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The distribution and electrical activity of p-type doping (Mg) in gallium nitride (GaN) grown by metal organic 
chemical vapor deposition was investigated by correlating atom probe tomography (APT) and off-axis 
electron holography. APT results revealed that high Mg concentrations promote the formation of Mg-rich 
clusters. This is associated with the formation of pyramidal inversion domains (PIDs). The direct 
measurement of the doping concentration outside the clusters provided by APT suggests a saturation in the 
p-type electrical activity for Mg concentrations above 7 x 1019 cm-3. Maps of the electrostatic potential 
provided by off-axis electron holography confirm that the highest carrier concentration was achieved in the 
regions with the highest dopant concentration of 2 x 1020 cm-3

,
 despite the presence of a high density of Mg-

rich clusters revealed by APT. The correlation of these techniques suggests that PIDs are not the major cause 
of the reduction in electrostatic potential. 

 

Introduction 

GaN and its alloys are of a great interest in the fabrication of high-performance devices that are widely used in 
optoelectronic applications as well as power electronics. Despite their widespread use, the ability to produce p-
type doping is still a challenge [1]. Mg is currently the only efficient p-type dopant in GaN, but due to its high 
ionization energy [2], high dopant concentrations of up to 1 x 1020 cm-3 are needed to achieve the required hole 
concentration at room temperature [3]. An important drop in the carrier concentration has been observed 
above Mg concentrations in the low 1019 cm-3 range [4]. This is thought to be due to combinations of at least 
two defect mechanisms: (i) the formation of Pyramidal Inversion Domains (PIDs), containing electrically inactive 
Mg atoms [5–7]; (ii) the formation of complexes with native defects such as MgVN, where VN is a nitrogen 
vacancy [8–10]. To better understand the influence of the PIDs on the reduction of the Mg dopant activity, 
correlative Atom Probe Tomography (APT) and off-axis electron holography were performed. APT provides a 
near atomic-scale 3D image of the Mg doping distribution [11,12] which is correlated with the nm-scale 
measurement of the electrical activity of active dopants by off-axis electron holography [13,14].  

Experimental Results 

A wafer containing differently doped layers was grown along the [0001] direction by metal organic chemical 
vapor deposition (MOCVD) at 950 °C on a n-type doped-GaN substrate. The conducting substrate reduces the 
presence of dislocations and the charging effects during holography measurements. The sample consists of 
three successive GaN layers with increasing Mg dopant concentrations being 400 nm of 3 x 1019 cm-3, 300 nm of 
7 x 1019 cm-3 and then 200 nm of 2 x 1020 cm-3. Finally, a 500 nm thick Not Intentionally Doped (NID) capping 
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layer was grown. The sample was intentionally designed to have different dopant concentrations in the same 
stack. This is due to the difficulty in comparing small changes in electrostatic potential when examining 
different TEM specimens separately by off-axis electron holography.  Figure 1(a) shows a Secondary Ion Mass 
Spectrometry (SIMS) profile revealing the total Mg concentrations in the differently doped layers with their 
respective thicknesses. This profile also reveals an unintended Mg concentration of 1.5 x 1019 cm-3 in the first 
50 nm of the NID layer. This effect is due to the surfactant properties of the Mg dopants, which remain on the 
surface during growth process and are incorporated in the NID layer grown above.  

A TEM lamella and needle-shaped atom probe specimens were prepared using a standard lift-out procedure 
using a Dual-Beam Focused Ion Beam (FIB) operated at 16 kV with a final cleaning step at 2 kV. High-Angle 
Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM) was performed on a thin (< 100 
nm) lamella and observed down the [11-20] direction using an aberration corrected FEI Titan Ultimate 
operated at 300 kV. A low magnification image is shown in figure 1(b). The position and thickness of the doped 
layers are revealed from the bright contrast. Higher magnification HAADF-STEM images of the highly doped 
layers with the nominal Mg concentrations of 2 x 1020 and 7 x 1019 cm-3 are also shown in figures 1(c) and (d) 
respectively.  The bright contrast regions, corresponding to the presence of PIDs, reveals the highest density for 
the highest Mg concentration of 2 x 1020 cm-3. The triangular shape of such PIDs can be better observed at a 
concentration of 7 x 1019 cm-3, where they are more dispersed. In these HAADF-STEM images no PIDs are 
observed in the lowest doped layers (≤ 3 x 1019). 

