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X-ray photoelectron spectroscopy in combination with secondary ion mass 

spectrometry depth profiling were used to investigate the surface and interfacial 

chemistry of C
+
 ion implanted polycrystalline uranium subsequently oxidized in air for 

over 10 years at ambient temperature. The original implantation of 33 keV C
+
 ions into 

U
238

 with a dose of 4.3 x 10
17

 cm
-3

 produced a physically and chemically modified 

surface layer that was characterized and shown to initially prevent air oxidation and 

corrosion of the uranium after 1 year in air at ambient temperature. The aging of the 

surface and interfacial layers were examined by using the chemical shift of the U 4f, C 1s 

and O 1s photoelectron lines. In addition, valence band spectra were used to explore the 

electronic structure of the aged carbide surface and interface layer. Furthermore, the time-

of-flight secondary ion mass spectrometry depth profiling results for the aged sample 

confirmed an oxidized uranium carbide layer over the carbide layer/U metal interface. 
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I. INTRODUCTION 

 The continued development of advanced nuclear fuel technologies for a carbon-

free energy supply requires the prevention of corrosion and oxidation of uranium. Of the 

many proposed fuel variants for Generation IV nuclear reactors, uranium and plutonium 

carbides, which are metallic in nature, are of great interest and possess several inherent 

advantages when compared to conventional oxide fuels. [1-5] Understanding the surface 

reactions of uranium and its alloys with a mixture of environmental and atmospheric 

agents, and the subsequent degradation processes, are vitally important in 21
st
 century 

nuclear technology. Reviews of the oxidation of actinide elements and their use in 

catalysis [6, 7] summarize the present understanding of the kinetics and chemical reaction 

mechanisms. 

 Researchers have used N2
+
 and C

+
 ion implantation to modify the near surface 

region chemistry and structure of uranium to affect the nucleation and growth kinetics of 

corrosion and to passivate the surface. [8-10] Auger electron spectroscopy (AES) was 

used in conjunction with sputter depth profiling to show that the implanted surfaces had 

compositional gradients containing nitrides and carbides. This was confirmed by a later 

study using X-ray photoelectron spectroscopy (XPS) and secondary ion mass 

spectrometry (SIMS) [11] that showed a buried U-carbide layer and a wide diffuse 

carbide layer/U metal transitional interface that strongly suppressed oxidation. Additional 

AES depth profile measurements of N2
+
 and C

+
 ion implanted U surfaces aged in air at 

ambient temperature for up to 5 years revealed enhanced inward diffusion of the 

implanted ion and that the misfit strain that is accommodated within the implanted layer 

is relieved as the layer becomes amorphous. [12] In addition to chemical and structural 
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modification, ion implantation can create special reactive surface species that include 

defect structures that affect the initial adsorption and dissociation of molecules on the 

surface. The mechanical stability and protection against further air corrosion provided by 

the modified surface layer for extended times needs further investigation. 

 This paper presents new results from an investigation of the original C
+
 implanted 

U surface and interface chemistry after aging in air for over 10 years at ambient 

temperature. Core-level and valence band spectra provide definitive information on 

surface and interface oxidation state and electronic structure. In addition, time-of-flight 

secondary ion mass spectrometry (ToF-SIMS) depth profiling results provide a 

comprehensive characterization of the ion-implanted surface and interface. Our results 

show that the C
+
 implantation greatly impedes the oxidation of the metal. 

 

II. EXPERIMENTAL 

 The polycrystalline U sample employed for this study is the same one used in Ref. 

11 after aging in air for over 10 years at ambient temperature. The implantation operating 

conditions are explained in detail in Ref. 11. Note that the TRIM calculated sputtering 

rates of the surface oxygen and surface uranium by the implanting carbon ions were 44% 

and 23%, respectively, and that the thin initial oxide layer (≈20 nm) was sputtered and 

modified during the ion irradiation. Recall that part of the sample was masked to provide 

ready comparison of implanted versus non-implanted material.  The contrast between 

implanted and non-implanted areas is distinct with the implanted area being darker in 

appearance.  The appearance of the implanted area has remained unchanged after 10 
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years in "standard" California environment (ambient temperature, 50% relative 

humidity). 

 X-ray photoelectron spectroscopy (XPS) was performed on a PHI Quantum 2000 

system using a focused monochromatic Al K x-ray (1486.7 eV) source for excitation 

and a spherical section analyzer.  The instrument has a 16-element multichannel detection 

system.  A 200 m diameter x-ray beam was used for analysis.  The x-ray beam is 

incident normal to the sample and the x-ray detector is at 45° away from the normal.   

