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Abstract

This study involves the chemical composition of thin films (100-200A) of uranium oxide,
created through DC magnetron sputtering, as deposited as well after aging in the lab for a
time lapse of over one year. The oxidation state of the uranium oxide films is
investigated through x-ray photoelectron spectroscopy (XPS). The sample is placed
under high vacuum and bombarded with x rays of known energies, producing
photoelectrons. The energy of the ejected electrons is determined by an electron detector,
and the number of electrons collected at each energy is counted. By this method, the
bonding energy of the electrons at and near the surface is determined. The data shows
that the surface oxidizes gradually over a period of months. By comparing our work with
that of Teterin [1] (“A Study of Synthetic and Natural Uranium Oxides by X-Ray
Photoelectron Spectroscopy.” J. Phys. Chem. Minerals. 1981) it is concluded that the
valence electrons of the uranium samples are intermediate between UO2 and UOs3, with
UO3 becoming more prominent as the sample has more time to oxidize. The
composition below the surface is studied by using a beam of energetic argon ions to
sputter off layers of the film, while periodically examining the sample with XPS.
Nitrogen is also detected in the film, making up approximately 15% of the composition.
It may have been incorporated into the samples during reactive sputtering. The amount
of oxygen appears constant with depth and appears consistent with UO2. After over one
year of exposure to atmosphere, the surface layer of the uranium trioxide is

approximately 1nm thick.
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I. Introduction

The study of thin films (100—2OOA) as multilayer or single surface mirrors in the
extreme ultraviolet (EUV) radiation range has been growing in the scientific community
over the past years [1], [2]. Producing reliable mirrors at in this range will prove
beneficial in many areas of technology, specifically lithography, medical equipment and
space observation [3].

The physics department at Brigham Young University produced thin films
containing uranium that were used in the IMAGE satellite project in 2000 for this
purpose. It had been suggested that, theoretically, uranium should have very high
reflectance in the desired range, and thus uranium/silicon multilayer reflectors were the
initial product. But as the films sat open to atmosphere, the uppermost uranium layer
bonded with the oxygen, chemically altering the surface of the mirrors. However, these |
altered films actually served better in their intended optical purpose than had been
anticipated [4]. This has fostered more study of uranium oxide films as EUV mirrors.

One particular difficulty with uranium dioxide is that it is chemically unstable,
especially when in the form of a powder or thin film [5]. Thus the samples require

continuous compositional studies to determine the rate of oxidation as the films are left

open to atmosphere.



I1. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive method that uses
the photoelectric effect to determine the composition of thin films. Aluminum is
bombarded with high-energy electrons (10keV) to create a stream of x rays. As these low
energy x rays are quickly absorbed by air, the measurements must be conducted at
extremely low pressures. In the system employed for this study, the base pressure was
10 torr. These x rays then impinge on our films. If the x ray has sufficient energy, an
atom is ionized, and an electron is ejected from the sample. A position sensitive electron
detector determines the kinetic energy of the electron. The hemispherical shape of the
detector disperses the electrons across a resistive plate according to their energy. By
analyzing the position of the electron after traversing the hemisphere, its energy can be

determined.

Figure 1. The X-Ray spectroscopy system used in this study. An ESCA SSX-100, located in the Brigham
Young University Department of Chemistry and Biochemistry




By knowing the energy of the original x ray and the kinetic energy of the emitted

electron (provided it experiences no energy loss from collisions), the energy with which
the electron was bound to the atom, E}, can easily be determined by the following
equation:
Ey=hv-E

where Ao is the energy of the incident x ray and Ej is the kinetic energy of the ejected
electron. Each atom or molecule has characteristic energies with which their electrons
are bound. Thus from this binding energy, information can be obtained about the relative
abundance of different elements in a sample and its approximate chemical composition.

The sampling depth from which the electrons escape without energy loss depends
on two factors: the kinetic energy of the electron and the electron escape angle. Beyond
100eV, an electron with greater kinetic energy can travel through more material before
undergoing inelastic scattering and thus losing its energy. Hence, weakly bound
electrons come from deeper in the sample.

