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Abstract 

For atom probe tomography, multihits and any associated ion pile-up are viewed as an 

“Achilles” heel when trying to establish accurate stoichiometric quantification. A significant 

reason for multihits and ion pile-up is credited to co-evaporation events. The impact is the 

underestimation of one or more elements present due to detector inadequacies when the field 

evaporated ions are spatially and temporally close. Nitride materials, especially GaN and AlN, 

have been shown to suffer a strong field dependent compositional bias, with N having the 

characteristics for being a species prone to ion pile-up. In this paper we have explored through 

field dependent measurements on GaN and AlN the associated impact of co-evaporated multihits 

and ion pile-up. To achieve this a normal CAMECA electrode along with a specially modified 

GRID electrode, which was designed to manipulate co-evaporated ions and hence ion pile-up, 

were employed. From our results and in-depth analysis, any co-evaporation and associated ion 

pile-up is found to be either very small, or not species dependent. Thus, ion pile-up cannot be 

attributed as the cause for the significant N underestimation observed in these materials. 
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Introduction 

In the discipline of Atom Probe Tomography (APT), reproducible and accurate 

stoichiometric quantification remains a challenge. As was highlighted recently by Cuduvally et al. 

[1], there are many possible causes underpinning this, with multihits and the potential for ion 

pile-up being among a list of reasons for compositional bias issues. Multihits have formed the topic 

of many APT studies [2, 3, 4, 5, 6] and arise when many ions are simultaneously emitted from the 

specimen tip and arrive at the detector together. In theory, the detection and correct mass 

assignment of multihits should not result in a compositional bias. However, the concern 

surrounding multihits for the APT community involves those that we do not detect, an effect 

termed “ion pile-up” [2, 5, 6]. Ion pile-up is a limitation in the detector technology, i.e., arising 

from the dead-time and dead-zone [5, 6]. Given these known limitations, there have been various 

attempts to improve the APT detector systems through hardware improvements, e.g., advanced 

delay line detectors and the analysis electronics [5, 7, 8, 9, 10], and via the software, i.e., algorithms 

applied to the signals generated from the hardware [7, 8, 9]. A reason given for multihit ion pile-up 

is co-evaporation, i.e., as one atom is field evaporated it exposes its neighboring atom(s), which 

then experience an enhanced field leading to an increased probability for a same pulse evaporation 

event [11]. These co-evaporated ions then arrive at the detector with an insufficient spatial 

separation to all be counted.  

The number of multihits detected is correlated with the material properties under 

investigation. Elements that possess a higher field of evaporation (FOE) typically register a larger 

number of multihits [5, 12]. Intuitively, one might therefore infer that the more multihits present, 

the higher the probability for ion pile-up, but to the best of the authors’ knowledge, there is 

currently no evidence to support this hypothesis. For heterogenous samples where the FOE 
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between the constituent species varies significantly, it has also been proposed that compositional 

bias effects arise from a larger loss of one species through ion pile-up [5]. A potential mechanism 

proposed in support of this is that the element with the higher FOE is retained on the sample 

surface. This element may then migrate towards a higher field emission region where it forms a 

cluster which is easier to ionize but also has the potential to dissociate. Alternatively, when a lower 

field element adjoining is removed, the higher FOE element becomes isolated on the surface 

leading to an enhanced localized field and its subsequent co-evaporated emission [13].  

A few examples within the literature where the aforementioned effects are attributed to 

compositional analysis bias include the work of Meisenkothen et al. [6] who concluded that the 

underestimation of B in Si was related to the number of multihits in their study; Tu et al. [14] who 

also proposed B multihits in the form of a burst evaporation was the cause of their B compositional 

discrepancies for certain conditions; and Martin et al. [15] who concluded that the differences in 

cluster stoichiometry between instruments was linked to the different multihit capabilities of the 

two instruments used in their study. Another material system where ion-pile up is believed to 

significantly influence the stoichiometric quantification is for carbon in tungsten carbide and 

carbides in steels [3]. To investigate this further, Thuvander et al. [3] modified a Local Electrode 

Atom Probe (LEAP) electrode by adding a grid to its reverse side. This electrode will now be 

referred to as the GRID electrode. The principle behind the GRID electrode was to intentionally 

decrease the detection efficiency in a controlled manner by deliberately blocking co-evaporated 

ions from reaching the detector [3]. Thus, if one species were to preferentially co-evaporate leading 

to ion pile-up, i.e., resulting in some of this species not being detected, then the impact of inserting 

the GRID electrode would be to reduce the detection of spatially and temporally correlated 

co-evaporated ions. This also includes any mixed ions that were previously detected. This has the 
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effect of equalizing out the ion pile-up between all species. However, the results presented to date 

are limited and have been somewhat mixed with certain studies claiming some evidence for a 

multihit/ion pile-up stoichiometry dependence for carbon rich clusters within steels, however, for 

a homogenous tungsten carbide sample, the effect appeared to be less prevalent [3].  

Another parameter that impacts material stoichiometric quantification is the analysis 

conditions. Numerous studies have now demonstrated that for different apex fields, a change in 

the apparent stoichiometric quantification for the same sample can occur [16, 17, 18, 19]. 

Additionally, the number of multihits detected have also been shown to have an apex field 

dependence [19]. For the tungsten carbide [3], carbon clusters in steels [3], and the B in Si [6, 14] 

examples previously mentioned, the apex field (either the average or local apex field at the cluster 

emission site or crystal structure pole and zone lines), was not reported and so any correlation 

between the analysis conditions and potential ion pile-up cannot be taken into consideration.  

