity for formaldehyde at 0% RH was anomalous and was lower when
compared to the other two relative humidity’s, the sorbent still showed significant adsorption
capabilities. From this study and previous research, it is clear that for adsorption to take place
with formaldehyde the sampling must be conducted with at least 40% RH. The uptake capacities
for acetaldehyde were highest when measured with 0% RH. However, similar to the

formaldehyde experiments significant adsorption was observed at 40% RH.

The experimental uptake values for each column length represented a linear relationship which is
necessary for effective adsorbates. The capacity per gram was the same for each column length
with the standard deviations represented in Table 6.5 below. This indicates that the OSU-6 is

acting as a true adsorbent where its relationship with mass and uptake capacity is linear.
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Table 7.4. Average uptake capacity for acetaldehyde and formaldehyde

Experimental Experimental Experimental
Analyte uptake capacity uptake capacity uptake capacity

(mg/g)at 0% RH (mg/g) at 40% RH (mg/g) at 80% RH

CH.0 0.009 (£0.0008) 0.020 (£0.003) 0.014 (£0.002)

C.H.0 0.029 (+0.002) 0.013 (+0.002) 0.011 (+0.001)

Typically, breakthrough volume experiments are conducted at 0% RH, this is a point of
contention because the environment where these pollutants are present will usually have some
level of humidity present. The breakthrough volume performance of the OSU-6 sorbent in the
40% RH conditions demonstrates its ability to be used in active sampling in operating conditions

of a workplace, house, or school. °°
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CHAPTER VIII

ACTIVE ALDEHYDE SAMPLING WITH OSU-6

1. Active Sampling Test Method

The OSU-6 (40/60 mesh) was packed into a Markes’ industry-standard thermal desorption tube
with an 8.9-cm length and 4-mm internal diameter. The two ends of the tube were sealed using a
small piece of glass wool and secured with a metal spring to withstand the high flow of gases.
Prior to breakthrough analysis, the packed sorbent tubes were conditioned in a Markes' TC-20
tube conditioner. The tubes were loaded into the conditioner and heated under a flow of research

plus nitrogen gas at 180° C for 2 hours.

A benchtop sampling apparatus was constructed to generate precise gas concentrations. Air is
passed through a humidification module which is controlled by a Dakota Instruments mass flow
controller (x 1%) varying the flow rate based on the target RH. The tested RH values were 0%,
40%, and 80%. To ensure the sorbent has fully saturated the humidity inside the analysis chamber
was monitored using an Omega USB-RH Sensor (+3%). Once the humidity levels stabilized,
zero-grade air was passed over the sorbent for 1 hour. Zero-grade air was employed as the carrier

gas for the target analyte, this was controlled through two mass-flow controllers.
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The total flow rate was held at 50 mL/min with the formaldehyde concentration at 0.5 ppm (lower
than OSHA exposure limits). The use of an automatic switch was employed to mitigate a spike in

resistance that occurs at the onset of the experiment and minimize error with breakthrough times.

2. Thermal Desorption-GC(MS)

The sampling tubes were prepared using a standard stainless steel thermal desorption tube(8.9-cm
length and 4-mm internal diameter, and 6-mm outer diameter). The design of this tube allows for
thermal desorption to occur inside the GC injector by interchanging the GC injector inlet with the
sample tube. Each prepared sample was packed with 30 mg of fresh OSU-6 (40/60 mesh). Prior
to analyte exposure, the tubes were conditioned in a Markes TC-20 tube conditioner. The tubes
were loaded into the conditioner and heated under a flow of research plus nitrogen gas at 180 ° C

for 2 hours.

Following conditioning, the tubes were exposed 400 ppm of the analyte for 3,6,9, and 12 minutes
for acetaldehyde and 5,10,15 minutes for formaldehyde under 0% RH and 40% RH conditions.
The samples were collected at a flow rate of 10 mL/min controlled by two Dakota Instruments
mass flow controllers (£ 1%). The target RH level was achieved by varying the amount of air

flowing through the humidity module that was connected to the sampling tube.

Analysis was performed by gas chromatography/mass spectrometry (GC(MS)) coupled with
thermal desorption (TD) using a Markes TD-100 connected to an Agilent GC(MS). The TD
instrument was used to thermally desorb the aldehydes within the sorbent tube following
exposure. The desorption experiments took place at 150 ° C using helium at a flow rate of 210
mL/min for 5 minutes. A cold trap (U-T11GPC-25 or U-T12ME-2S) was used to condense the
desorbed vapors, this flushed with helium for 1 minute at a rate of 20 mL/min at -10 ° C. The trap

was then ramped to 280 °C for several seconds at 10mL/min and then held at the final
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temperature for 3 minutes. To further dilute the output of the cold trap a split flow of 200 mL/min
was used. The desorbed analytes were then injected into the GC column with a column flow of 2
mL/min. The chromatographs were recorded using a GC (Agilent 6890 equipped with a 30

m x (.25 mm DB-5MS column) and a mass spectrometer (Agilent 5973N). Under a flow of
helium, calibration standards were made using Markes thermal desorption tubes, and their

solution calibration loading apparatus.

