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Abstract 

We investigate the microscopic behaviour of hydrogen-containing species formed on the 

surface of III-N semiconductor samples by the residual hydrogen in the analysis chamber in 

laser-assisted atom probe tomography (APT). We analysed AlGaN/GaN heterostructures 

containing alternate layers with a thickness of about 20 nm. The formation of H-containing 

species occurs at field strengths between 22 and 26 V/nm and is independent of the analysed 

samples. The 3D APT reconstruction makes it possible to map the evolution of the surface 

behaviour of these species issued by chemical reactions. The results highlight the strong 

dependence of the relative abundances of hydrides on the surface field during evaporation. The 

relative abundances of the hydrides decrease when the surface field increases due to the 

evolution of the tip shape or the different evaporation behaviour of the different layers.  
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1. Introduction 

In the last two decades, laser-assisted Atom Probe Tomography (APT) has proved to be an 

efficient technique for mapping chemical species in semiconductors. Among its main 

achievements in microscopy of semiconductors, one could cite the elucidation of the alloy and 

doping distribution in III-N materials [1–5], the quantitative definition of interfaces in 

heterostructures [6], or the assessment of impurity segregation at defects [7,8]. However, it 

should not be forgotten that, despite the information of APT is visualised and analysed in a 3D 

virtual space, this technique is based on the surface phenomenon of field evaporation. Strictly 

speaking, APT should be considered as a surface microscopy technique, whose information is 

eventually summed up into a 3D system. Surface phenomena play an important role in APT 

compositional and spatial metrology, as they may have important consequences on the accuracy 

of the reconstructed images [9–14]. Among surface phenomena, one could cite the ionization 

of parasitic species contained in the chamber of analysis or even the reaction of surface atoms 

with them. Among parasitic species, hydrogen and oxygen are the most significant. In 

particular, hydrogen represents per se a domain of research in APT-based microscopy. 

Increasing attention is paid to it due to its importance as an energy vector [15]. Beyond that, it 

plays an important role in the determination of structural properties in metals [16–18], its 

interaction with functional defects in semiconductor bulk and surfaces [19,20]. Currently, 

several strategies are adopted in order to reduce the impact of parasitic H2 within the analysis 

chamber. Its impact can be eliminated or reduced, for instance, by accurate choice of the 

materials and coating of the analysis chamber [21], or by deuterium charging of specimens 

[17,18,22]. However, the interaction of parasitic hydrogen with the specimen surface under 

high electric field can also be studied as an independent phenomenon. In a previous study, some 

of the authors of this article targeted the abundances of the hydrogen molecules H+; H2+, H3
+ 
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and their dependence on the electric field [23]. In this work, we study the formation of 

molecular ions containing both constituent atoms of semiconductor systems and hydrogen 

atoms from the surrounding environment. These problems are not only interesting for APT 

metrology, but may also be related to catalysis at the nanoscale [24]. The studied systems are 

AlGaN/GaN heterostructures containing alternating layers with nominally identical 

composition. This configuration is very useful for APT metrology studies as it allows inducing 

local changes in the surface field due to the fact that AlGaN is harder to evaporate than GaN. 

These field variations occur both in the radial and in the axial direction, due to a combination 

of feedback of the DC voltage applied to the tip and compositional variation during APT 

analysis at constant detection rate [14]. In fact, on an AlGaN layer the surface field required to 

sustain a given evaporation flux (and, for constant apex radius, a given detection rate) is higher 

than on a GaN layer [14]. The surface field within the analysed system varies between 22 and 

26 V/nm. In this study, the charge state ratio (CSR) of the metallic element Me2+ /Me+ was used 

to estimate the electric field at the sample surface. This method is based on Kingham's theory 

of post-ionisation, according to which an ion may lose one or more electrons during the initial 

phases of the ion's acceleration in the field, so that higher charge states become statistically 

more frequent as the field increases [25].  

This heterostructure configuration makes it possible to study the interactions between hydrogen 

and material on domains yielding local variations of the surface field. In fact, the main result of 

this work is highlighting the existence of several families of H-containing molecular ions, and 

that their abundances exhibit a strong dependence on the surface field. 