In this paper, the correlation between apex field and multihit ion pile-up as a potential 

reason for the compositional bias observed for GaN and AlN has been explored. GaN and AlN 

were chosen because of their growing importance within the semiconductor device technology 

field and that they have both shown considerable compositional bias as a function of the apex field 

[16, 17, 18, 19]. Electric field dependent measurements on these samples using a LEAP 5000 XR 

fitted with a standard CAMECA electrode and a specially modified GRID electrode [3] to remove 

co-evaporated ions were performed. Although the insertion of the GRID electrode was found to 

significantly reduce the number of multihits, and an in-depth look at same isotope same charge 

state (SISCS) and mixed ions (different mass and mass-to charge ratio) double hits showed some 

evidence of spatial/temporal co-evaporated ion emission that can lead to ion pile-up, the apparent 

stoichiometry remained unchanged. Our findings therefore do not support ion pile-up as the 
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primary loss mechanism leading to the field dependent compositional bias observed for GaN and 

AlN.         

Experimental 

For this study, GaN and AlN bulk layers grown using the metalorganic chemical vapor 

deposition (MOCVD) technique [20] were studied. Based on the charge neutrality consideration, 

there was no reason to presume anything other than a stoichiometry of 50:50 in both cases. All the 

APT sample tips used in this study were prepared using the conventional focused ion beam (FIB) 

lift-out approach [21] with an FEI Helios 450 FIB/SEM. The final tip diameter for all the samples 

was in the range of 50 - 100 nm, and a 2 kV (10 pA) Ga beam clean prior to loading into the atom 

probe was adopted. The atom probe analysis was conducted on a LEAP 5000 XR in laser mode 

(λ = 355 nm). A base temperature of 50 K; a pulse frequency of 125 kHz; and a voltage 

reconstruction were used. The field dependent measurements were performed by keeping the 

detection rate fixed and varying the laser pulse energy (LPE). As the LPE applied was different 

depending upon the material and electrode type employed, the values applied will be reported 

alongside the results.  

A normal local electrode (NE) supplied by CAMECA and a modified CAMECA electrode 

that incorporated a GRID [3] mounted on the electrode underside were used. The detection rate 

for the NE analysis was 0.5%, while for the GRID electrode this was reduced to 0.1% to try and 

maintain a similar apex evaporation rate between the two electrode experiments. The reason for 

doing this was to compensate for the different detection efficiencies (detection efficiency of ~52% 

for the normal electrode and ~7.3% for the GRID electrode). The determination of the apparent 

elemental concentrations for all the samples was performed using the CAMECA IVAS 3.8 

software by ranging the peaks in the mass spectrum. CAMECA’s TaP3D software was also used 
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for the extraction of single and multi-hit information, while in-house MATLAB codes were used 

to extract the double hit per pulse event information.      

Results and discussion 

1. GaN     

Figures 1 (a) and (b) show the mass spectra for the GaN samples measured using (a) the 

CAMECA NE and (b) the GRID electrode. Both these spectra have the same mass peaks present 

and are highly representative of what was observed for all the conditions used in this part of the 

study. From the mass spectra it is seen that the largest ion emission, and therefore influence on the 

determined stoichiometry, arises from 14N++, 14N+, 14N2
+, 69Ga+, 69Ga++, 71Ga+ and 71Ga++.   

Based on Kingham’s post ionization theory [22], the charge state ratio (CSR) of an element 

present can be used as an indication for the average apex field and has been demonstrated to offer 

a reliable approach for comparing analysis between samples of the same stoichiometry 

[16, 18, 19]. Both mass spectra presented in Figure 1 were collected for a similar apex field as 

given by the average Ga CSR, i.e.  
𝐺𝑎++

𝐺𝑎+ = 0.330 ±  0.001 for the NE and  
𝐺𝑎++

𝐺𝑎+ = 0.341 ±  0.001 

for the GRID electrode, reflecting the slightly higher effective evaporation rate used for the latter. 

The apparent stoichiometry determined (and noting that 14 Da was assigned as 14N+) for these two 

analyses were also found to be in good agreement, with the NE data yielding Ga = 48.8 ± 0.1 at.% 

and N = 51.2 ± 0.1 at.%; while for the GRID we found Ga = 50.5 ± 0.1 at.% and 

N = 49.5 ± 0.1 at.%. We note that the errors quoted are just the 1σ counting statistics [23].   
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From an electric field dependent study, the apparent stoichiometry of the GaN sample as a 

function of the Ga CSR for both the NE and GRID electrode was determined and is shown in 

Figure 2 (a).  

 

 

Figure 1. Mass spectra taken from GaN using (a) the CAMECA NE and (b) the GRID 

electrode.  
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Figure 2. (a) Plot of the apparent Ga and N stoichiometry as a function of Ga CSR and (b) 

Single and multihits as a function of Ga CSR for the same data set.  
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For each data point on this plot, ~500,000 atoms were collected. For the NE experiments the 

LPE was varied between 20 - 0.005 pJ while for the GRID electrode it ranged between 

20 – 0.01 pJ. The apparent Ga and N stoichiometry determined as a function of the Ga CSR, i.e., 

average apex field, for both electrodes were found to be in good agreement. Moreover, the findings 

are in excellent agreement with those previously reported for GaN measured using a CAMECA 

NE in the LEAP 5000 XR or the LAWATAP [18, 19], again demonstrating the high reproducibility 

of the analysis and CSR comparison approach for this material system.  