The pass energy was 23.5 eV giving an energy resolution of 0.3 eV that when combined 

with the 0.85 eV full width at half maximum (FWHM) Al K line width gives a 

resolvable XPS peak width of 1.2 eV FWHM. Curve fitting of non-resolved core-level 

peaks and determination of the Auger peak position was accomplished using Multipak 

9.2 (PHI). Curve fitting routines with asymmetric line-shapes and a Shirley background 

were used for the U 4f core-level. The collected data were referenced to an energy scale 

with binding energies for Cu 2p3/2 at 932.72± 0.05 eV and Au 4f7/2 at 84.01± 0.05 eV. 

Binding energies were also referenced to the C 1s photoelectron line arising from 

adventitious carbon at 284.8 eV. XPS core-level analysis in combination with ion beam 

sputtering (1 kV Ar
+
, 3 x 3 mm) was performed to determine composition and bonding 

versus depth. The U sputter rate is estimated to be ≤2 nm/min. from a 100 nm SiO2/Si 

standard. Low energy electrons and argon ions were used for specimen neutralization. 

ToF-SIMS depth profile measurements were conducted using a PHI TRIFT III in 

single-ion source mode.  The liquid metal Ga ion gun was operated at 15kV with a beam 

current of 5 x 10
-8

 A, an incidence angle of 45° and was used for both sputtering and 

analysis. Raster areas for dc ion beam sputter and analysis are 200 µm x 200 µm and 50 



LLNL-JRNL-689488 

5 

µm x 50 µm, respectively.  Since the sputter rate of the U substrate was not previously 

determined, the depth scale reported in these figures was converted using sputter rates for 

a SiO2/Si standard. It is important to point out that significant ion mixing effects are 

expected under the 15kV Ga ion beam sputter.  Such ion mixing can also reduce depth 

resolution as seen in the depth profile figures below. 

 

III. RESULTS AND DISCUSSION 

Figure 1(a) shows the negative ion depth profile results from the non-implanted 

oxidized region after 10 years in ambient air.  After removal of the surface contaminants, 

the total ion and oxygen ion signals remain steady and show a 300 nm thick oxide that is 

thicker than the previous oxide layer on this same non-implanted region. [11] Also note 

that carbon and uranium carbide were both observed.  Judging by the low signal intensity 

of the UC2 peak and its slow growth with depth, we attribute it to Ga
+
 sputter induced ion 

mixing. The observed UO2 signal mimics the O signal intensity with depth and is 

probably due to O diffusion into the bulk, especially along grain boundaries in this 

polycrystalline material. Given our mass resolution, fluorine was definitively identified 

and is due to either surface contamination from fluorocarbons or to the origin of the 

polycrystalline material. In this measurement of the oxidized surface, we did not sputter 

through the entire oxide thickness to reach the underlying metal. 

 Figure 1(b) presents the positive and (c) the negative ion depth profile results 

from the 33keV, 4.3 x 10
17

 cm
-2

 C
+
 implantation after 10 years ambient air exposure. The 

total ion level is no longer constant for either positive or negative secondary ion profiles 

due to the elemental composition gradient in the implant layer. Comparing these profiles 
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to the previous SIMS depth profile results [11] we note that the carbon layer has 

thickened  

 (a) 

 (b) 

 (c) 
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 (d) 

Figure 1. ToF-SIMS (a) negative ion depth profile of non-implanted (oxidized), (b) 

positive ion depth profile and (c) negative ion depth profile of C
+
 implanted regions after 

10 years of ambient air exposure, (d) 3-D depth profile image. 

 

after aging for 10 years. It is also interesting to note that the fluorine rich region seen 

previously [11] was again observed at the surface and through the oxycarbide layer.  This 

is consistent with the possible fluorine source discussed in Fig. 1(a).  The carbon signal in 

the negative ion depth profile shows a well-defined implant layer between 25 – 300 nm 

and a wide diffuse carbide/metal interface transition.  The positive ion depth profile 

shows a distinct oxy-carbide surface layer over a uranium carbide layer.  A 3-D depth 

profile image summarizing these results is presented in Figure 1(d).  

 Figure 2 presents the U 4f7/2,5/2 core-level spectra for the aged C
+
 implanted U 

surface as a function of sputter etch time. The associated quantitative compositional 

analysis and elemental ratios versus depth are summarized in Figure 3(a) and (b), 

respectively, as calculated using Multipak 9.6 (PHI) instrument specific relative 

sensitivity factors with measured core-level peak areas. Note that the quantitative 

compositional analyses and elemental ratios for the air-exposed C
+
 implanted U surface 
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seem to indicate the presence of an oxy-carbide compound in support of Arkush, et al, 

proposed model. [8]  

 

 

Figure 2. XPS U 4f7/2,5/2 core-level spectra versus sputtered depth for the aged C
+
 

implanted region. 