 

2. Experimental details 

A set of III-N semiconductor heterostructures was analysed in this study. The sample shown in 

the Figure 1a was fabricated by molecular beam epitaxy (MBE); the growth direction being 



4 
 

along the c polar axis. It contains superlattices with 20 periods of 20 nm layers of AlxGa1-

xN/GaN with a nominal III-site fraction of Al x ~ 0.7 in the AlxGa1-xN layers. Three different 

samples containing a different x Al III-site fraction in the AlGaN layers were analysed, yielding 

qualitatively similar results. In all samples, this alternation of layers was purposely designed 

for APT metrology experiments in order to monitor the variation in composition measured in 

samples containing upper and lower field layers for better accuracy in measurements.   

Atom probe tip samples were obtained by standard lift-off and annular milling procedures based 

on focused ion beam (FIB) [26]. The analysis was carried out using a Laser-Assisted Wide-

Angle Tomographic Atom Probe (LAWATAP). Laser pulses were generated using 

monochromatic UV light with a wavelength of 340 nm at a laser repetition frequency of 100 

kHz. The detection system was a multichannel plate/advanced delay line detector (MCP/aDLD) 

with an MCP efficiency ηMCP ≈ 0.6 [27] [28]. The temperature throughout the measurements 

was set at 50K. Although this parameter may have a significant impact on the analysis results, 

its investigation falls outside of our current scope.  

Throughout the analysis, the laser energy remained constant. As the ions evaporate, the radius 

of the tip’s curvature, progressively increases and consequently the amplitude of the 

electrostatic field decreases as well as the evaporation flux. To counterbalance this effect these 

two phenomena, the voltage VDC applied to the tip was gradually modulated. 

The pressure in the analysis chamber was of the order of 5×10-11 mbar, while the detection rate 

remained constant during the detection of over twenty million evaporated ions. 

 

3. Results and Discussion 

 

3.1 APT analysis: mass spectra 
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The mass spectrum obtained from this analysis is shown in the Figure 1b. The main species 

identified as material constituents are Al3+, Al2+, Al+ at 9, 13.5 and 27 Da respectively, the two 

isotope peaks of Ga+ (69 and 71 Da) and Ga2+ (34.5 and 35.5 Da), N+, N2+ and N2
+ at 8, 14 

(which may also be N2
2+), and 28 Da respectively. Molecular species such as AlN2+ were 

identified at 20.5 Da. 

 

 

Figure 1: (a) Schematic structure of the analyzed system (in blue, the approximate position of 

the APT specimen). (b) Mass spectrum from APT analysis of the AlGaN/GaN heterostructure. 

(c) 3D reconstructed volumes showing the spatial distribution of AlN2+ and AlNH2+ molecular 

ion species. 

 

Parasitic species such as hydrogen ions H+, H2
+ and H3

+ were identified at 1, 2 and 3 Da as seen 

in previous studies by Rigutti et al. [23]. These ions can be either hydrogen contained in the 

material or residual hydrogen present in the APT analysis chamber. Hydrides formed by matrix 

species were also identified as shown in Table 1. These hydrides could be formed by hydrogen 

in the analysis chamber during a reaction at the surface of the sample between the hydrogen 

and the elements of the matrix. 
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Main species 

(mass/charge in Da) 

Hydrides (mass/charge in Da) 

𝐍+ (14) NH+ (15) NH2
+ (16)  NH3

+ (17) NH4
+ (18) 

𝐍𝟐
+ (28) N2H+ (29) N2H2

+ (30)  N2H4
+ (32) 

𝐀𝐥𝐍𝟐+ (20,5) AlNH2+ (21) AlNH2
2+ (21,5) AlNH3

2+ (22)  

Table 1: Main elements of the matrix and their relative hydrides with their respective mass-to-

charge state ratio (in Da) allowing their identification on the mass spectrum. 

 

Hydrogen is not the only parasitic species present in the material or in the analysis chamber. 

Oxygen may also be present due to residual gas in spite of the ultra-high vacuum in the analysis 

chamber. Thus, the peaks at 16, 17, 18 and 32 Da associated with the hydrides NH2
+, NH3

+, 

NH4
+ and N2 H4

+ respectively could also be identified as O+, OH+, H2O
+ and O2+ respectively. 