As the multi-hit influence on the stoichiometry was a focus of this study, then, to investigate 

this further the number of single- and multihits detected for the same electric field dependent data 

(Figure 2a) was extracted and is presented in Figure 2b. For the lower apex field range, i.e., 

(
𝐺𝑎++

𝐺𝑎+ ≤ ~2 × 10−3), the ratio between single to multihits for both electrodes are found to be 

similar i.e., ~96% single hits and ~ 4% multihits. The number of multihits are observed to increase 

with increasing Ga CSR, i.e., apex field, for both electrode types. However, the rate of increase 

significantly diverges with the NE showing a larger increase for the same apex field. Even with 

this large divergence in multihits as a function of apex field between the two electrode types, the 

apparent stoichiometry as a function of apex field (Figure 2(a)) remains the same.  
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From the same data set, the maximum number of ions per pulse detected as function of Ga 

CSR for both the NE and GRID electrode were determined and are presented in Figure 3. A 

potential consequence of multihits is detector saturation i.e., this occurs when many ions per pulse 

arrive too close together at the detector with too small a difference in their flight time to all be 

counted. If this occurs, the multiples will be undercounted. This could also result in a preferential 

underestimation if only certain species present were more prone to this effect. However, 

improvements to help counteract this have been made, with up to 15 ions per pulse specified in the 

LEAP product description [24] while 30 ions per pulse have been reported in the literature where 

improvements in the timing information extraction and digitization of the analogue signal 

processing [5]. As such, the maximum number of hits per pulse of 9 observed in our work for the 

NE is believed to be well within the current instrument capabilities. 

 

The reduction in the number of recorded hits per pulse found for the GRID electrode as 

compared to the NE agrees with that previously reported by Thuvander [3]. Moreover, it also 

 

Figure 3. Plot showing the maximum number of ions per pulse as a function of Ga CSR 

(apex field) for the NE and GRID using the same data as figure 2.  
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follows the expected behaviour where the lower the detection efficiency the fewer multiple hits 

detected [3]. As the apex field was lowered there is some evidence that the number of hits per 

pulse decreases for the NE (drops to ~5 counts per pulse). At higher field, more ions have a 

probability of field-evaporating on a given pulse, so therefore we can get up to 9 at high field. For 

the GRID electrode the ions per pulse as a function of CSR remained almost invariant. This 

invariance with apex field (~3 counts per pulse) is believed to be a consequence of the number of 

multiples generated, which should be the same with apex field regardless of electrode used, and 

the lower detection efficiency of the GRID electrode. This is further supported by similar data 

extracted for AlN and presented later in the paper. Here the AlN shows a similar level of counts 

per pulse for the NE, while for the GRID electrode it again remains invariant with apex field and 

is limited to ~3 ion per pulse. 

Other effects to consider include the constituent elements field of evaporation (FOE) and their 

potential to form same isotope same charge state (SISCS) ions. As previously outlined, if a large 

FOE difference between the constituent species of a sample exists, then preferential retention of 

the higher FOE species followed by its co/burst-evaporation may occur leading to ion pile-up [13]. 

If this were the case for GaN, the apparent stoichiometric behavior as a function of apex field 

would suggest N was the element with a higher FOE. The FOE for Ga (based on pure Ga) is 

reported to be 15 V/nm [25] while there are no reported FOE values for N in the literature. Using 

Müller’s image hump model and Equation 1 [26] to derive the energy barrier at zero field, both 

the Ga and N FOE values for a GaN matrix were estimated. 

Q0(Ga/N in GaN) = 
1

2
 Ecohesive (GaN) + Eionization (Ga/N) – φe (GaN)  (1) 

Where Q0(Ga/N in GaN) is the Ga or N energy barrier at zero field, Ecohesive (GaN) the cohesive energy 

of GaN [27], Eionisation (Ga/N) the ionization energies for Ga or N [25], and φe the surface work 
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function of GaN [28]. The N and Ga FOE values were estimated to be ~122 V/nm and ~15 V/nm 

respectively. These values support the hypothesis of N being the species most likely to be retained 

on the surface.  

Same isotope co-evaporation could also affect the composition because co-evaporation of 

SISCS ions are expected to be more prone to ion pile-up compared to mixed isotope ions as their 

spatial and temporal arrival on the detector will be too small for them to all be detected. The 

probability of co-evaporating a same isotope Ga from GaN is smaller than that for N. This is 

because of the isotopic ratio difference between the elements, i.e., 69Ga:71Ga being 60.1:39.9 

compared to 14N:15N which is 99.6:0.4%. To a good approximation N can be considered a 

monoisotopic element. Thus, any SISCS co-evaporated N, i.e., N or N2, will be predominately 

formed from 14N while for Ga there will be more co-evaporated ions of mixed isotope, i.e., 69/71Ga 

ions, which should be detected.  

By inserting the GRID electrode, its influence is to reduce the detection of any co-evaporated 

ions that are spatially close, i.e., arise from adjoining atoms. Thus, any mixed isotope 

co-evaporated ions e.g., 69/71Ga+/++, that arrive closely on the detector and would previously have 

been detected when using the NE will now be reduced, while any SISCS ions that were previously 

not counted due to ion pile-up remains unchanged. As discussed, if ion pile-up from SISCS ions 

were the issue, and it was more pronounced for one species compared to another, then the GRID 

electrode should have a noticeable impact. For example, as indicated above, N is the element most 

likely to be retained on the surface and have an increased potential for burst evaporation. 