As can be seen qualitatively from figure 2, the sampling depth is proportional to

the cosine of the electron escape angle.

Figure 2. The dependence of sampling depth on escape angle of electrons. [6]




Electrons escaping at an angle near normal can travel further within the sample

before scattering and thus the sampling depth will be greater. [7] Electrons escaping at a
near-grazing angle will give more information about the surface.

While XPS reveals information orly about the near-surface region of our sample,
we can incorporate this technique with ion sputtering, which allows the composition to be
determined at different depths within the film. The sample is bombarded with argon ions,
which effectively sputter off layers of the film. As the sample is sputtered away, it is
periodically scanned by XPS to ascertain the chemical composition. However, the depth
at which we scan can only be determined qualitatively, as there are no determined
sputtering rates for uranium oxides. A rough model, in which we assume constant

density throughout the sample, is used to determine relative depth composition.




[II. Background

Several XPS studies have been done of bulk uranium oxides in an attempt to
understand oxidation rates and bonding parameters of oxygen and uranium [8], [9], [10].
An effort of special interest is determining which electrons in uranium are involved in the
bonding process and the effects these bonds have on the energies of various uranium
electron bands. As the uranium becomes more oxidized, the molecular orbitals shift in
binding energy. These shifts are used to qualitatively understand the behavior of uranium
sample oxidation.

Teterin [8] extensively studied various uranium oxides using XPS. The studied
samples were in the form of both finely dispersed powders and compact pressed powders
on indium and titanium substrates. Spectra were taken three times for each sample. The
data obtained from each type of sample was the varied only within experimental limits.
The positions of the uranium 4fs, and 4f;» energy peaks are especially helpful in
determining composition as it changes with the different amounts of oxygen. Figure 3
from Teterin shows how the peaks shift to higher binding energies with increased

oxidation.
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Figure 3. Relative intensity versus binding energy for electrons in the U4fs, and 4f7; orbitals 8]
The Ols energy peak also shows great variance for different oxidation states. As
can be seen from figure 4, it is actually composed of two closely positioned peaks that
vary in intensity as oxidation changes. The higher energy peak becomes more prominent

as O/U ratio changes from 2 to 3.
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Figure 4. Relative intensity versus binding energy for electrons in the Ols orbital. [8]

Comparison to published data can provide qualitative information as to the
behavior of the films, but cannot necessarily give quantitative indications. Thus a more
exact determination of the composition can be established from a relative comparison of
electron energy peak areas.

The number of photoelectrons per second () in a specific spectra peak can be
determined the equation:

N=n-f-c-8-y-1-A-T
where 7 represents the number of atoms of the element per cm’ in the sample, fis the x-

ray flux in photons/cm*/sec, o is the photoelectric cross-section for the atomic orbital of
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interest in cm”, @ is a factor of angular efficiency of the instrumental arrangement in

radians, based on the angle between the photon path and the detected electron, y
represents the efficiency in the photoelectric process for formation of photoelectrons of
the normal photoelectron energy, 4 is the mean free path of the photoelectrons in the
sample in cm, 4 is the area of the sample in cm’, and 7 is the detection efficiency for
electrons emitted from sample[11].

The above equation can be solved for » and a ratio of atoms per element can be

determined by the equation:

where S is defined as the atomic sensitivity factor. Values of S can be determined
experimentally and are known for most elements [12].

In the ion sputtering process, it is valuable to know the depth at which each scan
is being taken. Without a definitive knowledge of the sample’s composition, it is not
possible to determine an exact sputtering rate. However, it is known that the sputtering
rate will be proportional to the density of the sample as well as the sputtering time. As
our results show fairly constant composition, we will assume uniform density and

determine a relative scanning depth based solely on the sputtering time.




IV. Experimental Procedure

The samples of uranium oxide are produced through DC magnetron sputtering.
The uranium is deposited on silicon wafers in the presence of oxygen (partial pressure of
3*10™ torr) creating a uranium oxide film. The base vacuum pressure is maintained
below 4*10° torr, while the partial pressure of argon is 4* 107 torr. The uranium is
allowed to deposit to a thickness of approximately 30nm [15].