Laser-assisted Atom Probe Tomography (La-APT) was performed using a CAMECA FlexTAP operated in UV 
mode. The analysis parameters included an operating temperature of T = 40 K, a peak energy density during 
the laser pulse of 2.7 × 10-4 J cm-2 and a detection rate of 0.01 event/pulse. The FlexTAP detection efficiency 
was 62 %, corresponding to the active area of the multi-channel plate [15]. The APT experiment was performed 
under low electric field conditions, as suggested by the low charge-to-state ratio Ga2+/Ga+ resulting during the 
tip evaporation. This ratio was approximately constant during the whole experiment it and ranged between 
0.021 and 0.025, corresponding to a surface field of about 23 V nm-1 [16].  Despite these conditions, the 
evaporation of the GaN layer with a dopant concentration of 3 x 1019 cm-3, which is deep in the structure, was 
never observed because of systematic tip ruptures. In such low field conditions, an overestimation of the 
metallic elements, Mg and Ga is expected, leading to a deficiency in the N measurement [16,17]. Therefore, the 
cation III-site metallic fraction should approach the expected value and can be considered for an estimation of 
the Mg composition in GaN in the different regions [18]. However, as long as the evaporation conditions 
remain constant, such as the electric field at the apex, the relative comparison of the Mg properties between 
the several layers is reliable. 

A schematic of the region that was examined by APT is represented with red dashes in the HAADF-STEM image 
of the lamella specimen shown in figure 2(a). The distribution of Mg atoms within the 3D reconstructed volume 
is revealed in figure 2(b). Three regions corresponding to the three Mg doped layers can be observed. The Mg 
composition profile calculated from the reconstructed volume and expressed in terms of Mg metallic fraction, y 
= Mg/(Mg+Ga) [16,17] is shown in figure 2(c). This composition profile allows the three differently doped 
regions to be distinguished.  Region (1), which is the NID layer, has an average value of y = 0.15 ± 0.04 %. The 
extracted mass spectrum is shown in Figure 2(d) where only the more abundant isotope 24Mg2+ is detected, 
indicating that this measurement is close to the detection limits of APT (about 1x1019 cm-3) [18]. Region (2) 
corresponds to the most highly doped layer at 2 x 1020 cm-3, where a value of y = 0.40 ± 0.01 % was measured. 
Figure 2(b) shows the presence of a high density of Mg clustering in this layer. Region (3) is the layer doped at 7 
x 1019 cm-3, where y = 0.30 ± 0.02 % is obtained. In this layer, the APT suggests less Mg clustering than for the 
highest doped layer, confirmed by the HAADF-STEM observations. As previously discussed, region (4) with a Mg 
concentration of 3 x 1019 cm-3 was not examined in this study due to numerous tip breakages during the long 
data acquisition times. 

A cluster identification procedure was performed in the APT 3D reconstructed volume. This consists of a 
maximum separation technique based on the calculation of distance between first nearest neighbour of solute 
atoms [19,20].  Then from this identification, the number of Mg atoms can be determined inside each cluster as 
well as the overall cluster density inside each p-doped layer. Using this methodology an increase in the cluster 
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density from 1.2 x 1017 cm-3 to 1.8 x 1018 cm-3 was observed where the total Mg concentration measured by 
SIMS increases from 7 x 1019 to 2 x 1020 cm-3 respectively. These observations are in qualitative agreement with 
the HAADF-STEM observation shown in Figure 1. One of the key strengths of APT is not only to be able to 
visualize the Mg-rich clusters, but also to calculate the remaining Mg outside of the clusters which are 
considered to be potentially electrically active (non-PID). Figure 2(e) shows both the total metallic fraction 
measured by APT, and the non-PID fraction for the different dopant concentrations in the regions examined. 
When considering the total Mg concentration, the metallic fraction increases with the total Mg concentration 
as expected.  However, after removing the atoms contained in the clusters, there is an increase in the non-PID 
Mg concentration when comparing region (1) (total concentration 1.5x1019 cm-3) to region (3) (total 
concentration 7x1019 cm-3) despite the formation of the Mg-rich clusters for higher dopant concentrations. The 
measured increase of the non-PID fraction across these layers is from 0.15 +/- 0.04 % to 0.29 +/- 0.01 % 
respectively.  For region (2) (2x20 cm-3) the measured value of non-PID Mg concentration is 0.27 +/- 0.015 %,  
thus despite the very high-density of the Mg-rich clusters, the dopant concentration that is potentially active 
remains constant to within error. To provide more information about the activity of the dopants, off-axis 
electron holography was performed to measure the relative changes in electrostatic potential across the layers.  