Additionally, as it can be almost assumed monoisotopic it will be more prone to SISCS emission 

compared to Ga. Thus, N could be expected to be the element to suffer ion-pile up most. By using 

the GRID electrode, a reduction in any previously detected co-evaporated mixed ions, i.e., Ga, 
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would occur. However, insertion of the GRID electrode did not have a significant impact upon the 

apparent stoichiometry compared to the NE, indicating little to no significant preferential element 

co-evaporated ion pile-up is occurring. 

Given the results presented above do not appear to support ion pile-up as having a significant 

influence on the stoichiometric variance with apex field, a further and more in-depth study into the 

detected number of SISCS and mixed ions, i.e., ions with dissimilar mass or mass-to-charge, using 

both the NE and GRID was performed. The aim was to try and elucidate how the ions are field 

evaporating from the apex. To extract the number and type of double hit ions per pulse recorded, 

in-house MATLAB codes were employed. We also focused on double ion combinations which 

included 69 & 71Ga+/++, 14N+/++, and 14N2
+ because these were the most significant ions based on the 

mass spectra in Figures 1(a) and (b) and will influence the stoichiometry most. Four measurements 

were studied, two with each electrode type. These were carefully selected so that we had the same 

(or extremely similar) apex field between the two sets of NE and GRID analyses making them 

highly comparable. The average apex fields chosen based on the Ga CSR were (
Ga++

Ga+ = 0.330 ±

0.002 & 0.001 ±  0.002 ) for the NE and (
Ga++

Ga+  =  0.341 ±  0.002 & 0.002  ±  0.002 ) for the 

GRID electrode. This meant we also had a relatively high and low apex field comparison where 

the apparent stoichiometry changes by ~30 at.%.  

Table I shows a selection of SISCS and mixed double ion hits extracted from the data sets 

collected using the NE and GRID electrode and for the two apex fields highlighted. The 

uncertainties quoted are again just the statistical error and were included to highlight which ions 

are statistically relevant given some of the extremely low counts observed. We also note that 

although ~500,000 ions for each data set were targeted, a slightly different number of detected 
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events for each data set shown in Table I was found. Thus, although comparing the SISCS and 

mixed ions from one data set is appropriate, comparing between electrodes or different apex field 

data sets will suffer a bias due to the number of detected events. To account for this, the number 

of detected ions making up each data set was included for the determination of the NE:GRID 

electrode ratio reported in Table I. 

For the Ga CSR of 0.330 (NE) and 0.341 (GRID electrode), i.e., highest apex field, we note 

that the ratio between the SISCS and mixed ions are very similar. If a significant amount of SISCS 

ion-pile up were occurring, a larger ratio difference for the mixed compared to the SISCS ions 

would be expected. For the lower apex field data, i.e. Ga CSR = 0.001 (NE) and 0.002 (GRID 

electrode), the SISCS ion NE:GRID electrode ratio is very similar to that found for the higher apex 

field. However, an increase for some of the mixed ion pairs where the counts are statistically 

relevant, e.g., 69Ga+-14N2
+, 69Ga+-71Ga+, 69Ga+-14N+, 69Ga+-14N2

+, would indicate that we now have 

more co-evaporation. Given that the apparent stoichiometry is the same for both electrodes, then 

any associated ion pile-up must be either small or not element specific.   

Interestingly, the number of multihits (Figure 2(b)) along with the number of ions per pulse 

(Figure 3) as a function of apex field was shown to increase, but in contrast, the data shown in 

Table I indicates that the co-evaporation of the ranged ions does not follow the same trend, i.e., 

increases with field, something that might intuitively have been assumed. If anything, it infers 

more co-evaporation occurs at a lower apex field. This trend reversal is believed to be related to 

the data used in the different analyses presented in Figure 2(b), Figure 3 and Table I. For Figures 

2(b) and 3, all the ions collected and shown in the mass spectra are included while for Table I, only 

the ranged peaks are considered. As we increase the apex field, the mass spectrum background 

increases which is believed to be related to an enhanced DC evaporation [18]. From the double hit 
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data, those coming just from the mass spectrum background can also be isolated, although we 

cannot attribute a mass to them. Analysis of these background double hits revealed they accounted 

for ~30 % (NE CSR 0.330) and ~10 % (NE CSR 0.001) of the double hits detected. Likewise for 

the GRID CSR 0.341 and 0.002 analysis, the background double hits made up ~21 % and ~8 % of 

the total double hits detected. This indicates that for a higher apex field where the total number of 

multihits increases a significant fraction of this increase is related to the mass spectrum 

background. This would therefore explain the inverse trend observed in the results presented in 

Figures 2(b) and 3 compared to those of Table I.   