 

 

 



LLNL-JRNL-689488 

9 

(a) 

(b) 

Figure 3. (a) XPS compositional depth profile and (b) elemental ratios versus depth 

 

These facts compliment the ToF SIMS results showing the presence of a thin oxy-carbide 

layer over the transitional U-carbide layer in the air exposed C
+
 implanted area, and a 

thicker oxide layer in the case of the non-implanted air exposed region. 

Curve fitting of the U 4f7/2,5/2 spin-orbit pair for the as received aged sample 

reveals two 4f7/2 components at 380.0 eV and 380.8 eV indicative of U
4+

 and U
5+

, 
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respectively. [13-17] The higher binding energy component is lost after 1 minute sputter 

and the full width at half maximum (FWHM) is 1.6 eV. The initial spectra for the as 

received oxidized surface also exhibits the shake-up satellite feature present 6.8 eV above 

the main U 4f7/2 peak that is typical for an oxidized surface. The phenomenon responsible 

for the shake-up satellites is the excitation of an electron from the O 2p–U bonding 

orbital to a partially occupied or unoccupied U 5f orbital. However, note that these 

satellite features are not present in the initial U 4f spectrum for the C
+
 implanted surface, 

but begin to appear after a 1 min. sputter etch.  

Following further sputter depth profiling of the aged C
+
 implanted surfaces, the U 

4f7/2 peaks broaden towards the lower binding energy side and the FWHM increases to 

2.4 eV thus indicating the presence of multiple oxidation states. Specifically, asymmetric 

peak fitting results for the U 4f7/2 core-level spectra yields an additional component at 

377.2 eV that represents the underlying metallic uranium. [13-17] In the case of the C
+
 

implanted U surface, this broadening is much more pronounced and curve fitting yields 

two additional U 4f7/2 components at 377.2 eV and 378.2 eV. The binding energy of the 

additional component at 378.2 eV is in agreement with literature values for UC. [18-21] 

Component analyses for the U 4f7/2 spectra are graphically summarized in Figure 4 to 

show the variation of uranium speciation.  The percentage of uranium as an oxide appears 

to fall linearly with depth between 0 and 30 minutes of sputtering.  The constant amount 

of oxide present for 30+ minutes sputter durations likely corresponds to the oxide grown 

during the acquisition of the XPS spectra. 
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Figure 4. Variation of uranium speciation with depth from XPS analysis of U 4f peak in 

the C+ implanted uranium sample aged 10 years.  

 

 The C 1s core-level spectra for the aged C
+
 implanted U surface versus sputter 

etch time is presented in Figure 5. The binding energy of the initial C 1s peaks for the 

implanted surface is 284.8 eV, 286.2 eV and 288.5 eV representing C–H, C–O and O–

C=O bonding, respectively. [22] Sputter depth profiling of the C
+
 implanted surface 

reveals a broad C 1s peak at 282.6 eV corresponding to the mixed uranium oxy-carbide 

layer. Further sputtering sharpens the C 1s peak at 282.6 eV indicative of U-dicarbide 

with a subsequent peak forming at 281.7 eV indicative of U-monocarbide, further 

supporting the interpretation of the U 4f results. [19, 21] Note that the two carbide peaks 

were best fit with asymmetric curves because of the high density of states at the Fermi 

edge indicative of a metallic material. The presence of hydrided uranium in the dicarbide 

layer, UH in Figure 1(b), is likely the result of dissociation of water molecules on the 

surface followed by diffusion into the implanted layer. [9] The lack of UH in the 
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monocarbide only region of the implanted layer may result from variation in the 

solubility of hydrogen. [23] Component analyses for the C 1s spectra are graphically 

summarized in Figure 6 to show the variation of carbon speciation. Note that the relative 

proportion of monocarbide appears to linearly grow with depth until the carbide-metal 

interface.   The relative proportion of CH appears to fall linearly with depth, perhaps 

 

 

Figure 5. XPS C 1s core-level spectra versus sputtered depth for the aged C
+
 implanted 

region. 
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indicating a variation in the solubility of H in the dicarbide vs monocarbide.  CH present 

with depth is likely the result of reaction of the sputtered surface with H2 present in the 

chamber. 

 

 

Figure 6. Variation in carbon speciation with depth from XPS analysis of C1s peak in the 

C+ implanted uranium sample aged 10 years.   