Off-axis electron holography is a TEM based technique that uses an electron biprism to interfere a coherent 
electron wave that passes through a region of interest with another that passes through vacuum. This 
interference pattern, also known as hologram, contains information about the amplitude and the phase of the 
electrons [13]. In the absence of dynamical diffraction effects and magnetic fields, the change in phase is 
directly proportional to the Mean Inner Potential of the material (VMIP) and variations of the electrostatic 
potential arising from the presence of active dopants (Vdopant). The measured change in phase is given by: 

∆𝛷 = 𝐶ா න ൫𝑉ௗ௢௣௔௡௧ + 𝑉ெூ௉൯𝑑𝑧,
௧

଴

         (1) 

where t is the thickness of the specimen; CE is a constant equal to 0.0073 rad·nm-1·V-1 for 200 kV electrons; the 
VMIP has been calculated to be 16.8 V for GaN from density functional theory [21]. A parallel-sided and flat 
lamella specimen is required in order to accurately measure the step in phase coming from Vdopant. Under these 
conditions, the change in phase can then be described as it follows: 

 
∆𝛷 = 𝐶ா   𝑉ௗ௢௣௔௡௧൫𝑡௖௥௬௦௧− 𝑡௜௡௔௖௧௜௩௘൯, (2) 

where tcryst is the crystalline thickness of the specimen.  The inactive thickness, tinactive is a crystalline surface 
region which does not contribute towards the measured phase change arising from the active dopants. This is 
caused by a combination of structural damage caused by FIB milling, which can trap the dopant atoms in defect 
states; and the effect of surface charging, or pinning, which leads to band bending at the specimen surfaces 
[22-23]. It is known that a step in potential which is much less than expected from theory has been measured 
in doped GaN p-n junctions [24]. Therefore, to maximize the measured step in phase a 500 ± 10 nm thick 
lamella was examined. The crystalline thickness was measured by using 2-beam convergent beam electron 
diffraction (CBED) and comparing the results to simulations. To reduce the effects of specimen charging, a low 
electron beam current of 3 e- Å-2 s-1 was used while the signal-to-noise ratio was improved by the summation of 
a series of 32 holograms using the Holoview software [25]. Finally, as the Mg dopant is a deep acceptor with an 
ionization energy in the range 100 - 200 meV depending on the concentration [2], the ionization rate is low at 
room temperature. As a consequence, in order to increase the carrier concentration and reduce the artifacts 
associated with the electrically inactive thickness [26], the specimen was examined in-situ at a temperature of 
400 °C using a Gatan heating holder. According to the charge neutrality equation [2,3], for the concentration of 
1 x 1019 cm-3 and 2 x 1020 cm-3 the theoretical ionization rate reaches 15 % and 24 % at 400 °C, compared to 2.2 % 
and 4.5 % at room temperature respectively. Higher annealing temperatures were not used to ensure that 
there were no problems with dopant diffusion in the specimens.  