For the lower apex field where the DC evaporation and background multihits are significantly 

reduced, the ranged double hits NE:GRID ratio for the two field measurements of Table I indicate 

an enhanced co-evaporation for the lower field apex field regime. As the parameter varied to 

change the apex field was the LPE (i.e., tip temperature), then for GaN, this would indicate some 

sensitivity to the apex temperature over the LPE range applied here. Quantifying the GaN apex 

temperature, or change in the apex temperature, is far from trivial [29, 30]. However, given the 

LPE differences, i.e., ∆LPE = 0.005 to 0.5 pJ NE and 0.01 to 3 pJ for the GRID electrode, for the 

data in Table I, a notable change in the average apex temperature is likely to have occurred. A 

potential reason for the enhanced co-evaporation at higher tip temperature but lower field may 

occur due to the following. When an atom field evaporates it leaves an adjacent atom exposed to 

a higher field, while the more elevated the tip temperature means a lower energy barrier for field 

evaporation is present. This combination will result in an enhanced probability for co-evaporation. 

We also note that for the data shown in Table I, the LPE was different between the NE and GRID 

analysis for similar apex fields, i.e., the LPE was always slightly higher for the GRID analysis to 

achieve the same apex field. This may be because the evaporation rate between the analyses is not 
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perfectly accounted for in the detection rate compensation approach. As our data would indicate a 

tip temperature dependence, then the NE to GRID electrode ratio presented will also include a 

systematic offset. Thus, for the equivalent apex field, the tip temperature of the GRID electrode 

sample would be higher and therefore suffer more co-evaporation.  
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SISCS ions 

NE GRID Ratio 

NE:GRID 

event 

corrected 

NE GRID Ratio 

NE:GRID 

event 

corrected 

Ga CSR 

0.330 

Ga CSR 

0.341 

Ga CSR 

0.001 

Ga CSR 

0.002 

69Ga+:69Ga+ 387 ± 20 64 ± 8 5.5 ± 1.0 577 ± 24 56 ± 7 6.8 ± 1.0 
69Ga++:69Ga++ 74 ± 9   9 ± 3 7.5 ± 3.0 - - - 

71Ga+:71Ga+ 138 ± 12 25 ± 5 5 ± 1 253 ± 16 42 ± 6 4 ± 1 
71Ga++:71Ga++ 35 ± 6 10 ± 3 3.2 ± 1.0 - - - 

14N+:14N+ 137 ± 12 25 ± 5 5 ± 1 8 ± 3 1 ± 1 5.3 ± 1.0 
14N2

+:14N2
+ 257 ± 16 36 ± 6 6.5 ± 1.0 41 ± 6 4 ± 2 6.8 ± 1.0 

 

Mixed ions 

NE GRID Ratio 

NE:GRID 

event 

corrected 

NE GRID Ratio 

NE:GRID 

event 

corrected 

Ga CSR 

0.330 

Ga CSR 

0.341 

Ga CSR 

0.001 

Ga CSR 

0.002 

69Ga+:14N2
+ 1337 ± 37 310 ± 18 3.9 ± 0.3 1364 ± 37 43 ± 7 21 ± 5.0 

69Ga++:14N2
+ 3261 ± 60 505 ± 22 5.9 ± 0.3 42 ± 6 4 ± 2 6.5 ± 5.0 

69Ga+:14N+ 1582 ± 40 280 ± 17 5.2 ± 0.2 220 ± 15 17 ± 4 8.5 ± 3.0 
69Ga++:14N+ 9265 ± 96 1165 ± 34 7.3 ± 0.4 40 ± 6 3 ± 2 8.8 ± 8.0 
71Ga+:14N2

+ 5936 ± 77 742 ± 27 7.3 ± 0.3 957 ± 31 32 ± 6 20 ± 5 
71Ga++:14N2

+ 2025 ± 45 339 ± 18 5.5 ± 0.4 24 ± 5 1 ± 1 16 ± 20 

71Ga+:14N+ 965 ± 31 195 ± 14 4.5 ± 0.4 147 ± 12 9 ± 3 11 ± 6 

71Ga++:14N+ 815 ± 29 201 ± 14 3.7 ± 0.3 28 ± 5 2 ± 1 9 ± 10 

69Ga+:69Ga++ 770 ± 28 193 ± 14 3.6 ± 0.3 33 ± 6 7 ± 3 3.1 ± 2.0 

69Ga+:71Ga+ 1012 ± 32 210 ± 15 4.4 ± 0.4 1093 ± 33  85 ± 9 8.5 ± 1.0 

69Ga+:71Ga++ 461 ± 21 129 ± 11 4.3 ± 0.3 24 ± 5 3 ± 2 5.3 ± 6.0 

69Ga++:71Ga+ 480 ± 22 149 ± 12 2.9 ± 0.3 29 ± 5 3 ± 2 6.4 ± 7.0 

69Ga++:71Ga++ 287 ± 17 106 ± 10 2.5 ± 0.3 1 ± 1 1 ± 1 1 ± 1 

71Ga+:71Ga++ 323 ± 18 110 ± 10 2.7 ± 0.3 11 ± 3 1 ± 1 7 ± 7 

14N+:14N2
+ 584 ± 24 132 ± 11 4.0 ± 0.4 77 ± 9 5 ± 2 10 ± 6 

 

Table I. Selection of GaN same pulse mixed and SISCS double hits measured using the NE and 

GRID and the ratio between NE and GRID for similar Ga CSR. 
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2. AlN 

The second material studied was AlN. Figures 4 (a) and (b) show typical mass spectra taken 

from an AlN sample analyzed with (a) the CAMECA NE and (b) the GRID electrode. Both spectra 

show the same mass peaks and are highly representative of what was observed for all the conditions 

used in the field dependent study conducted. From the spectra the 14N++, 14N+, 14N2
+, 27Al+, 27Al++ 

and 27Al3+ are the most prominent mass peaks found and will therefore have the largest influence 

on the stoichiometry determined. The mass spectra shown in Figures 4(a) and (b) were also 

collected under a similar average Al CSR, i.e.,  
Al++

Al+ = 2.47 ±  0.01 for the NE and  
Al++

Al+ = 2.23 ±

 0.01 for the GRID electrode. As with the GaN, the apparent stoichiometry determined (again 

