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Uranium Oxide as a Highly Reflective Coating
from 100-400 eV

Richard L. Sandberg, David D. Allred*, Luke J. Bissdll,
Jed E. Johnson, R. Steven Turley

Department of Physics and Astronomy, Brigham Young University, N-283 ESC, Provo, UT USA 84602

Abstract. We present the measured reflectances (Beamline 6.3.2, ALS a LBNL) of naturally oxidized uranium and naturaly
oxidized nickel thin films from 100-460 eV (2.7 to 11.6 nm) at 5 and 15 degrees grazing incidence. These show that uranium, as
UO,, can fulfill its promise as the highest known single surface reflector for this portion of the soft x-ray region, being nearly twice as
reflective as nickel in the 124-250 eV (5-10 nm) region. This is due to its large index of refraction coupled with low absorption.
Nickel is commonly used in soft x-ray applications in astronomy and synchrotrons. (Its reflectance at 10° exceeds that of Au and Ir
for most of this range.) We prepared uranium and nickel thin films via DC-magnetron sputtering of a depleted U target and resistive
heating evaporation respectively. Ambient oxidation quickly brought the U sample to UO, (total thickness about 30 nm). The nickel
sample (50 nm) also acquired a thin native oxide coating (<2nm). Though the density of U in UO, is only half of the metal, its
reflectanceis high and it isrelatively stable against further changes.

INTRODUCTION

This article reports the most recent results in our group’s investigation of the possibility that uranium thin films can
be used to increase the low-angle reflectance currently available for thin-film single-layer reflectors at about 140-250 eV
(5-9 nm).[1] Here we report on recent reflectance measurements from 100-460 eV (2.7 to 11.6 nm) comparing naturally
oxidized uranium to nickel (and nickel oxide) thin-film reflectors. Nickel was chosen for the reflectance comparison
because of its wide use as a thin-film reflective coating in optical systems for the EUV and soft x-ray range.[2] Nickel’'s
average reflectance exceeds that of gold and iridium, the other common choices for reflectors in this range. The
uranium oxide and nickel samples were deposited through DC magnetron sputtering and thermal evaporation
respectively at Brigham Young University. The reflectance measurements were conducted at the Advanced Light
Source’'s Beamline 6.3.2 at the Lawrence Berkley National Laboratory. We find that the low-angle reflectance of
uranium oxide surfaces exceeds that of nickel over alarge wavelength range.

Uranium has a high predicted reflectance from the atomic scattering factor model due to its high density and large
number of electrons (see Fig. 1). There have been several efforts to use uranium and, later, its oxides, as constituentsin
reflectors. First, a group at MOXTEK® investigated the preparation of U/Sc multilayer mirrors in the water window in
1993-5.[3] Second, our group used uranium in the late 1990's to prepare several near-normal-incidence U/Si EUV
mirrors with high reflectance at 41 eV (30.2 nm) and low reflectance at 21 eV (59.0 nm)[4,5] for the Image spacecraft
which currently orbits the Earth.[6] A third potential application of uranium for broadband, low-angle-of-incidence
mirrors for the 100 to 300 eV (4.1 to 12.4 nm) range was suggest to us by Prof. Webster Cash (University of
Colorado).[2] He had performed calculations in the mid 1990s indicating that uranium might produce phenomenal
single-surface mirrors for x-ray astronomy, perhaps twice as reflecting as the nickel, gold or iridium mirror traditionally
used for low-angle reflectance. We reported our first soft x-ray measurements of uranium films with, and without, an
ultrathin carbon “barrier” top layer ayear ago at the SPIE Annual Meeting of 2002.[1]

This paper reports follow up research on this earlier work. We compare the soft x-ray, low-angle reflectance of
uranium covered with its native oxide (UO,)[7] to nickel, a standard material for low-angle, soft x-ray reflectance. The
nickel also has a native oxide, NiO, but, for the same exposure to air, it is much thinner than the UO,; although, NiO like
Ni is very absorbing.
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FIGURE 1. The reflectance at 5° from grazing for Ni, NiO, U, and UO, predicted by the atomic scattering factor model from the
CXRO website.[8]
METHODOLOGY

The uranium oxide and nickel samples were deposited on pieces of commercialy available, polished silicon test wafers
(100 orientation) and on pieces broken from fused quartz slides. The typical surface roughness (RMS) was examined using
AFM and was ~0.2 nm over a 100 by 100 nm area. The DC magnetron sputtering and evaporation systems are located in the
Department of Physics and Astronomy at Brigham Y oung University and the processes followed are similar as those described
in previous works by the BYU EUV group.[1,4,5,6,7,9,10]