The thicknesses are determined with atomic force microscopy, low-angle x-ray
diffraction and ellipsometry. The reflectance of the samples is measured by the
monochromator at Brigham Young University as well as by the synchrotron at the
University of California Berkeley.

An SSX-100 ESCA (Electron Spectroscopy for Chemical Analysis)
Spectrometer is used to gather electron binding energies. It is calibrated monthly by the
Audf line, which is located at a binding energy of 83.98eV, as well as the Cu2p and 3p
lines at 75.13eV and 932.66¢eV, respectively, to ensure consistently precise results. The
pressure within the chamber is maintained at 2-6* 10" torr for high resolution scans. All
scans shown in this paper are done with a detector angle of 35°, unless otherwise noted.
Compositions are determined through comparison to other works [8] as well as computed
using the analysis program, ESCAVB [13], which employs the peak area comparison
method.

In sputtering the sample, a SPECS ion gun system (PU-IQE 12/38) was used. A
spot of 1.5 mm®* was rastered for 20-120 seconds between each XPS scan.

Between tests and scans, samples are stored in plastic containers which are left

open to atmosphere.




V. Data

Surface Composition
The surface of a sample of uranium oxide was measured through XPS over the
course of one year. Figures 5 and 6 below show the survey scans of the sample (for more

graphs, see appendix).
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Figure 5. Survey scan of initial uranium oxide sample
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Figure 6. Survey scan of uranium oxide 52 weeks after deposition

Identifying Peaks: 99eV — U5ds;,
107eV — U5d3/2

153eV — Si2s
198eV — USpspn
285eV - Cls

382eV — U4ty

393eV — U4f5/2
531eV - 0ls
740eV — U4d5/2
783eV — U4d3/2
975eV — O Auger

By comparing areas underneath the major peaks of uranium, oxygen and carbon,

the relative composition of the surface was determined and is displayed in figure 7.
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Figure 7. Percentage composition with time determined by peak area comparison.




To see more clearly the behavior of the Ols and U4f peaks, high resolution scans

were performed over small energy ranges. Figures 8-10 show the U4f7; and Udfs)

peaks, and figures 11 and 12 show the Ols peak. (For more graphs, see appendix.)
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Figure 8. U4fs; and U4f7, peaks of initial sample.
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Figure 9. U4fs, and U4f7, peaks of sample 12 weeks after deposition.
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Figure 10. U4fs; and U4fy, peaks of sample 52 weeks after deposition.
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Figure 12. Ols peak scanned 52 weeks after deposition.

After allowing time (over a year) for the sample to come to a fairly stable state,
the surface was sputtered with an argon ion gun and the composition was determined
with depth. Figure 13 below shows the composition calculated through relative peak

areas.
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Figure 13. Relative composition with relative depth determined through peak area comparison.
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The U4fs,, U4f;, and Ols peaks were also looked at with higher resolution and

the peak energies are charted below.
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Figure 15. Position of U4fs, peak with depth
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Figure 16. Position of Ols peak with depth.
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V1. Discussion

From the two observed peaks, we see two different trends. On the surface the
Ols peak indicates that the sample is moving to a higher oxidation state. Figure 17
shows how the composition changes with time, with composition ascertained by

comparison to Teterin[8]. It appears as though the surface of the sample will completely

oxidize to UO; with time.
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Figure 17. Oxidation states of uranium oxide over time. The top line represents the percentage of UO; while the bottom represents
that of UO,.

The U4f peaks, however, show a different trend. If the sample is shifting to a
higher oxidation state, the uranium peaks should move to a higher energy. Yet, we can
see from the charts that the peaks moved to a lower energy, indicating that the sample is
moving to a lower oxidation state. This trend occurred for the first 18 weeks, after which
the peaks began to shift to higher energies. This i1s due to the fact that, as noted
previously, the sampling depth of XPS is a function of the electron’s kinetic energy. The

kinetic energy for the ejected Ols electrons is approximately 950eV while that of the U4f
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electrons is 1110eV. From studying figure 18 [14], the difference in sampling distance
can be determined. (The y-axis is measured in nanometers, while the x-axis is in electron

volts.)
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Figure 18. The sampling distance of an electron as a function of energy [14]

Thus, the difference in kinetic energy equates to a difference in sampling depth.
Hence, the Ols peak is somewhat more sensitive to oxidation near the surface, while the
U4f peaks probe the oxidation condition to a somewhat greater depth. It is obvious that
the two trends are not identical.

