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Abstract. Cluster ions have been previously observed during time-of-flight secondary ion mass 1 

spectrometry (ToF-SIMS) analysis of metals and metal oxides.  Here, we have used ToF-SIMS to 2 

investigate cluster ions formed from the hydrocarbon-containing overlayer, the mixed U and Nb surface 3 

oxide, and underlying metal of a U-6%Nb (U6Nb) target.  In the overlayer, we observe UxOy+ oxides and 4 

U-species likely containing hydrocarbons.  In the surface oxide, we observe UO2+, U2O2+, U3O5+, and 5 

U4O6+ as the most intense ions for each family of oxide ions containing x U atoms.  Nb oxides for NbO1-6 

2- were only observed in negative polarity.  In contrast to the oxide, analysis of the underlying U6Nb alloy 7 

resulted in repeating units of Un+, Un(Nb)+, and Un(Nb2)+ ions for n = 3-11 as the highest intensity ions 8 

for each family of ions containing n U atoms.  Nbn+ clusters were not observed.  Un+, Un(Nb)+, and 9 

Un(Nb2)+ clusters containing C- and O- species were observed and were likely produced from soluble C 10 

or O species or precipitates known to be present in U6Nb.  11 

 12 

Cleaning of the surface oxide with varying ion current density of 25 keV 69Ga+ to perturb local chemistry 13 

did not influence ion distributions and suggests that observed high intensity ions are stable lattice 14 

fragments ejected from the surface oxide.  Cleaning of the underlying alloy with varying ion current 15 

density increased the content of Un+, Un(Nb)+, or Un(Nb2)+ clusters in comparison to the C and O-16 

containing species. These results suggest a different mechanism of cluster ion formation than what was 17 

observed in the metal oxide. Preferential sputtering of U from the surface or low local Nb content may 18 

also contribute to the enrichment of U in observed clusters.  We conclude that cluster ions may be of great 19 

value in studying local chemistry, contaminants, and impurities in oxides and alloys. 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 
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1.  Introduction 1 

Static secondary ion mass spectrometry (ToF-SIMS) has been previously shown to produce large cluster 2 

ions upon ion sputtering of metal, metal oxide, and ionic solid surfaces.  Given the ability of static SIMS 3 

to produce cluster ions representative of the surface [1–4], it is an ideal method to study the presence of 4 

contaminants, oxide chemistry, role of alloying elements, soluble species, precipitates, and other factors 5 

influencing local chemistry and surface chemistry in alloys. The focus of this work is analysis of cluster 6 

ion formation upon static ToF-SIMS analysis of a U-6%Nb (85.7 atomic % U, 14.3 atomic % Nb) alloy.  7 

Alloys have received limited attention in the field of cluster ion analysis in comparison to pure metals and 8 

metal oxides. A detailed understanding of these factors may contribute greatly in mechanistic studies of 9 

alloy local chemistry and corrosion properties.  Specifically, it is important to be able to distinguish 10 

cluster formation patterns from the alloy surface oxide and the underlying alloy. 11 

Cluster ion formation processes primarily occurring during static SIMS discussed in the literature are 12 

thought to be direct ejection of molecules or ions via concerted kick-off processes from upper surface 13 

layers, as the deposited energy at the surface by the primary ion source is low enough to avoid complete 14 

atomization [4].  In the case of metal oxides, direct ejection of lattice fragments has been extensively 15 

shown [1,2].  However, observations of nonstoichiometric ions during analysis of materials such as ionic 16 

solids and metal hydroxides using varied (monoatomic and polyatomic) sources have suggested that 17 

alternate mechanisms may also occur [3,5].  These additional mechanisms include combinations of 18 

sputtered atoms in the selvedge above the surface, or association of ejected atoms and molecules within 19 

the selvedge. It is also possible that these mechanisms are influenced by preferential sputtering during 20 

analysis of complex materials [3]. A variety of mathematical models have been developed to distinguish 21 

direct ejection mechanisms from these other possible mechanisms [4,6–8].  22 

Two types of plots to explore mathematical models have been reported in the literature.  First, the highest 23 

intensity ion for each family of MxOy+ as x increases (and y varies) may be plotted [8].  Alternatively, ion 24 

intensities as a function of the number of repeating units may be plotted [1].  For example, the ion 25 

intensities of repeating peaks such as Mn+ or (MxOy)nX+ etc. may be plotted as a function of repeating n 26 

units (M = metal, x = number of metal atoms in MxOy+, O = oxygen, y = number of oxygen atoms in 27 

MxOy+, X is a metal or oxygen containing species, and n is the number of times MxOy+ is repeated).   28 

When these plots exhibit a power law pattern, this has been accepted as indicative of direct ejection of 29 

lattice fragments with the lowest binding cluster-metal (or metal oxide) energy [9].  Hereon, we will refer 30 

to this as the binding cluster-surface energy.  Alternatively, this can be observed when, for a value of n, 31 

repeating units, such as (MO)n+ are not always the highest intensity peaks in a given ion group containing 32 
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n M atoms [4].  Therefore, (MO)1+, (MO)2+ etc. are not always the highest intensity peak.  Instead, a 1 

different MxOy+ with more or less oxygen atoms is the highest intensity peak given that it has the lowest 2 

binding cluster-surface energy [9].  This behavior produces spectra where intensities of the repeating units 3 

appear to “oscillate.”   4 

In contrast, when these plots exhibit exponential decay, this suggests that the likelihood of cluster ion 5 

formation decreasing as cluster size increases.  This suggests mechanisms alternative to direct ejection of 6 

lattice fragments.  Specifically, this suggests that cluster formation is dominated by growth statistics[7].  7 