3. Formaldehyde Quantification Method

Before GC(MS) quantification for the formaldehyde samples, they must undergo desorption onto
a DNPH-coated silica gel tube. This was conducted under a predetermined sampling rate (10
ml/min) for 5,10-, and 15-minute exposure time. Once sampled on the OSU-6 the tubes are
desorbed onto the DNPH coated Tenax tubes. Following this step, the amount of formaldehyde

can properly be quantified using GC(MS). A representative chromatograph is shown below in

Figure 8.1.
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Figure 8.1 Formaldehyde chromatograph from TD-GC(MS) from DNPH functionalized tube

The adsorption on the OSU-6 matrix was verified by thermal desorption combined with GC(MS).
The obtained results confirmed the capability of OSU-6 sorbent to effectively sample
formaldehyde under various conditions. The results are shown below as a function of time vs.

thermal desorption intensity.
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Figure 8.2 Linear plot of formaldehyde exposure time and thermal desorption intensity

From Figure 8.2 we can see that OSU-6 was able to quantify formaldehyde even at low
concentrations. This becomes important for active sampling, especially a compound like

formaldehyde, because even at low concentrations serious health effects are observed.
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4. Acetaldehyde Quantification

Acetaldehyde can directly be observed with TD-GC(MS) so the intermediate step which is used
for formaldehyde quantification can be removed. The sampled analyte was directly desorbed and

transferred to the GC(MS); a representative chromatograph is shown below in Figure 8.3.
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Figure 8.3. Acetaldehyde chromatograph from TD-GC(MS) from OSU-6 sampling tube

The sampling tubes were loaded with acetaldehyde (10 ml/min) for various times and the
concentrations were observed as a function of time and thermal desorption intensity, the results

for acetaldehyde quantification are shown in Figure 8.4.
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Figure 8.4. Linear plot of acetaldehyde exposure time and thermal desorption intensity

From the two plots a linear relationship between exposure time and thermal desorption intensity
is observed. This indicates that the OSU-6 sorbent is successfully capturing the analyte and
subsequent desorption for quantification is achieved even at low concentrations. This sorbent
material was used at various column lengths and relative humidity levels, and still showed high
sorption capacities. The use of this new material can be integrated into traditional active sampling
methods for reactive carbonyl compounds. In addition, the new breakthrough determination
method can be a quick and easy low-cost solution to traditional offline methods that are currently

being employed.
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CHAPTER IX

CONCLUSION

In Part 1, XPS was used to characterize binding configurations of multi-junction solar cells in
order to determine if nitrogen defects were passivated after annealing and hydrogenation
treatments. The GalnNAs materials were evaluated extensively undergoing multiple chemical
surface treatments and depth profiling via ion beam sputtering (Chapter I1). The initial spectra
revealed an unknown peak in the nitrogen associated region, which led us to acquire a set of pure
semiconducting samples (InGaAs, InAs, GaAs, GaP, and GaN) to help with understanding the N
1s results in Chapter IlI.

The pure samples (GaAs and GaN) confirmed the peak that was observed in the GalInNAs
materials that had yet to be reference in the literature. The focus of the project was now on
identifying this peak in the nitrogen region. The pure samples of GaAs and GaN both revealed the
same feature with the same characteristics. This is leading us to believe that the peak is associated
with interstitial nitrogen in the lattice due to its high binding energy (410eV). The nitrogen
associated region was studied extensively to ensure the binding energy was accurately assigned
and the peak was reproducible.

After studying multiple variations of these materials, we have concluded that this unidentified
peak is a form of interstitial nitrogen in the lattice. The high binding energy of this peak and its

intensification after nitrogen ion implantation leads us to this conclusion. The future direction of
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this project will be to perform DFT calculations on these binding energies in order to determine

with geometries provide the XPS peak at the experimental location.

In Part 2, a new sorbent material for capturing highly reactive compounds was studied for its use
in active sampling. With an increase in anthropogenic sources of VOCs urbanized areas are
becoming more susceptible to high concentrations and exposure to these toxic compounds that
can have adverse effects on human health. Among these known pollutants, a interest in sampling
low molecular weight aldehydes is important due to their carcinogenic nature even at low

concentrations.

A nanoporous silica sorbent named OSU-6 was explored in this study for its use in acetaldehyde
and formaldehyde sampling followed by thermal desorption and gas chromatography/mass
spectrometry (TD-GC/MS) analysis (Chapter VI). The use of this material will mitigate problems
that arise during sampling with the use of nanoconfinement technology which stabilizes reactive
organic compounds. A series of analyses were performed to determine the material's sorption
capacity in a variety of sampling conditions. Following the breakthrough determination, the
concentrations were quantified (Chapter VII) using thermal desorption-gas chromatography/mass

spectrometry (TD-GC/MS).

From these experiments, we have determined that OSU-6 sorbent is an excellent sorbent material
for capturing and desorbing low molecular weight aldehydes. From various test conditions we
have concluded that this material has successfully captured these compounds even at low
concentrations and high relative humidity environments. The nanoconfinement technology and
the materials interness allows it to successfully capture these compounds without reacting and
forming secondary products. Following a subsequent analysis step, the OSU-6 sorbent was able

to release the compounds using thermal desorption where it was then quantified with GC(MS).
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The formaldehyde was effectively quantified using a new 2-step method in which it was captured
using the OSU-6 sorbent and desorbed onto a DNPH coated tube. This allowed for GC(MS)
determination of the formaldehyde concentrations. These features make OSU-6 a candidate for
active sampling in a variety of conditions, along with a new uptake capacity determination

method.
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