The off-axis electron holography experiments were performed using a FEI Titan Themis TEM operated at 200 kV. 
A biprism voltage of 150 V was used to provide a hologram width of about 700 nm and a fringe spacing of 3 nm. 
To reduce the dynamical diffraction effects, the specimen was tilted at about 2° from the zone axis while 
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keeping the region of interest edge on. Series of holograms of the sample were acquired with a corresponding 
reference series of vacuum, each with an exposure time of 8 seconds using a 2048x2048 pixels CCD camera. 
The holograms were reconstructed and the complex images were aligned before reconstruction to provide 
phase images with a spatial resolution of 9 nm. Much higher spatial resolutions can be achieved [25], but these 
experimental parameters were optimized to obtain a large field of view.  The phase image acquired at 400 °C is 
shown in figure 3(a) where the contrast reveals the p-type doped layers at 2 x 1020, 7 x 1019 and 3 x 1019 cm-3. 
The NID region with a dopant concentration of 1.5 x 1019 cm-3 can also be identified. Above and below the Mg 
doped layers, a bright contrast due to the residual n-type doping which is estimated to be 1x1017 cm-3 can be 
observed [27].  Figure 3(b) shows the Vdopant profile that was extracted directly from the region indicated in 
figure 3(a). As the specimen was parallel-sided across the region of interest it was not necessary to perform any 
corrections for small changes in specimen thickness.  A step in potential of 130 +/- 10 mV is measured between 
the NID region (1) (dopant concentration of 1.5 x 1019) and the region (2) (2 x 1020) cm-3. A second step in 
potential of 50 ± 10 mV is measured between the region (2) (2x1020 cm-3) and region (3) (7 x 1019 cm-3). The 
Vdopant profile in figure 3(b) shows that the layer with a dopant concentration of 2 x 1020 cm-3 has the lowest 
potential. This result suggests that the p-type carrier concentration in this region is highest despite having the 
highest density of PIDs. Thus, since the p-type activity is improved despite the large increase in the Mg-rich 
clusters density, we can conclude qualitatively at this point the presence of the PIDs do not cause the drop in 
carrier concentration in these specimens. 

To obtain a more quantitative measurement of the active dopants in the layers, the 2D electrostatic potential 
in the 500 nm thick TEM lamella was simulated using the Nextnano3 software [28]. As well as the differently 
doped layers with their corresponding thicknesses, a residual n-type activity with an electron concentration of 
1 x 1017 cm- 3 was used in the whole structure [27]. Moreover, the presence of charged surfaces resulting from 
the presence of damaged surface layers and their interaction with the electron beam was included. These 
modified surfaces introduce energy levels which cause band bending at the interface with vacuum and pin the 
Fermi level mid gap at 1.7 eV [22].  An unexpected advantage of FIB preparation is that the Ga implanted 
surfaces of the specimen provide good conduction paths, such that the the build up of charge in the specimens 
is reduced and dynamic charging effects or fringing fields are rarely observed during semiconductor device 
studies. However the implantation of Ga ions during FIB preparation also creates a further damaged area below 
the amorphous surfaces of the specimen which remain crystalline but where the dopants are electrically 
inactive [20]. The inactive thickness was measured experimentally to be 40 nm on each side of the specimen 
using a methodology described elsewhere [29]. Due to compensation effects and PIDs, the active Mg dopant 
concentration is smaller than measured by SIMS. Although the non-PID Mg concentration has been estimated, 
the compensation rate is unknown in this case. As a starting point, a value of 50 % of compensation was used 
for the highest-doped layer. The active concentration was then adapted in regions (1) and (3) then the values 
were iterated in order to reproduce the experimentally measured step in potential. Finally, the ionization 
energy dependence with the active concentration in each layer was considered [2]. The 2D potential 
distribution in the simulated structure obtained for the best fitting active Mg dopant concentrations of 8 x 1018, 
6 x 1019 and 3 x 1019 cm-3 is shown in figure 3(c). The overall inactive thickness (tinactive) coming from both 
structural damage and band bending can be observed in the simulation. The projected potential profile through 
the thickness of the specimen obtained from simulation is shown in  figure 3(b). The different potential levels in 
the regions and the depletion region toward NID layers corresponding to an intrinsic-p junction can be 
observed. In the doped layers (1), (2) and (3) the simulated profile is in agreement with the experimental 
profile. However, discrepancies can be observed between simulations and experiment at the top surface and 
the substrate regions. This match could be improved by including the variations of intrinsic dopants and also by 
considering more accurately the effects of FIB damage in the top part of the specimen.  