This has been observed during static SIMS analysis of GaAs with both monoatomic and polyatomic ion 8 

sources.  In that study, pseudo-exponential decay of nonstoichiometric GaxAsy+ clusters were observed 9 

when clusters become larger than 2000 m/z in size.  For clusters less than 2000 m/z in size, oscillations in 10 

consecutive Gay-xAsy+ clusters were observed.  The highest ion intensities of large clusters up to 10,000 11 

m/z were observed using a Bi3+ cluster ion source when Bi+, Bi3+, Bi3++, Bi5+, C60+, and C60++ sources 12 

were evaluated.  This work suggested that ion source could influence cluster ion formation, and that 13 

formation mechanisms of smaller vs. larger clusters may differ [5].  Differences in formation mechanisms 14 

of smaller vs. larger clusters have been previously suggested [9,10].  Similar results have been seen for 15 

static SIMS analysis of Gibbsite (Al(OH)3) where nonstoichiometric ions such as Al31O47- were observed.  16 

Additionally, power fits where ion intensities of the most intense AlxOyHz- species for increasing values 17 

of x were only valid for x < 10 [3].  This again suggests that larger clusters are not produced via direct 18 

ejection. 19 

An additional way to distinguish lattice fragment ejection from alternate routes has been proposed by 20 

Aubriet et al [1].  Their method has compared laser ablation mass spectrometric techniques and static 21 

SIMS analysis of metal oxides.  Laser ablation results in cluster ions that typically conform to a Poisson 22 

distribution where the Pn intensity of a (MxOy)nX+/- ion can be represented by the equation �� = �� ∗23 

 
��	
�

�!
∗ exp �−��
.  �� is the intensity of the X ion and kt is a parameter where k is defined as a global rate 24 

constant of cluster growth or dissociation reactions and t is reaction time [1].  In laser ablation, atomized 25 

particles including neutrals, ions, atoms, and aggregates, recombine in the gas phase.  This has been 26 

illustrated by the detection of mixed oxides from binary metal oxide mixtures.  Laser ablation results in a 27 

large value of kt when repeating units of (MxOy)nX
+/- are plotted as a function of ���!.  In comparison, 28 

static SIMS analysis of the same metal oxide sample results in a significantly smaller value of kt. Mixed 29 

oxides were not observed in static SIMS analysis of binary oxide mixtures. This has been proposed to 30 

mean that ion sputtering in static SIMS does not result in atomization and recombination. Instead, direct 31 

ejection is the prevailing mechanism of cluster formation, and clusters are formed from the weakest bonds 32 
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in a crystal that have been broken preferentially [1].  Given that kt is therefore a parameter indicative of 1 

cluster formation mechanisms, we propose here that differentiating kt for static SIMS of different 2 

materials may provide valuable information on how cluster growth mechanisms differ as a function of 3 

material. 4 

 5 

The work presented here is focused on a U-6%Nb target analyzed using static ToF-SIMS.  Surfaces of U-6 

6%Nb (U6Nb) typically have a hydrocarbon-containing overlayer layer composed of a few monolayers at 7 

the very surface, followed by a mixed surface oxide composed primarily of a top film of UO2, NbOx 8 

species and Nb2O5 between the UO2 layer and the underlying alloy, and the underlying alloy [11].  9 

Alternatively, a mixed oxide of UO2 and Nb2O5 has also been observed [12].  These layers provide an 10 

ideal sample to investigate the incorporation of contaminants, oxides, and multiple elements into cluster 11 

ions. 12 

 13 

We have collected static ToF-SIMS spectra of the hydrocarbon-containing overlayer, oxide layer, and 14 

underlying alloy after confirming the layering using depth profiling.  Incorporation of hydrocarbon 15 

surface contaminants in clusters have been observed.  Ion intensities of repeating units of clusters 16 

appearing in the oxide layer and underlying alloy have been plotted as a function of the number of 17 

repeating units and have been fitted to either power or exponential laws.  Additionally, kt parameters have 18 

been derived for each data set.  Sputtering of the oxide and alloy using varied ion current density prior to 19 

static analysis has been used to probe the effects of changing local chemistry by varying ion impingement 20 

rate while keeping the ion fluence used to expose the oxide and alloy constant.  This ensures that roughly 21 

the same depth within the oxide layer and underlying alloy are being exposed using different current 22 

densities.  The effects of these variations in local chemistry on cluster ion distributions has been reported.  23 

The effects of ion current density used to (1) remove the hydrocarbon layer to expose the surface oxide 24 

and used to (2) remove the surface oxide to expose the underlying alloy, on the fits and �� values have 25 

also been investigated.  26 

 27 

2.  Materials and Methods 28 

A 1x1 cm2 square of 0.5 cm thickness of polycrystalline U6Nb was mounted in a two-part epoxy and 29 

cured overnight.  The sample was polished using silicon carbide paper to 4000 grit which was followed 30 

by diamond polishing with abrasive sizes of 3 µm then 1 µm.  The sample was then polished using a 1 31 

µm diamond vibratory polisher.  The sample was soaked in methylene chloride for removal of the epoxy 32 

and rinsed with water and dried.  The sample was then electropolished using 50/50 phosphoric acid and 33 
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water with 20-30 V applied to the surface.   The polished U6Nb sample was then stored under ambient 1 

conditions (25 C, 30% relative humidity) for two months to allow for growth of a stable surface oxide.   2 

 3 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was performed using a Physical Electronics 4 

TRIFT III spectrometer at a pressure of 5 x 10-10 mbar equipped with a 69Ga+ primary ion source used for 5 

both sputtering and analysis at 25 keV.  Analysis was performed under static conditions using a primary 6 

ion dose <1013 69Ga+/cm2. Data acquisition and post-processing was done using the WinCadence 7 

software.  Mass resolution (∆m/m) at 25 keV was 300 for the U+ peak.   8 

 9 

Positive polarity static SIMS of the U6Nb surface was performed by operating the 69Ga+ source at 25 keV 10 

and 600 pA using a raster size of 10 x 10 μm2
.  A mass range of 50 – 1,000 m/z captured Nb+ ions 11 