14 Da was assigned to be 14N+) from the two mass spectra of Figure 4(a) and (b) were also in good 

agreement, with the NE data yielding Al = 58.8 ± 0.1 at.% and N = 41.2 ± 0.1 at.%; and for the 

GRID electrode Al = 57.4 ± 0.1 at.% and N = 42.6 ± 0.1 at.%. The errors quoted are again from 

the 1σ counting statistics only [23]. 

  

 

Figure 4. Mass spectra from AlN using (a) the CAMECA NE and (b) the GRID electrode.  

0 10 20 30 40
100

101

102

103

104

C
o
u
n
t 
(i
o
n
s
)

Mass to Charge ratio (Da)

 Normal Electrode

AlN+

Al+
N2

+

N++

Al3+

Al++

Al2N
++

(a)

N+

0 10 20 30 40
100

101

102

103

104

C
o
u
n
t 
(i
o
n
s
)

Mass to Charge ratio (Da)

 GRID electrode

N2
+Al+

AlN++

Al2N
++

Al++

N+
Al3+

N++

(b)



 

public 

From a set of field dependent measurements performed on the AlN using the NE and GRID 

electrode, the apparent stoichiometry as a function of Al CSR, i.e., apex field, determined is shown 

in Figure 5(a). From Figure 5(a) we observe that the N is always underestimated. This is very 

different to GaN where the correct stoichiometry was attained for higher apex fields. However, 

this inability to measure the correct stoichiometry has also been observed for AlGaN when the Al 

fraction becomes comparable or greater than the amount of Ga present [18]. As seen in Figure 

5 (a), the apparent stoichiometry determined using either the NE and GRID electrode again shows 

excellent agreement although this time we have fewer GRID electrode data points and less of a 

change in apparent stoichiometry (~5 at.%) with CSR, i.e. apex field.  

 

 

From the data, the percentage of single and multihits were extracted and plotted as a function 

of Al CSR in Figure 5(b). Again, we see a significant difference in the number of detected multihits 

between the two electrodes used as a function of Al CSR. The GRID electrode multihits are much 

 

Figure 5. (a) Plot of the apparent Al and N stoichiometry as a function of Al CSR and (b) 

Single and multihits as a function of Al CSR for the same data set.  
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lower than the NE by a factor of ~4.  Even with this significant difference in multihit level, the 

apparent stoichiometry as a function of apex field remains similar. 

 From the data the maximum number of ions per pulse detected as function of Al CSR for 

both the NE and GRID electrode were also determined and are presented in Figure 6. From Figure 

6 the number of ions per pulse for the NE is ~2 times more than for the GRID electrode, i.e., ~7 

for the NE compared to ~3 for the GRID electrode. These values are comparable to those found 

for the GaN. Again, the higher number of ions per pulse for the NE compared to the GRID 

electrode is expected. This reflects the detection efficiency difference between the two electrodes. 

However, even for the NE the behaviour with field appears invariant this time. This may be due to 

a smaller change in apex field compared to the GaN. Although we cannot directly measure the 

apex field, we note the Ga CSR (for the NE GaN analysis) varied by over two orders of magnitude 

compared to about one here. For the GRID electrode only 3 counts per pulse for the apex field 

range measured is observed. This is again believed to be the result of the number of multiples 

generated combined with the lower detection efficiency of the GRID electrode.  

As Al is a single isotope element, AlN can be considered as almost being made up of two single 

isotope elements unlike GaN. Therefore, the probability for same isotope co-evaporation is similar 

for both species. However, the elements FOE, like GaN, remain significantly different. A value of 

19 V/nm is reported [25] for Al (based on pure Al) but again N is not reported. However, applying 

Müller’s image hump model in combination with Equation 1 to find the Al and N energy barrier 

at zero field using the relevant AlN cohesive energy [27], Al and N ionization energies [25], and 

the AlN surface work function [31], the FOE for N and Al for the AlN matrix was estimated to be 

~200 V/nm and ~50 V/nm respectively. This again supports N as being the element hardest to field 

evaporate.  
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In a similar way to that carried out on the GaN data, the amount of SISCS and mixed ions 

detected using both the NE and GRID were again investigated through the number and type of 

double hit ions per pulse recorded. The double ion combinations explored included 27Al1+/2+/3+, 

14N++, 14N+ and 14N2
+ because these were the most significant ions observed in Figures 4(a) and 

(b). Six measurements were taken into consideration this time, three with each electrode type. The 

same (or extremely similar) apex field between the three sets of NE and GRID analyses were again 

chosen making them highly comparable. The average apex fields based on the Al CSR were 

(
Al++

Al+  =  1.127 ±  0.005 ), (
Al++

Al+  =  1.603 ±  0.007  )  and (
Al++

Al+  =  2.47 ±  0.01 ) for the NE 

and (
Al++

Al+  =  1.126 ±  0.005 ) , (
Al++

Al+  =  1.945 ±  0.009 )  and (
Al++

Al+  =  2.23 ±  0.01  ) for 

the GRID electrode. Table II shows a selection of the mixed and SISCS double hit ions extracted 

from the data collected using the NE and GRID electrode for the three apex fields. The 

uncertainties quoted are again just the statistical error and were again included to highlight which 

ions were statistically relevant given some of the extremely low counts observed. Like for the 

GaN, ~500,000 ions for each data set were targeted but a slightly different number of detected 

events for each data set was collected. To account for this, the number of detected ions making up 

each data set was again included for the determination of the NE:GRID electrode ratio reported in 

Table II.  