Discussion 

Table 1 shows the total Mg concentrations measured by SIMS and the non-PID Mg measured by APT. As it is 
not possible to directly quantify the APT results at this time, a quantitative value for the non-PID Mg has been 
obtained by multiplying the SIMS measurements by the ratio of the total metallic fraction and the non-PID Mg 
fraction shown in Figure 2(e). The APT measurement of the non-PID Mg dopants alone would suggest that the 
p-type electrical activity would increase from a nominal Mg concentration of 1.5x1019 cm-3 to 7x1019 cm-3 and 
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then plateau at the concentration of 2x20 cm-3.  However, by quantifying them with SIMS it is possible to 
obtain the highest value of potentially active dopants (1.34x20 cm-3) in the region with the highest dopant 
concentration. These measurements however do not account for the presence of complexes and native defects, 
thus at this stage it is not possible to determine whether the dopants outside of the clusters are indeed 
electrically active. The electron holography reveals that the highest active dopant concentration is still in the 
highest doped layer.  Further correlation of electron holography with simulations show that it is possible to 
obtain an insight into the concentrations of non-PID dopants that are rendered inactive due the presence of 
complexes such as from the MgVN vacancy.  The values shown in Table 1 comparing the non-PID and active 
dopants suggest that for all of the different dopant concentrations examined here, approximately half of the 
non-PID Mg atoms are active. These measurements suggest that for these samples, the layer with the highest 
dopant concentration has an active concentration of 0.6x1020 cm-3 out of a total Mg concentration of 2x1020 
cm-3 despite having the highest concentration of PIDS. For better visualization of the experimental results, 
Figure 4 shows a summary of the non-PID and active dopants plotted as a function of the total dopant 
concentration measured by SIMS. 

The possibility that the experimental conditions used in TEM and specimen preparation can also influence the 
measurements of the electrical potential should also be considered. For example in preparing a 500-nm-thick 
TEM lamella, the hydrogen which is known to passivate Mg dopants could escape from the specimen and 
provide misleading results [31]. However, annealing temperatures used from driving the hydrogen laterally 
from GaN devices such as tunnel junctions are typically higher than 700°C [31,32].  This is much higher than the 
temperatures expected during either FIB milling or during the in-situ annealing experiments. Additionally, it is 
known that local heating during caused by 10 kV electrons during scanning electron microscopy (SEM) 
observations can activate the dopants [33,34]. In the case of 200 kV electrons, significant heating is not 
expected and knock-on beam damage would be the major interaction with the specimen which would lead to a 
decrease in measured dopant activity. In similar experiments, the TEM specimen was held at 400°C for several 
hours under electron beam irradiation to assess the stability of the Mg-doped GaN and no changes in the 
electrical activity was observed [35].  In addition, no changes in potential were observed after the specimen in 
this work was examined at room temperature, annealed at 400°C for two hours and then re-examined at room 
temperature.  For future experiments, further correlation with electrical measurements such as Hall probe 
should be performed to assess the effects of specimen preparation on the measurements made by electron 
holography.  Ideally, these studies would be performed on separate specimens each containing different a 
dopant concentration with the carrier concentrations measured electrically. However, even for laboratories 
that are experienced in performing electron holography, the difficulties of specimen preparation and 
performing the individual experiments would make conclusive measurements extremely complicated.  Even 
during careful experimental control, it would be difficult to be sure that the very small differences in potential 
(50 mV) were only from dopant activity and not from parameters such as Ga ion damage, dynamical diffraction 
in the thick TEM specimens, errors in the measurement of the specimen thickness and charging under the 
electron beam. As such, at this time it is preferable to measure stacks of differently doped material by electron 
holography such that the experimental conditions can be controlled across the whole region of interest.  