However, in the rest of this study, all these peaks are assumed to be hydrides because we're not 

doing a composition calculation but looking at the dependence of these peaks on the surface 

field. Another important thing noticed during this analysis is the absence of a peak 

corresponding to the N2 H3
+ species [29]. The fraction of nitrogen hydrides in the mass spectrum 

represents around 4.3% of the species identified.  

A typical 3D reconstruction of an APT analysis highlighting the spatial distribution of AlN2+ 

and AlNH2+ is shown in Figure 1c. This reconstruction is obtained by applying the "cone angle" 

algorithm with an initial radius R0 = 25nm, curvature factor 1, compression factor M+1 = 1.6, 

cone angle 10° and reconstruction detection efficiency ηrec=0.25. Notice that this parameter is 

lower than the detector efficiency (ηMCP ~0.6) due to mechanisms of detection loss related to 

the evaporation of neutral ions and to preferential evaporation [3,14]. These geometric 

parameters are those given by default by the software used to process the data. 

 

 

3.2 Field Estimation at the surface of the sample 
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The charge state ratio (CSR) for the species X is defined as  

𝐶𝑆𝑅(X) =
𝑛(X++)

𝑛(X+)
, 

where n(X) is the number of ions of species X detected within a given spatial interval. The main 

advantage of the CSR(Ga) is that it may be exploited as a microscopic field indicator in all 

layers. The correlation between the CSR and the local field is shown in the figure 2a as directly 

issued by the Kingham model [30]. Considering the CSR(Ga) we can see that the higher this 

ratio is, the more intense the field becomes. This quantity can be calculated locally by arbitrarily 

choosing a volume in the 3D reconstruction. This mapping of the local electric field can be 

correlated with the relative abundances of the hydrides to determine their behaviour at the 

surface of the material. The Figure 2b shows the 2D maps of the sample obtained from a 5-nm 

thick cross-section along the main axis (Z coordinate) of the tip. It maps the Al sites fraction to 

the left and the CSR(Ga) to the right. It is important to mention that the compositional gradient 

appearing in this representation are mostly an artefact, as they derive from intrinsic bias 

affecting both the spatial precision and the compositional accuracy of the analysis of AlGaN. 

These effects, also visible in the Figure 1c, have been studied in depth elsewhere [3,14] and are 

out of the scope of this work. 
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Figure 2: (a) Calculated correlation diagram between the CSR of Al and Ga and the local field. 

(b) Cross-sectional map of 5-nm thick along Z axis extracted from the reconstructed volume of 

the analysed specimen (Al sites fraction); (c) Ga charge state ratio.  

 

From this representation of the CSR, it is evident that the strength of the field varies depending 

on the periodic structure of the material (AlxGa1-xN/GaN). Specifically, the field is stronger on 

an AlxGa1-xN layer compared to a GaN layer, due to the difference in the strength between the 

Al-N and Ga-N bonds. For the GaN layers, the field is also generally more intense close to the 

axis of the tip than far from it. For the AlxGa1-xN layers there is an apparent decrease of the 

field towards the axis, which could be due to a partial intermixing of GaN and AlxGa1-xN 

reconstructed layers. This reconstruction artefact lowers the interface resolution for the present 

experimental conditions, and has the secondary effect of increasing the scattering of the data 

presented in Figure 3b. If we look at the map as a whole, the field is stronger at the apex and 

this intensity decreases along the tip. This decrease of the field is due to the increase of the 

imaged surface within the detector field of view. As the detection rate, which is kept constant, 

is the product of the evaporation rate and of the imaged surface, the field decreases to keep the 
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detection rate constant [31]. This estimate of the local field makes it possible to study the 

formation of hydride species on the surface of the material. 