(intensity ~25,000) and U+ and UO+ ions (intensity ~4,000) (Supplementary Figure 1).  In order to 12 

improve the ion intensities of U+ ions and greater (intensity ~2,500,000), an optimized mass range of 150 13 

– 3,000 m/z was used.  Inclusion of masses lower than 150 m/z reduced the intensities of ions > 200 m/z.  14 

These differences are likely due to the design of the TRIFT system.  The TRIFT system utilizes a dual 15 

microchannel plate detector.  Low mass ions can cause detector saturation.  When a specified mass range 16 

is blocked off, either gating or blanking may occur.  During gating, the low mass ions are deflected from 17 

the detector.  Blanking activates the ToF time-to-digital converter for a set time following the primary ion 18 

pulse.  This combination may increase the primary ion repetition rate and potentially increase pulse width.  19 

This increased pulse width likely contributes to the increased intensities of observed high mass peaks 20 

[13,14].  21 

 22 

Positive polarity depth profiling of the U6Nb surface was performed by operating the 69Ga+ source at 25 23 

keV and 600 pA by alternating modes of sputtering and analysis.  Raster sizes for analysis and sputtering 24 

were 150 x 150 μm2 and 400 x 400 μm2, respectively.  The sample was depth profiled for a total of 2500 25 

s.  A mass range of 50 - 500 m/z was set.  Negative polarity depth profiling of the U6Nb surface was also 26 

performed by operating the 69Ga+ source at 25 keV and 600 pA by alternating modes of sputtering and 27 

analysis.  Raster sizes for analysis and sputtering were 150 x 150 μm2 and 400 x 400 μm2, respectively.  A 28 

mass range of 0.5 – 3,000 m/z was set.  The sample was depth profiled for a total of 400 s.   29 

 30 

Static spectra were collected for the unsputtered surface, the sputtered oxide, and the underlying alloy.  31 

Sputter cleaning of the oxide with varied ion current density was completed by rastering a 62 x 62 μm2
 32 

area with either 2 nA or 600 pA of 25 keV 69Ga+.  A mass range of 150 – 3,000 m/z was set for positive 33 

polarity and a mass range of 0.5 – 3,000 m/z was set for negative polarity.  2 separate locations of the 34 
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surface were investigated using a raster size of 10 x 10 μm2, and positive and negative polarity spectra 1 

were collected for each location and at each sputtered position.  Sputtering using 25 keV Ga+ at 2 nA was 2 

completed for 15 s and sputtering using 600 pA was completed for 50 s.  Exposure of the underlying 3 

metal at varied ion current densities was completed by rastering each previously sputtered 62 x 62 μm2
 4 

area with either 2 nA or 600 pA of 25 keV 69Ga+.  Sputtering using 2 nA was completed for an additional 5 

135 s and sputtering using 600 pA was completed for an additional 450 s.  The ion current densities and 6 

ion fluences for each condition, hereby referred to as sputter conditions 1-4, are shown in Table 1.  7 

Confirmation of whether the oxide or metal was being analyzed was made by examining whether the U+ 8 

ion was the minor or primary ion when comparing the U+/UO+ ratio appearing in during the start of 9 

spectral collection, respectively.  Ion fluence for conditions 1 and 2, and 3 and 4, respectively, were kept 10 

constant. 11 

 12 

Table 1.  Conditions using 25 keV 69Ga+ during sputtering of a 62 x 62 �m2 region 13 

Condition Current (A) Time (s) Ion current 

density 

(A/cm2) 

Ion fluence 

(ions/cm2) 

1 600 pA 50 2 x 10-5 5 x 1015 

2 2 nA 15 5 x 10-5 5 x 1015 

3 600 pA 500 (additional 450 s after 50 s in 

condition 1) 

2 x 10-5 5 x 1016 

4 2 nA 150 (additional 135 s after 15 s in 

condition 2) 

5 x 10-5 5 x 1016 

 14 

Fits for power law decay, exponential decay, and �� = �� ∗  
��	
�

�!
∗ exp �−��
 were calculated using 15 

Origin Pro [15].  Data collected from the oxide layer plotted ion intensities of (UO)n+, (UO)nO+, and 16 

(UO)nU+, (UO2)n+, normalized by UO+, UO2+, U2O+, and UO2+ (n=1), respectively, as a function of n.  17 

Data were fitted to � = ��� where � and � are constants.  Data collected from the underlying alloy 18 

plotted ion intensities of Un+. Un(Nb)+, and Un(Nb2)+ normalized by U+, UNb+, and UNb2+ (n=1), 19 

respectively, as a function of n.  Data were fitted to � = ���� where � and � are constants.  Values of �� 20 

were solved by plotting ion intensities of the repeating units ((UO)nO+, (UO)nU+, Un+. Un(Nb)+, and U-21 

n(Nb2)+) multiplied by �! as a function of n. 22 

 23 

 24 

 25 
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3.  Results 1 

3.1 Static ToF-SIMS of unsputtered U6Nb surface and depth profiling 2 

Figure 1 shows a ToF-SIMS spectrum of the U6Nb surface collected for the adjusted mass range 3 

eliminating Nb+ from 150 – 3,000 m/z.  This range allows for the detection of cluster ions.  At this 4 

surface, the UO+ ion is the most abundant of the U+/UO+/UO2+ series. Nb oxide species were not 5 

observed.  However, the presence of Nb and Nb oxides are confirmed by examining negative polarity 6 

spectra shown in Supplementary Figure 2A.  Nb-, NbO-, NbO2- and UO-, UO2-, and UO3- are observed 7 

and confirm the presence of a mixed surface oxide in agreement with the literature [12]. 8 