From Table II we observe that the ratio between NE:GRID electrode for the SISCS and mixed 

ions regardless of the three apex fields studied remains extremely similar. When we compare the 

SISCS and mixed ions for each field, a very small difference in the NE:GRID ratio is observed, 

with the mixed ions showing a slightly higher ratio indicating there may be some co-evaporation. 

Given the apparent stoichiometry determined between the NE and GRID electrode for each of the 

three apex fields analyzed were the same; but the apparent stoichiometry with apex field changed 
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by >5 at.%; and the N is always ≥7 at.% underestimated, the similarity between the three field 

measurements double hit analysis again does not support co-evaporation ion pile-up as the primary 

cause for the apparent stoichiometric variation with apex field and/or the level of N 

underestimation.  
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Table II. Selection of AlN mixed and SISCS double hits measured using the NE and GRID and 

the ratio between NE and GRID for similar Ga CSR. 

 

SISCS ions 

NE GRID Ratio 

NE:GRID 

event 

corrected 

Al CSR 

2.47 

Al CSR 

2.23 

27Al+:27Al+ 27 ± 5 10 ± 3 2.0 ± 1.0 
27Al++:27Al++ 246 ± 16  59 ± 8 3.1 ± 0.6 

27Al+++:27Al+++ 2 ± 1 2 ± 1 1 ± 1 
14N+:14N+ 119 ± 11 53 ± 7 1.7 ± 0.4 

14N2
+:14N2

+ 112 ± 11 31 ± 6 2.7 ± 0.7 

 

Mixed ions 

NE GRID Ratio 

NE:GRID 

event 

corrected 

Al CSR 

2.47 

Al CSR 

2.23 

27Al+:14N2
+ 1032 ± 32 167 ± 13 4.6 ± 0.5 

27Al++:14N2
+ 7849 ± 89 1132 ± 34 5.2 ± 0.2 

27Al+++:14N2
+ 635 ± 25 152 ± 12 3.1 ± 0.4 

27Al+:14N+ 2226 ± 47 430 ± 21 3.9 ± 0.3 
27Al++:14N+ 6290 ± 79 1167 ± 34 4.1 ± 0.2 

27Al+++:14N+ 1965 ± 44 456 ± 21 3.2 ± 0.2 

27Al+:27Al++ 1348 ± 37 293 ± 17  3.5 ± 0.3 

27Al+:27Al+++ 873 ± 30 200 ± 14 3.3 ± 0.3 

27Al++:27Al+++ 1761 ± 42 354 ± 14 3.7 ± 0.3 

14N+:14N2
+ 847 ± 29 257 ± 16 2.5 ± 0.2 

 

 

SISCS ions 

NE GRID Ratio 

NE:GRID 

event 

corrected 

Al CSR 

1.603 

Al CSR 

1.945 

27Al+:27Al+ 43 ± 6 14 ± 4 2.8 ± 0.9 
27Al++:27Al++ 282 ± 17 64 ± 8 4.1 ± 0.6 

27Al+++:27Al+++ 2 ± 1 1 ± 1 2 ± 2 
14N+:14N+ 246 ± 16  114 ± 11 2.0 ± 0.2 

14N2
+:14N2

+ 147 ± 12 42 ± 6 3.2 ± 0.6 

 

Mixed ions 

NE GRID Ratio 

NE:GRID 

event 

corrected 

Al CSR 

1.603 

Al CSR 

1.945 

27Al+:14N2
+ 1331 ± 36 284 ± 17 4.3 ± 0.3 
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27Al++:14N2
+ 7981 ± 59 1483 ± 39 5.0 ± 0.2 

27Al+++:14N2
+ 602 ± 25 203 ± 14 2.7 ± 0.2 

27Al+:14N+ 2523 ± 50  680 ± 26 3.4 ± 0.2 

27Al++:14N+ 6117 ± 78 1624 ± 40 3.5 ± 0.1 
27Al+++:14N+ 2004 ± 45 634 ± 25 2.9 ± 0.1 

27Al+:27Al++ 2037 ± 45  455 ± 21 4.1 ± 0.2 

27Al+:27Al+++ 906 ± 30 231 ± 15 3.6 ± 0.3 

27Al++:27Al+++ 1714 ± 41 511 ± 23 3.1 ± 0.2 

14N+:14N2
+ 1016 ± 32 410 ± 20 2.3 ± 0.1 

 

 

SISCS ions 

NE GRID Ratio 

NE:GRID 

event 

corrected 

Al CSR 

1.127 

Al CSR 

1.126 

27Al+:27Al+ 59 ± 8 31 ± 6 1.7 ± 0.4 
27Al++:27Al++ 227 ± 15  77 ± 9 2.7 ± 0.4 

27Al+++:27Al+++ 0 ± 0 0 ± 0 0 ± 0 
14N+:14N+ 197 ± 14 127 ± 11 1.4 ± 0.2 

14N2
+:14N2

+ 120 ± 11 43 ± 7 2.5 ± 0.5 

 