The scans run at larger angles are in agreement with what was determined for the
U4f and Ols peaks at 30°. The scan done at 55° (which samples a greater depth than 75°)
shows a slightly lower oxidation state than the scan done at 75°, but a higher oxidation
state than that at 30°.

The depth profiling data indicates non-uniform composition throughout the
sample. The uranium at the surface is in a higher oxidation state than the rest of the
sample. As we penetrate deeper into the sample, the uranium to oxygen ratio is fairly

consistent with UO,. As the silicon wafer is approached, the amount of oxygen goes up.
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This may be due to bonding of oxygen with silicon; however, the shift in the uranium

peaks indicates that the uranium is also bonding with more oxygen. Thus the top and

bottom of the sample both have higher oxidation states thén the bulk of the sample.
Nitrogen is detected below the surface of the sample, increasing to and leveling
| off at approximately 15% of the composition. The position of the nitrogen peak is at
398eV, while the U4f;, peak is at 391eV. The proximity to the uranium peak creates
difficulty in detecting the presence of nitrogen, as the uranium peak will overlap the
nitrogen peak. Thus it is more likely that the amount of nitrogen is consistently 15%
throughout the sample, it is simply not detected until the uranium peaks begin to

decrease.




VII. Conclusion

Based on the data collected through x-ray photoelectron spectroscopy, it appears
that the uranium oxide samples continue to oxidize after deposition, approaching a stable
composition after a period of several weeks. In comparing to Teterin [8], it appears that
the surface is initially UO, and slowly oxidizes to UOs;. However, the depth profiling of
the film indicates that bulk of the sample remains at the initial composition of UO,. Near
the silicon wafer, the oxidation state may be higher.

The surface easily collects high amounts of carbon which may cause problems in
the reflectance of the mirrors. This problem has been under investigation by members of
the BYU thin films research group. It has been found that UV cleaning effectively
removes all carbon from the surface of silicon oxide films with a relatively short amount
of exposure time (approximately 5 minutes). However it is possible that this may cause
further oxidation or other damage to the surface. More studies are needed to determine
the effect of this cleaning on other surfaces, such as uranium oxide.

Although the uranium was believed to be sputtered only in the presence of
oxygen, nitrogen may also have been present as it is found consistently throughout the
films. It is unknown how this nitrogen may be bonded to the uranium oxide. Further
investigation 1s needed to determine what role the nitrogen plays in our compound.
Pressures of nitrogen in the DC sputtering chambers were not recorded. Additional

investigation of the initial depth profile is required to determine if this is indeed the

source.




Appendix

A. Survey scans of uranium oxide sample
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Figure 19. Survey scan of initial uranium oxide sample.
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Figure 20. Survey scan of uranium oxide sample 12 weeks after deposition.
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Figure 21. Survey scan of uranium oxide sample 25 weeks after deposition.
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Figure 22. Survey scan of uranium oxide sample 52 weeks after deposition.




B. High-resolution scans of U4fy, and U4fs;, peaks
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Figure 23. U4fy, and U4fs; peaks of initial uranium oxide sample.
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Figure 24. U4f;, and U4fy, peaks of uranium oxide sample 12 weeks after deposition.
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Figure 25. U4f7, and U4fs;; peaks of uranium oxide sample 25 weeks after deposition.
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C. High-resolution scans of Ols peak of uranium oxide sample
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Figure 27. Ols peak of initial uranium oxide sample.
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Figure 28. Ols peak of uranium oxide sample 12 weeks after deposition.
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Figure 29. Ols peak of uranium oxide sample 25 weeks after deposition.
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