 9 

Specifically, many UxOy+ ions were produced including U+, UO+, UO2+, U2O+, U2O2+, U2O3+, U2O4+, 10 

U3O4+, U3O5+, U3O6+, U4O6+, U4O7+, and U4O8+.  No obvious repeating unit always represents the ion 11 

of highest intensity in each group which are UO+, U2O3+. U3O5+, and U4O6+. Ions are typically of the 12 

form (UO)nOy+ where multiple values of y are possible.  For example. (UO)n+ for n = 1-3 and (UO)nOy 13 

for y = 0-4 are observed.  Each group for a given value of n U atoms “oscillates.”  14 

 15 

The species appearing at 310, 314, 326, and 328 m/z may be indicative of the presence of hydrocarbon 16 

contaminants at the surface appearing in the clusters.  Given the limited mass resolution they cannot be 17 

completely resolved.  However, 310 may be C3H4O2U+, C4H8OU+, or C5H12U+.  314 may be C3H8O2U+ 18 

or C6H4U+. 326 may correspond to the addition of an oxygen to either of the possible 310 masses or the 19 

addition of carbon to the 314 masses.  328 may correspond to the addition of a -CH2 group to 314. 20 

 21 

Figures 2 and 3 are ToF-SIMS depth profiles collected in positive polarity and negative polarity, 22 

respectively collected using a mass range of 50 – 500 m/z in order to capture masses <300 m/z.  Figure 2 23 

monitors Nb+, NbO3+, U+, and UO+ for benchmarking of the different surface regions of interest 24 

(surface oxide and underlying alloy).  NbO+ and NbO2+ appear to suffer from mass interference from 25 

other metallic species or contaminants found in the underlying alloy, as their profiles look similar to that 26 

of Nb+ and U+ (data not shown). From the depth profile it appears that the Nb oxide layer is underneath 27 

the U oxide layer.  This is in agreement with previous literature characterizing the oxide film on U6Nb 28 

[11,12].  The need to capture ions < 100 and > 200 m/z limited the ion intensities of both Nb+ and U+ 29 

species.  The underlying alloy is likely reached after 1500-2000 s of sputtering at 600 pA 69Ga+ at 25 30 

keV.   31 

 32 

Given that small mass ions (1 – 50 m/z) were eliminated during profiling in order to capture information 33 

regarding Nb+ and U+ ions, information regarding H+, C+, and O+ profiles could not be collected.  To 34 
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collect this information, a negative polarity depth profile was collected and is shown in Figure 3 and 1 

monitors H-, C-, O-, and O2-.  This shorter depth profile does not go beyond the surface oxide and shows 2 

that a layer containing C and H species are enriched above the O2- layer which does not reach its 3 

maximum intensity until 100 s of sputtering.  This layer likely represents the hydrocarbon overlayer.  4 

Detector saturation by these species did not allow for adequate profiles of Nb-, NbO-, or UO- species. 5 

 6 

 7 

Figure 1.  Positive polarity static ToF-SIMS spectrum of unsputtered U6Nb surface 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 
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 1 

Figure 2.  Positive polarity ToF-SIMS depth profile of the U6Nb surface 2 

 3 

 4 

 5 

 6 

Figure 3.  Negative polarity ToF-SIMS depth profile of the U6Nb surface 7 

 8 

3.2 Characterization of the surface oxide after cleaning with varied ion current density 9 

Figure 4A and 4B shows static ToF-SIMS spectra collected for the U6Nb surface oxide using sputter 10 

conditions 1 and 2 where ion current density has been varied, respectively.  Both spectra collected from 11 

the cleaned surface oxide illustrate “oscillation” patterns for each x group of UxOy+ species.  No obvious 12 

repeating unit always represents the ion of highest intensity in each group which are UO2+, U2O2+. 13 

U3O5+, and U4O6+. This differs from the unsputtered surface shown in Figure 1 where the ions of highest 14 

intensity are UO+, U2O3+. U3O5+, and U4O6+.  The highest intensity ion of each group is likely the most 15 

stable cluster directly emitted from the surface, and likely has the lowest binding cluster-surface energy 16 

[1,4,9].  This is in agreement with prior observations of static SIMS spectra collected from metal oxide 17 

surfaces  [1,2,4,9].  However, repeating clusters of (UO)nO+, (UO)nU+, and (UO)n+ for n = 1-4 as well as 18 

(UO2)n+ for n = 1-3 are observed.  Additional cluster types were also observed such as (UO)nO2+ or 19 

(UO)nO3+ were also observed but were not consistently found for n = 1-4 for either sputter condition. 20 
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 1 

Nb species > 150 m/z were not observed in either spectra.  This may be due to the mass limitation of the 2 

spectra as NbO+, NbO2+, and NbO3+ are less than 150 m/z and it may not be favorable for clusters to 3 

form due to the lower sputter yield of Nb in comparison to U [16].  As observed with the unsputtered 4 

surface, Nb and Nb oxide species including Nb-, NbO-, NbO2- and UO-, UO2-, and UO3- were detected in 5 

the negative polarity spectra shown in Supplementary Figure 2B. Combination ions of U, Nb, and O were 6 

not observed in either polarity.  This is likely because U oxide and Nb oxide regions are either layered or 7 

segregated as islands and therefore direct ejection of clusters would not allow for the formation of mixed 8 

clusters.  Similar results have been previously reported from static SIMS studies of binary oxide mixtures 9 

[4]. 10 

 11 

Variation in the ion current densities used in sputter conditions 1 and 2 did not influence which ion was of 12 

the highest intensity for each family of UxOy+.  The primary difference was that overall ion intensity 13 

dropped off above 1050 m/z after sputtering using condition 2.  The UO2+/UO+ ratio decreased for 14 

condition 2.  This may be due to preferential sputtering of oxygen when an increased ion current density 15 

is used.  Surface reduction may result in the formation of different UO2-x species when the uranium oxide 16 

present at the U6Nb surface (likely to be UO2) undergoes reduction [17]. This may promote formation of 17 