 

3.3 Dependence of hydrides formation on the surface electric field 

In the remainder of this work, the quantity used to study the behaviour of the hydrides at the 

surface of the sample and to correlate it with the electric field, is the relative abundance. This 

quantity is calculated for each family of species using the total number of ions detected for each 

species identified. It is defined as follows for the family of N2
+ and its hydrides N2H

+, N2H2
+ 

and N2H4
+ for example:  

A(N2Hi
+) =

n(N2Hi
+)

n(N2
+) + n(N2H+) + n(N2H2

+) + n(N2H4
+)

 

Where i = 0, 1, 2 and 4 is the number of hydrogen atoms in the molecule, n is the total number 

of ions evaporated contained in the interval defined on the mass spectrum of each species 

identified. 

The field estimate shows that the field is stronger on an AlGaN layer than on a GaN layer. 

Several parameters can influence the evolution of the field at the surface of the material: the 

structure of the sample, the crystallographic orientation and the area imaged, which increases 

during the analysis with a constant detection rate [32]. The 2D maps shown in the figure 3a 

were obtained using the same process described in section 3.2 for mapping the CSR(Ga) and 

Al sites fraction. They show from left to right the charge state ratio of Ga (repeated here for 

clarity) and the relative abundances of N2
+species and its relative hydrides (N2H

+, N2H2
+, and 

N2H4
+) respectively.  
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Figure 3: (a) Cross-sectional map extracted from the reconstructed volume of the analysed 

specimen of Ga charge states  ration at left, and the relative abundances of the N2
+ family and 

its relative hydrides N2H
+, N2H2

+ and N2H4
+. (b) Correlation diagrams representing, from left 

to right, the relative abundances of the N+, N2
+ and AlN2+ families and their relative hydrides 

respectively. 

 

It can be seen from these representations that the variation of the hydrides follows the evolution 

of the surface field. In layers where the field is stronger (AlGaN layers), fewer hydrides are 

formed, and in layers where the field is weaker (GaN layers), more hydrides are formed. To 

illustrate this dependence of hydride formation on the surface field, the correlation diagrams 

between the field and the relative abundances of the three families of hydrides identified on the 
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mass spectrum are shown in the figure 3b. From left to right we have the families N+ and relative 

hydrides, N2
+ and its hydrides, AlN2+ and its hydrides respectively.  What is important to note 

here is that the hydrides in the three families all show similar trends. Their relative abundances 

decrease as the electric field increases [33]. The trend is less pronounced in the case of the NHn
+ 

species. The main conclusion to draw from these results is that hydrides form preferentially at 

low fields, and that this formation is independent of the relative fraction of elements of group 

III in the nitride. The exact mechanism of formation of molecular ions from parasitic gases are 

not elucidated yet, although this is quite consistent with a general trend stating that the 

formation of molecular ions (either containing parasitic gases or only constituent atoms) 

prevails at lower field and/or high laser energy in laser-assisted APT [34,35]. This may be due 

either to a different dynamics of surface interaction or to the increased probability of 

dissociation of molecular ions in a higher electric field [12,36,37]. In order to obtain a deeper 

insight into this problem, a thorough analysis of multiple detection events has to be 

implemented in a future work, but correlation with numerical calculations would also improve 

the interpretation.  

 

4. Conclusions and Outlook 

 

In conclusion, the microscopic behaviour of nitrogen hydrides at the surface of AlGaN/GaN 

semiconductor heterostructures was studied. For all the families of hydrides identified, the 

evolution of their relative abundances follows the same trends as a function of the field, the 

estimation of which gives us a range of variation of 22-26 V/nm.  This shows that the relative 

abundances of hydrides depend on the electric field, and are independent of the fraction of 

element III present in the nitride phase. This result represents a first step in the understanding 
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of the chemical reactions that take place at the surface of the material, leading to the formation 

of hydride molecular ions. 

In perspective, the study of multiple-ion events (i.e. when several ions are detected on the same 

pulse) between matrix compounds and hydrogen would be important to gain insight into 

hydride formation, along with an investigation of the chemical reactions that can take place at 

the material surface. Other parameters that could influence hydride formation during 

evaporation, such as temperature applied to the sample, laser energy, partial pressure of 

hydrogen in the analysis chamber, etc., are also of interest. A particular interest would be 

represented by studies on systems that have a high affinity with H, such as Zirconium, Titanium 

and Magnesium-based materials [38], in order to elucidate the interactions between hydrogen 

and the constituent atoms of these materials, which may also be used for hydrogen storage. 
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