Mixed ions 

NE GRID Ratio 

NE:GRID 

event 

corrected 

Al CSR 

1.127 

Al CSR 

1.126 

27Al+:14N2
+ 1162 ± 34 281 ± 17 3.8 ± 0.3 

27Al++:14N2
+ 5589 ± 75  1018 ± 32 5.0 ± 0.2 

27Al+++:14N2
+ 417 ± 20 137 ± 12 2.8 ± 0.3 

27Al+:14N+ 1895 ± 44 569 ± 24 3.0 ± 0.2 

27Al++:14N+ 3932 ± 63 1095 ± 27 3.3 ± 0.1 
27Al+++:14N+ 1182 ± 34 418 ± 20 2.6 ± 0.2 

27Al+:27Al++ 2044 ± 45 503 ± 22 3.7 ± 0.2 

27Al+:27Al+++ 698 ± 26 223 ± 15 2.9 ± 0.2 

27Al++:27Al+++ 1170 ± 34 338 ± 18 3.2 ± 0.2 

14N+:14N2
+ 765 ± 28 366 ± 19 1.9 ± 0.1 

 

Given the findings presented for both the GaN and AlN does not support ion pile-up as the 

primary loss mechanism behind the field dependent compositional bias, further studies need to be 
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undertaken to find the underlying cause. Similar behavior to GaN/AlN has been shown to occur 

for oxides, e.g., α-Fe2O3 and SrTiO3 [32, 33], but for these samples it was the O that was severely 

underestimated. A very probable mechanism behind underestimation of elements like N or O in 

nitrides and oxides is thought to be the formation and emission of neutrals, which cannot be 

detected. Nevertheless, how these neutrals form remains a topic of debate. Diercks et al. [34] made 

a convincing argument for the loss of nitrogen at higher LPE through N2 neutrals. Based on the 

sample’s crystal planes, laser orientation and lowering of the decomposing temperature under 

vacuum, they concluded N is lost through N2 sublimation. As the loss of N here appears to correlate 

with higher LPE (tip temperature) and lower apex field based on CSR analysis, thermal 

sublimation of N/N2 cannot be ruled out. However, Gault et al. [35] somewhat opposed Diercks 

hypothesis from a theoretical viewpoint. They countered that decomposition of N/N2 neutrals 

during an APT experiment was unlikely based on the expected tip temperature. Moreover, they 

also indicated that if N2 were to be desorbed from the surface, it would behave like that of an 

imaging gas in field ion microscopy (FIM) i.e., become ionized, as reported by Suchorski et al. 

[36]. They then went on to propose that the loss of N comes from the field emission of molecular 

ions that undergo dissociation to form N/N2 neutrals. They supported their dissociation proposition 

through a GaN Saxey map [4]. This dissociation hypothesis could also offer a potential explanation 

to support our findings. As proposed by Gault et al. [35], any N/N2 neutrals formed from the 

dissociation process will have the ability to ionize during their time of flight. This will also depend 

on the distance from the apex at which the dissociation occurs and the apex field at this point. 

Hence, the lower the LPE, the higher the apex field and the greater distance expected from the 

apex for this neutral ionization to occur. Now, if more of the N/N2 neutrals arising from 

dissociation were to ionize with increasing apex field, this could explain the improved composition 



 

public 

observed at higher fields. Moreover, for AlN we never reach the correct stoichiometry compared 

to GaN. A potential reason for this is that the AlN molecules are lighter in mass compared to their 

GaN equivalents, and so they will exit the high field region closer to the apex quicker. Although 

this will reduce the opportunity for AlN dissociation to occur, AlN possesses a much larger electric 

dipole than GaN which compensates this effect [37]. An impact of this quicker exit from the high 

field region is that any N neutrals formed by dissociation would have less time to ionize. This 

would lead to a reduced ionization efficiency for the dissociated N neutrals and may be an 

underlying cause for why we never reach the correct stoichiometry for AlN compared with GaN. 

 If a lack of ion generation and/or emission were the issue, effort towards developing a better 

understanding of the field evaporation mechanism is required. Only by determining this for 

nanometer scale samples that are subjected to high electric fields and laser illumination (i.e., 

thermal impact), a far from trivial task we note, can the root cause of the compositional bias we so 

regularly observe in APT with oxides and nitrides be explained. Moreover, such an understanding 

would aid in the development of the next generation of experimental equipment and/or analysis 

conditions to minimize/avoid this in the future. It should also be noted that if ions are being lost, 

e.g., by neutral formation, not only is the composition quantification compromised, but also the 

spatial resolution of the reconstructed data [38, 39], and this is something APT aims to excel in.   

Conclusions 

In this paper we have investigated the correlation between field dependent compositional bias 

with multihits and any associated ion pile-up for nitride materials. In the case of GaN, the lower 

the apex field the greater the divergence from the correct stoichiometry, while for AlN, the correct 

stoichiometry was never reached. Several factors were presented, including FOE calculations 

combined with N being the element always underestimated, which indicate N as having the 
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necessary characteristics for being prone to ion pile-up. Using a CAMECA NE in combination 

with a GRID electrode specially designed to manipulate the ion pile-up behavior, no impact on the 

apparent stoichiometry with field was observed. Our findings do not therefore support N ion 

pile-up as the primary and underlying cause for the field dependent compositional bias observed 

for GaN and AlN.  
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