UO+. 18 

 19 

Repeating units of the form (MxOy)nX
+/- appearing in the spectra included (UO)n+, (UO)nU+ and 20 

(UO)nO+, and (UO2)n+.  Plots of ion intensities normalized to UO+, (UO)U+, (UO)O+, and UO2+ 21 

respectively (y-axis), as a function of n are shown in Figure 5A-D.  Data was successfully fitted to power 22 

laws of the form � = ���.  Values collected for sputter conditions 1 and 2 for a and b for (UO)nU+ and 23 

(UO)nO+ are shown in Table 2.  Additionally, though not conforming to (MxOy)nX+/-, (UO)n+ with the ion 24 

intensity normalized to UO+ and (UO2)n+ with the ion intensity normalized to UO2+ were also plotted 25 

and fitted to a power law.  The variation of ion current density for surface cleaning, and therefore surface 26 

reduction, does significantly change the value of b for all ion series. 27 

 28 

Next, the ion intensity data for (UO)nO+ and (UO)nU+ were plotted as a function of ���! and fitted to the 29 

�� = �� ∗  
��	
�

�!
∗ exp �−��
 equation proposed by Aubriet et al [1] in Figure 6A-B.  (UO)n+ and (UO2)n+ 30 

data were not plotted as there is no X ion to account for the �� value.  �� values for each ion series as a 31 

function of varied ion fluence are shown in Table 3. All obtained �� parameters were below 0.3, as 32 

reported in static SIMS analysis of copper oxides previously and support the direct ejection mechanism 33 
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proposed [1].  The �� parameters for both ion series exhibit large error which is due to the small n for 1 

which ions are detected from metal oxides under primary ion bombardment using 69Ga+.  This inhibits 2 

determination of whether variation in ion current density influences the �� parameter.  The use of a 3 

polyatomic ion source for analysis would likely increase n and allow for a more accurate �� calculation. 4 

 5 

However, when interpreting these data together, we see that (1) the highest intensity oxide ion for each 6 

family containing x uranium atoms is not any repeating unit and therefore likely a result of direct ejection 7 

of a lattice fragment with the lowest surface-cluster binding energy, (2) the power law previously 8 

observed during static SIMS of metal oxides is observed for the series of repeating units (UO)n+, 9 

(UO2)n+, (UO)nU+, and (UO)nO+ [8], and (3) �� parameters calculated are less than 0.3 and consistent 10 

with those reported for copper oxide previously [1].  Finally, (4) variation of ion current density used to 11 

expose the surface oxide does influence the power law observed for all the investigated ion series.  This 12 

indicates that differences in surface reduction and therefore structural changes, do influence cluster ion 13 

distributions.  However, the most stable oxide ion of each family containing x uranium atoms is not 14 

affected.  This suggests that cluster stability is perhaps the most important factor in cluster ion formation 15 

even in the presence of variations in local chemistry.   16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 
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 1 

 2 

Figure 4.  Positive polarity static ToF-SIMS spectra of the U6Nb surface oxide collected after A) sputter 3 

condition 1 and B) sputter condition 2. 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 
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 1 

Figure 5.  Power law fits for sputter conditions 1 and 2 calculated for A) (UO)n+ as a function of ion 2 

intensity/(UO)+, B) (UO)nO+ as a function of ion intensity/(UO)O+, C) (UO)nU+ as a function of ion 3 

intensity/(UO)U+, and D) (UO2)n+ as a function of ion intensity/(UO2)+ 4 

 5 

 6 

� = ��� (UO)n+ (UO)nU+ (UO)nO+ (UO2)n+ 

Condition 1 2 1 2 1 2 1 2 

a 1.0 +/- 

0.0033 

1.0 +/- 

0.0026 

-0.78 

+/- 0.0 

0.080 

+/- 0.0 

1.0 +/- 

0.00076 

1.0 +/- 

0.00099 

1.0 +/- 

0.00074 

1.0 +/- 

0.00095 

b -5.7 +/- 

0.24 

-4.3 +/- 

0.072 

-0.70 

+/- 0.0 

0.072 

+/- 0.0 

-7.4 +/- 

0.18 

-5.0 +/- 

0.044 

-7.9 +/- 

0.26 

-6.5 +/- 

0.12 

 7 

Table 2.  Power law fits for graphs shown in Figure 5. 8 

 9 

 10 

 11 
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 1 

Figure 6.  Plots of the ion intensity data for A) (UO)nO+ and B) (UO)nU+ were plotted as a function of 2 

���! for sputter conditions 1 and 2. 3 

 4 

 5 

 6 

Table 3.  �� parameters for each ion series in Figure 6 for sputter conditions 1 and 2. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

Ion Series �� parameter 

 Condition 1 Condition 2 

(UO)nO+ 0.012 +/- 0.012 0.067 +/- 0.027 

(UO)nU+ 0.085 +/- 0.081 0.099 +/- 0.086 
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3.3 Characterization of the U6Nb alloy surface cleaned with varying ion current density 1 