 

 Figure 7 shows the O 1s core-level spectra for the aged C
+
 implanted U surface 

versus sputter etch time. The initial O 1s doublet structure reveals the presence of 

adsorbed water. Specifically, the higher binding energy component at 532.4 eV is 

indicative of adsorbed H2O on the U-oxide surface while the component at 531.2 eV 

represents OH
-
. The lower binding energy peak at 530.1 eV represents U-oxide. These 

results show that ex-situ adsorption of water on UO2 does not cause dissociation in 

contrast to clean U metal. [24-26] Also, comparing peak height ratios of the H2O and 

oxide components in the initial O 1s spectra shows that more water vapor is adsorbed on 
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the C
+
 implanted surface, which may be due to extra defect sites resulting from the 

implantation. In fact, the relative fraction of oxygen as water was found to be higher in  

 

Figure 7. XPS O 1s core-level spectra versus sputtered depth for the aged C
+
 implanted 

region. 

 

the carbide layer than in the oxide and metal layers. Sputter etching of these two surfaces 

removes the adsorbed water and leads to an asymmetric O 1s peak shape. Further sputter 
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etching of the C
+
 implanted surface leads to decreased O 1s peak intensity as the thin 

oxide overlayer is removed. These results are further summarized in Figure 8.  

 

 

Figure 8. Variation in oxygen speciation with depth from XPS analysis of O1s peak in the 

C+ implanted uranium sample aged 10 years. 

 

Figure 9 shows the valence band region for the aged C
+
 implanted U surfaces. 

The electronic structure and the nature of chemical bonding can be further elucidated. 

The lower valence band (10 eV < Eb < 50 eV) is defined by the U 6p3/2,1/2 - O 2s (C 2s) 

electron region (lifetime broadening determines the U 6p line-shape) and the U 6s core-

level. [27-30] For the oxidized surface, the U 6p3/2,1/2 binding energies are 17.2 eV and 

27.8 eV, respectively, and the spin-orbit splitting of the U 6p3/2,1/2 doublet is 10.6 eV. 

These U 6p3/2,1/2 binding energies for the C
+
 implanted surface are shifted 0.2 eV to lower 

binding energy. Also note that the O 2s intensity is reduced and the U 6p3/2,1/2 branching 

ratio changes as we sputter etch into the U-carbide layer. Comparing the photoionization 
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cross-sections for the C 2s and U 6p3/2 orbitals (6.6 x 10
-4

 Mb and 8.2 x 10
-3

 Mb, 

respectively) [31] and noting that they overlap, the manifold peak intensity would be 

 

 

Figure 9. Valence band spectra versus sputtered depth for the aged C
+
 implanted region.  

 

affected in the U-carbide layer thus explaining the changing branching ratio. 

The upper valence band, Eb < 10 eV, consists of overlapping U 6d-L 2p states (L 

denotes ligand, e.g. O or C) and U 5f states located near the Fermi level. The O 2p and C 

2p bands lie below the Fermi level and significantly hybridize with the U 5f and 6d 

bands. [21, 27-30] In addition to hybridization, the crystal field can split the d orbitals, 



LLNL-JRNL-689488 

17 

thus leading to bonding and antibonding states. However, since the C 2p photoionization 

cross-section is negligible in comparison to those of the U 5f and 6d states [31] it is 

unlikely that we can observe these states with Al K x-ray excitation. The observed 

broadening of the U 5f peak at the Fermi edge is more pronounced for the C
+
 implanted 

surface. Since these data are acquired in the subsurface carbide layer, it suggests that the 

UC has metallic character. Further work using ultra-violet photoemission would have to 

be completed before a definitive conclusion could be drawn on the metallic character of 

UC. 

 

IV. CONCLUSIONS 

 XPS compositional depth profiling in combination with time-of-flight secondary 

ion mass spectrometry (ToF-SIMS) depth profiling have been used to characterize the 

surface and interfacial chemistry of C
+
 implanted polycrystalline U subsequently 

oxidized in air for over 10 years at ambient temperature. The ToF-SIMS results again 

reveal a buried U-carbide layer and a wide diffuse carbide layer/U metal transitional 

interface.  This wide defected transitional carbide layer continues to suppress rapid 

oxidation. Comparing these ToF SIMS depth-profiling results with the previous analyses, 

we note that the carbon layer has thickened after aging for 10 years. Comparison of the 

XPS depth profiling and core-level photoelectron spectroscopy results to those of the 

previous study, we see carbide formation in the subsurface layer with some oxidation of 

the carbide layer. Valence band electronic structure of the buried carbide layer indicates 

hybridization of the U 5f and 6d and ligand 2p bands, and that it has metallic character. 
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