Previous studies that are reported in literature show that the carrier concentrations measured by the Hall 
effect can decrease strongly after a Mg concentration threshold of about 3 x 1019 cm-3 for MOCVD or HVPE 
grown structures [5,30]. Indeed, an efficient p-type activity is generally difficult to achieve at high dopant 
concentrations using high growth-temperature techniques. However, these experimental results are consistent 
with previous studies where the reduction of the carriers did not occur up to Mg dopant concentrations of 
more than 2 x 1020 cm-3 [3], although this work did not link the measured dopant activity to the presence of 
PIDs.   Thus when comparing the measurements presented in this work and those in the bulk of the literature 
we conclude that the active carrier concentration in GaN is very dependent on the growth conditions.  

Conclusion 

The correlation between APT and electron holography has allowed the direct link between the nm-scale spatial 
distribution and the electrical activity of Mg dopants in our GaN nanostructure as a function of the total 
concentration that is incorporated during growth. The APT measurements have shown that highest densities of 
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clusters that are associated to the presence of PIDs, appear at the highest Mg doping concentrations. This 
observation is in agreement with HAADF-STEM investigations. These clusters contain Mg dopants which are 
electrically inactive and reduce the concentration of potentially active Mg. The APT alone would suggest that 
the highest concentration of Mg that is potentially active is observed in the region with a concentration of 7 x 
1019 cm-3. The APT has been combined with SIMS to provide a quantitative measure of the dopants that are 
outside of the PIDs and are therefore potentially active.  

The methodology to perform electron holography has been adapted by using thick specimens, data averaging, 
low beam currents and in-situ annealing to improve both the signal-to-noise ratio and accuracy of the 
measurement. The use of electron holography has revealed that the dopant concentration of 2 x 1020 cm-3 has 
the most efficient p-type activity despite it having the highest density of Mg-rich clusters.  Although here we 
have reported the measurement of Mg doping in GaN, these methods are widely transferrable to all doped 
semiconductor specimens. The ability to correlate these advanced characterisation techniques to obtain 
insights into the mechanisms leading to dopant inactivity will be an important tool in the development and 
improvement of new materials that are used for a wide range of applications.  
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Figure 1 (a) SIMS profile of the Mg dopant. (b) HAADF-STEM image of a cross-section containing the doped 
layers. Higher magnification images of layers doped at (c) 2x1020 cm-3 and (d) 7x1019 cm-3 respectively.  
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Figure 2 (a) HAADF-STEM image of the successive doped layers. The red dashes are an illustration of where the 
APT volume can be located. (b) APT 3D reconstruction of Mg atoms in blue showing three different regions. (c) 
Metallic site fraction, y = Mg/(Mg+Ga) (%), profile drawn as a function of the depth. (d) Mass spectrum of 
region (3). (e) The total metallic site fraction and metallic site fraction in the different regions measured by ATP 
plotted as a function of Total Mg concentration measured by SIMS. 
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Figure 3(a) Phase image acquired at 400 °C in-situ heating temperature. (b) Experimental and simulated 
potential profile as a function of depth in red and blue respectively. (c) Simulation of the 2D distribution of the 
electrostatic potential in the 500 nm thick TEM specimen including the inactive thickness. 
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Figure 4. The non-PID (potentially active) Mg measured by APT and the active Mg measured by holography 
plotted as a function of the total dopant concentration measured by SIMS. The data is taken directly from Table 
1.  
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Region 

Mg concentration (x1018 cm-3) 

 

Total (SIMS) 

 
non-PID (APT) 

{fraction of total measured by SIMS} 

 

Active (Holo) 

1 15 15 {1.0} 8 

2 200 134 {0.67} 60 

3 70 59 {0.84} 30 

 

Table 1 : Shows values of total Mg concentration measured by SIMS. The ratio of the  total and non-PID metallic 
site fractions measured by ATP are shown in {brackets}.  Quantitative values of the non-PID (potentially active) 
concentrations are obtained by multiplying the SIMS measurement and the metallic fraction ratio. Finally the 
active dopant concentration used to fit the simulated potential profiles to the holography results are shown. 

 