Figures 7A and 7B show static ToF-SIMS spectra of the sputter cleaned underlying U6Nb alloy surface 2 

after conditions 3 and 4 of sputter cleaning.  Confirmation of the full removal of the surface oxide for 3 

both conditions was made by checking that U+ was the most abundant ion of the UxOy+ series for x = 1 at 4 

the start of analysis.  The summed spectrum collected over 5000 s in Figure 7A indicates that UO+ is the 5 

most abundant ion while U+ is the most abundant ion in Figure 7B.  However, as shown in Figure 8A, in 6 

sputter condition 3, the UO+ ion only becomes the most abundant after 300 s of spectrum collection as 7 

where the ion intensities of U+, UO+, and UO2+ have been plotted as a function of time for each sputter 8 

condition.  Given that at 10-6 torr (1.3 x 10-6 mbar), there is a 0.1 nm/s deposition rate of water at a 9 

surface, we expect that at 5 x 10-10 mbar over the course of 300 s of acquisition, ~0.1 nm of water has 10 

adsorbed to the surface [18].  As previously determined by Benninghoven, H2O exposure of metals results 11 

in MO+, MOH+ and M(H2O)+ emission [19].  It is anticipated that the appearance of UO+ over time is 12 

therefore linked to water adsorption.  As shown in Figure 8B, when sputter condition 4 is used, the UO+ 13 

ion intensity does not surpass that of U+.  This suggests that sputtering cleaning with higher current 14 

density possibly reduces the number of possible adsorption sites for water or fundamentally changes the 15 

surface structure in other ways. 16 

 17 

Repeating units of Un+, Un(Nb)+, and Un(Nb2)+ are observed in each spectrum as indicated in Figure 9 18 

that shows a zoomed in comparison for the mass regions of 700-1,000 cleaned with sputter conditions 3 19 

and 4.  The additional zoomed regions for the 1,000-1,500, 1,500-2,000, and 2,000-3,000 m/z regions are 20 

shown in Supplementary Figures 3-1, 3-2, and 3-3.  After condition 3 of sputtering, these ions primarily 21 

become the highest intensity ions for each Un+ and Un(Nb2)+ series for n > 3.  After condition 4 of 22 

sputtering, these become the highest intensity ions for each Un+, Un(Nb)+, and Un(Nb2)+ series for n > 2.  23 

This is first indicated in Figure 9.  Unlike the metal oxides, here the highest intensity ions are repeating 24 

units.  Additionally, each family of Un+, Un(Nb)+, and Un(Nb2)+ ions also have C and O-containing 25 

species such as UnC+, UnO+, UnCO+, UnO2+, UnCO2+, UnO3+ and UnO4+ that are shown in Figure 9.  26 

Carbon and oxygen are reported to be present as impurities up to 300 ppm and up to 25 ppm respectively 27 

in U6Nb [20].  C and O may also be present in the form of UC, Nb2C, and UO2 precipitates in the bulk 28 

alloy [21]. Given that the depth profile in Figure 3 indicates that most hydrocarbon contamination is 29 

found right at the surface and decays as a function of depth, the source of C in U6Nb is likely due to 30 

soluble C, uranium carbide, or niobium carbide and not hydrocarbon contamination.  However, it is also 31 

possible that ion mixing during sputtering results in C and O present at the surface appearing in the 32 

underlying alloy.  For each of these series, if the ions are not being ejected directly from the surface, Un+, 33 

Un(Nb)+, or Un(Nb2)+ may be associating with sputtered neutral C, O, CO. O2, CO2, O3, and O4 species to 34 
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form the aforementioned ions shown in Figure 9.  Alternatively, multiple UC or UO units may be 1 

involved in forming these species as well.  The ion ratios of the species including Un+, Un(Nb)+ or 2 

Un(Nb2)+ species containing C to O are typically less than 1 as shown in Figure 9 while the ion ratios of 3 

species containing CO to O2 are typically near or equal to 1.  Finally, the species containing O3 are 4 

typically more abundant than species containing CO2. Nbn+ clusters are not observed in either spectra.   5 

The limited number of Nb atoms in the clusters and lack of Nbn+ clusters is particularly interesting.  U 6 

generally has a higher sputter yield than Nb [16].  Therefore, the clusters may be enriched in U due to 7 

preferential sputtering of U.  However, given that negative ion spectra of the underlying alloy shown in 8 

Supplementary Figure 2C indicates the presence of Nb- and NbO- ions, U may just have a higher affinity 9 

for forming cluster ions in positive polarity. Given that Nb-only clusters are not observed in either mode, 10 

this suggests that Nb overall may be less likely to form clusters, or there may not be enough local 11 

concentration of Nb in the bulk alloy to generate large Nb clusters. Additional mechanisms involving the 12 

selvedge may also contribute to these ion formation patterns but would require further experimental and 13 

computational studies to analyze. 14 

 15 

In spectra produced after cleaning with sputter condition 3, the Un+ and Un(Nb)+ ions are not necessarily 16 

the most abundant ion of each series for n = 1-3.  For n > 3, these ions do primarily become the most 17 

abundant ion of each series.  In contrast, in spectra produced after cleaning with sputter condition 4, Un+, 18 

Un(Nb)+, and Un(Nb2)+, these ions become the most abundant of each family for n > 2.  In both spectra 19 

conditions, the plotting of ion intensities as a function of n for Un+, Un(Nb)+, and Un(Nb)+ in Figure 10 20 

indicates exponential decay and fits to equations of the form � = ����.  This is in contrast to the fits 21 

shown in Figure 5 for the UxOy+ metal oxides show power law decay.  Variation of ion current density 22 

does appear to significantly alter the value of b, as shown in Table 4.  Such exponential decay patterns 23 

have been previously observed before during static SIMS of GaAs using Bi+ and Bin+ primary ions and 24 

Al hydroxides using Ga+ primary ions at high mass [3,5].  The nature of the surface (ionic 25 

solid/molecular solid, or hydroxide) and nature of the primary ion (monoatomic vs. polyatomic) may 26 

result in the deviation from power law patterns observed typically for static SIMS of metal oxides. It is 27 

also important to note that no clusters of particular stability cause deviation from exponential decay.  This 28 

indicates that there is no “magic number” effect in the stability of these clusters. Additionally, sputter 29 

condition 4 also promotes the formation of clusters containing 10 or more U atoms.   30 