The uranium samples were sputter deposited in a cryopumped (CryoTorr 8) chamber. The uranium sputter targets were
depleted uranium metal (less than 0.2% U-235). Radiation from the filmsis low. A Geiger counter cannot detect the radiation
from the ultrathin uranium samples above background radiation. Prior to this study, studies of the oxidation rates of uranium
thin films have been conducted.[7] When we refer to the reflectance and other properties of the uranium oxide film used in the
study, it should be understood that this means the most abundant natural oxide of uranium, UO,. Our nickel films were
prepared by evaporating Ni wire from a resistively heated tungsten boat (RD Mathis Co.) in a large, cryopumped, stainless
steel “bell jar” coater. The base pressure of the system was 3.2 x10™ Pa (2.4 x10°® torr). Quartz crystal monitors were used to
measure the sputter or evaporation rates respectively. Two samples were deposited and are referred to as NiO on Ni and Ni on
guartz deposited on silicon and quartz respectively.

Thin-film interference of scattered x rays was used to determine the thickness of our deposited thin films. Using a
Scintag® X-ray diffractometer (XRD), we measured the low-angle reflectance at Cu-Ka, giving particular interest to
interference maxima and minima. Modeling the XRD data using Scintag software gives the approximate thickness of our
samples. Subsequently, we used IMD to model our layers.™* By adjusting the thickness of the modeled layer, the diffraction
peaks of the model and the measured XRD can be matched, giving the layer thickness. For nickel, this thickness was 49.7+0.5
nm. For the uranium oxide sample this was 31.8+0.5 nm.

The reflectance measurements were conducted at the Advanced Light Source (ALS) at Lawrence Berkley National
Laboratory at the University of California-Berkley on Beamline 6.3.2. The process of normalization to extract reflectances are
described in more detail along with further details on Beamline 6.3.2 at the CXRO webpage and can be found in
Underwood.[8,12,13] Different filters corresponding to these gratings select which wavelength ranges are desired. However,
the filters do not perfectly suppress other orders than the desired order, so the source is not perfectly monochromatic. This
polychromaticity can cause measured reflectances of overlapping wavelength regions to differ dightly as can be seenin Fig. 2
and Fig. 3 at 146, 188, and 276 €V. Also, some of the measurements on the nickel samples were made after the sample had
been removed and then returned to the reflectometer. We attribute the inconsistencies seen in our measured data to these two
factors.

DATA

Here we present the reflectance data measured at ALS Beamline 6.3.2 on June 13-15, 2003. We separate the data
presented here into two categories depending upon the grazing incidence angle at 5° or 15°. The graphs are split up into the
corresponding wavelength scans available at Beamline 6.3.2. Each chart has three lines. The curves with squares, circles and
triangles correspond to the measured reflectance of UO,, NiO on Ni, and Ni on Quartz respectively.
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FIGURE 2. Measured reflectance of UOx, NiO on

Ni, and Ni on quartz at 5 degrees from 106-460 €V.
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FIGURE 3. Reflectance at 15 degrees of UO2, NiO on Ni, and Ni on Quartz from 106-460 eV.
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As shown in Fig. 2, at 5° uranium oxide reflects more than nickel from 146 to 345 eV (3.6 to 8.5 nm). At this lower
grazing incidence angle, uranium oxide has a maximum reflectance of 80% from 188 to 240 eV (5.2 to 6.6 nm) as shown in
Fig. 2. This value is 20-40% greater than the reflectance of nickel here. Notice in Fig. 2 the dip in reflectance of al three
graphs at about 285 eV (4.3 nm). This may correspond to the absorption edge of carbon near 284 eV which may be due to thin
organic layers that form on surfaces when they are exposed to ambient air. In Fig. 2, we also notice two interesting features of
uranium oxide. First, we notice a feature similar to an interference minimum at about 135 eV (~9.4 nm) which we will see
appear more strongly at higher angles. Second, we notice an apparent absorption edge at 100 eV (11.4 nm). At 15°, uranium
oxide reflects more than nickel from 114 to 196 eV (6.3 nm to 10.9 nm). Asseenin Fig. 3, uranium oxide reaches a maximum
reflectance of 33% at 120 eV (10.3 nm). This wavelength also corresponds to a strong interference fringe. The existence and
significance of this fringe is discussed elsewhere.[10]

CONCLUSIONS

Naturally oxidized uranium thin-film reflectors were found to be more reflective than nickel or nickel oxide on nickel
over alarge range of angles and wavelengths as predicted by the ASF model. Specifically, uranium oxide reflects more than
nickel at 5° grazing incidence from 146 to 345 eV (3.6 to 8.5 nm) and at 15° grazing incidence from 114 to 196 eV (6.3 nm to
10.9 nm). The maximum reflectance from 100-460 eV of this uranium oxide was measured to be an impressive 80% at 5° and
33% at 15° grazing incidence. We therefore recommend that uranium oxide-based mirror coatings should be developed and
implemented for future projects where broadband, low angle, soft x-ray mirrors are required.
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