 31 

The ���! data for Un(Nb)+, Un(Nb2)+, and Un+ were then plotted as a function of � Figure 11A-C.  These 32 

plots indicate varying behavior in ���! values for n < 5 vs. n ≥ 5 which suggest potential varying 33 

mechanisms in cluster ion formation as a function of n.  The Un(Nb)+ and Un(Nb2)+ data were fitted to 34 
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the �� = �� ∗  
��	
�

�!
∗ exp �−��
 equation as proposed by Aubriet et al [1] but for n < 5 vs. n ≥ 5 as shown 1 

in Figures 11D-E and Figures 11F-G.  Un+ data was not plotted as there is no X ion to account for the �� 2 

value.  The derived �� values for both ranges of n for Un(Nb)+ and Un(Nb2)+ are much larger than those 3 

observed for the oxide, as shown in Table 5.  Of further interest is that �� parameters for n < 5 vs. n ≥ 5 4 

are significantly smaller, but significantly larger than those derived from the oxide ions.  Sputtering 5 

conditions only appear to significantly affect the values of �� parameters for n ≥ 5.   6 

 7 

This analysis leads to three possible interpretations: (1) clusters for lower n may be formed via different 8 

mechanisms than those of higher n which is in agreement with prior literature [10], and (2) if interpreting 9 

the �� parameter using the literature provided information, the higher �� parameter suggests that the 10 

cluster ion formation from the underlying alloy is different from the metal oxide cluster ions. Finally, (3) 11 

the sputter conditions change the �� parameter and may influence the cluster formation mechanism.  In 12 

addition to the mechanistic information these spectra provide, they also indicate that novel clusters of U 13 

and Nb can be formed under these conditions.  To the best of our knowledge of the literature, gas-phase 14 

clusters containing both U and Nb have not been previously reported. 15 

 16 

Figure 7.  Positive polarity static ToF-SIMS spectra of the underlying U6Nb alloy after sputtering with 17 

A) condition 3 and B) condition 4. 18 

 19 
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 1 

 2 

 3 

 4 

 5 

 6 

Figure 8.  Change in ion intensity of U+, UO+, and UO2+ over time of spectrum collection for sputter 7 

conditions A) 3 and B) 4 8 

 9 

 10 
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 1 

 2 

 3 

Figure 9.  Positive polarity ToF-SIMS spectrum of the underlying U6Nb alloy cleaned with sputter 4 

conditions A) 3 and B) 4 of the 700-1,000 m/z range. 5 

 6 

 7 

Figure 10.  Exponential law fits for sputter conditions 3 and 4 calculated for A) Un(Nb)+ as a function of 8 

ion intensity/UNb+, B) Un(Nb2)+ as a function of ion intensity/UNb2+, and C) Un+ as a function of ion 9 

intensity/U. 10 

 11 
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 1 

� = � �� Un+ Un(Nb)+ Un(Nb2)+  

Condition 3 4 3 4 3 4 

a 4.9 +/- 0.11 3.5 +/- 
0.092 

2.8 +/- 
0.088 

2.1 +/- 
0.059 

2.0 +/- 
0.087 

-1.1 +/- 
0.064 

b 3.5 +/- 
0.093 

-1.3 +/- 
0.023 

-1.0 +/- 
0.026 

-0.73 +/- 
0.020 

-0.71 +/- 
0.029 

3.1 +/- 0.23 

 2 

Table 4.  Exponential law fits for graphs shown in Figure 10. 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 
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 1 

 2 

Figure 11.  Plots of the ion intensity data for A) Un(Nb)+, and B) Un(Nb2)+, and C) Un+ plotted as a 3 

function of ���! for sputter conditions 3 and 4, and fits using the equation  �� = �� ∗  
��	
�

�!
∗ exp �−��
 4 

for Un(Nb)+ for D) n < 5 and E) n ≥ 5, and for Un(Nb2)+ for F) n < 5 and G) n ≥ 5. 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 
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Ion Series �� parameter for n < 5 �� parameter for n  ≥ 5 

 Condition 3 Condition 4 Condition 3 Condition 4 

Un(Nb)+ 1.4 +/- 0.26 1.7 +/- 0.28 3.3 +/- 0.070 3.8 +/- 0.31 

Un(Nb2)+ 1.3 +/- 0.23 1.7 +/- 0.17 4.6 +/- 0.29 3.7 +/- 0.093 

 1 

Table 5.  �� parameters for each ion series Un(Nb)+ and Un(Nb2)+ in Figure 11 for sputter conditions 3 2 

and 4. 3 

 4 
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 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

4.  Discussion 24 

Cluster ions can be indicative of local surface chemistry.  Our work here shows that cluster ions from the 25 

hydrocarbon overlayer, surface oxide, and underlying alloy are indicative of local chemistry.  After 26 
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confirmation of the presence of each layer, potential hydrocarbon-containing cluster ions were observed 1 

from the hydrocarbon layer.   Next, the surface oxide produced only U-oxides and Nb-oxides as reflected 2 

in positive and negative spectra.  This is in agreement with prior literature indicating that the surface 3 

oxide of U6Nb is a mixed or layered oxide of U oxides and Nb oxides [11].  No binary oxides appear in 4 

any spectra.  This is also in agreement with prior published static SIMS spectra obtained from binary 5 

mixtures of metal oxides where only ions from the individual oxide species appear [4].  In the underlying 6 

alloy, detection of C- and O- containing clusters is of particular importance as U6Nb is known to contain 7 

UC and Nb2C precipitates and C- and O- impurities [20,21]. Precipitates and impurities are also thought 8 

to be potential corrosion sites.  Further study of local alloy chemistry by cluster ion analysis may have the 9 

ability to advance our understanding of corrosion initiation due to impurities and precipitates in alloys 10 

which is of particular importance in U and U-alloy corrosion [22]. For example, small precipitates in 11 

alloys may present unique cluster ion signatures that vary largely from the bulk alloy.  Future studies 12 

combining spectrometry with high resolution ion imaging or electron microscopy may aid in this type of 13 

detailed work. In general, our conclusions regarding the ability of cluster ions in revealing local structure, 14 

contaminants, and impurities/precipitates are in agreement with prior literature [1,2,19]. 15 

 16 

Fitting of cluster ions as a function of repeating units vary in the surface oxide vs. underlying alloy.  17 

Cluster formation patterns from static SIMS of the surface oxide vs. the underlying alloy also differ in 18 

many respects.  Repeating units of (UO)n+, (UO2)n+, (UO)nO+, and (UO)nU+ are observed in spectra of 19 

the surface oxide.  However, these repeating units do not represent the highest intensity ion in each family 20 

of UxOy+ ions.  Rather, UxOy+ species not conforming to any specific repeating unit are of the highest 21 

intensity.  This is in agreement with previous literature studies of static SIMS of metal oxides that 22 

indicate that the highest intensity ion is direct ejection of a stable lattice fragment [1,9].  Additionally, as 23 

previously described, plotting of the repeating units as a function of n can be fit to a power law.  In 24 

contrast, plotting of ion intensities of repeating units arising from static SIMS of the underlying metal, 25 

including Un+, Un(Nb)+, and Un(Nb2)+ as a function of n fits to an exponential law.  In summary, this 26 

suggests that metal oxide clusters and clusters from the alloy may form via varying mechanisms. 27 

 28 

Kt parameters for the oxide vs. underlying alloy vary.  Variation of the �� parameter for oxides vs. the 29 

underlying alloy also suggests that the mechanism of ion formation from the underlying alloy may be 30 

more complex than just direct ejection from the lattice.  This may also occur because metal oxides and 31 

alloys have very different atomic structures and bonding properties, and therefore deposition of energy 32 

and resultant bond breakage and cluster ejection may occur differently.  Interestingly, one �� parameter 33 

for clusters arising from the underlying alloy for n = 1-8 does not result in a fit representative of the full 34 
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data set.  Instead, we report that different �� parameters are calculated when fitting cluster data for n < 5 1 

and separately for n ≥ 5.  �� parameters for n ≥ 5 were significantly larger than those for n < 5, however 2 

values for n < 5 were significantly larger than those derived for metal oxide clusters.  Therefore, we 3 

conclude that mechanisms of formation of small vs. large clusters from the underlying alloy may be 4 

different.  This has been shown where kinetic energy distributions of clusters display maxima shifted to a 5 

lower energy and sharpen as a function of increasing cluster size in static SIMS spectra of frozen water 6 

[23]. 7 

 8 

 9 

Analysis of the oxide and underlying alloy after sputtering at different ion current density affects cluster 10 

ion chemistry.  We show that modification of local chemistry via sputtering at different ion current 11 

densities does affect both cluster ions produced from the surface oxide and underlying alloy.  12 

Interestingly, the highest intensity ions of each family containing n U atoms does not change if different 13 

ion current densities are used for sputtering the surface oxide.  However, the power law fitting parameters 14 

do.  Given the small number of clusters detected, comparisons in �� parameters cannot be reliably made. 15 

In contrast, exposure of the underlying alloy using varying ion current densities makes the Un+, Un(Nb)+, 16 

and Un(Nb2)+ ions much more prominent and high intensity than any C- or O- containing clusters, and 17 

promotes the formation of clusters containing 10 or more U atoms.  �� parameters and exponential decay 18 

fitting parameters are also changed due to ion current density.  Cluster ions therefore may be more useful 19 

in distinguishing variations in local chemistry due to sputtering with varied ion current density in alloys 20 

than in metal oxides (atleast) in the case of uranium-based materials.   21 

 22 

Cluster ions are affected by preferential sputtering.  The importance of studying these clusters is clear.  23 

However, we do observe U enrichment in large cluster ions produced from the surface oxide and 24 

underlying alloy.  Nb- and NbOx- species are observed in negative mode but no clusters bigger than 25 

NbO2- are observed.  Given the varied sputter yields of U and Nb, it is unclear whether (1) there is more 26 

U oxide and bulk U present in the alloy and not enough local regions rich in Nb to produce clusters, (2) U 27 

is being preferentially sputtered given its higher sputter yield in comparison to Nb, or because (3) U has a 28 

higher affinity in forming positive ions.  This suggests that cluster ions may be particularly useful for 29 

alloys containing elements with similar sputter yields.  Therefore, studies using these cluster ions would 30 

benefit from surface chemical characterization using other techniques including x-ray photoelectron 31 

spectroscopy and energy dispersive spectroscopy of focused-ion beam cross sections of these samples.  32 

Future studies confirming how cluster ion production relates to quantitative amounts of U oxides, Nb 33 
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oxides, and U and Nb concentrations or gradients, and localized precipitates in the underlying alloy are of 1 

interest.  Regardless of the mechanism, this work is the first report of U-Nb cluster ions. 2 

 3 

6.  Conclusions 4 

We anticipate that the expansion of studies using different primary ion sources to study complex alloys 5 

and ionic solids may improve our understanding of how local chemistry such as surface oxides, 6 

contamination, dopants, soluble species, precipitates, and alloying elements influence behaviors such as 7 

corrosion.  Specifically, variation of primary ion sources can vary deposition energy per atom, and few 8 

studies of complex metallic materials using multiple primary ion sources have been published.  9 

Polyatomic sources may improve cluster ion yields and improve our understanding of local chemistry.  10 

Continuation of this work in combination with other analysis methods may greatly advance our 11 

understanding of alloys. 12 

 13 
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