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Abstract

A multi-microscopy investigation of a GaN tunnel junction (TJ) grown on an InGaN-based light emitting
diode (LED) has been performed. The TJ consists of a heavily Ge-doped n-type GaN layer grown by
ammonia-based molecular-beam epitaxy on a heavily Mg-doped p-type GaN thin layer, grown by
metalorganic vapor phase epitaxy. A correlation of atom probe tomography, electron holography and
secondary ion mass spectrometry has been performed in order to investigate the nm-scale distribution of
both Mg and Ge at the TJ. Experimental results reveal that Mg segregates at the TJ interface, and diffuses
into the Ge-doped layer. As a result, the dopant concentration and distribution differ significantly from the
nominal values. Despite this, electron holography reveals a T) depletion width of ~7 nm, in agreement with

band diagram simulations using the experimentally determined dopant distribution.
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Introduction

Light emitting diodes (LEDs) based on In,Ga;,N/GaN multi-quantum wells (MQWs) are widely used as solid-
state light sources [1]. The efficiency of these devices has been limited during many years by p-doping
issues, due to the large activation energy of the Mg (~185 meV), the shallowest acceptor known for nitrides
[2]. These problems have been solved to a satisfactory level as best blue LEDs currently have outstanding
efficiencies. However, such issues remain when dealing with LEDs emitting at shorter wavelengths. For
these UV LEDs, and for visible LEDs in special structures where several junctions are stacked on top of each
other, tunnel junctions (TJ) have been proposed and were demonstrated to provide a good solution to the
problem [3-7]. The TJ essentially consists of a degenerately doped p-n junction placed on top of the p-layer
of the emitting junction, which allows effective band-to-band tunneling under reverse bias (corresponding
to forward bias of the light emitting junction). The adoption of the TJ architecture mitigates the limited
current spreading and reduces the contact resistance (the contact resistance of the metal/n*-GaN scheme
is significantly lower than that of metal/p-GaN), without degradation of the light extraction efficiency [8-9].
Another potential advantage is the possibility to interconnect multiple active regions in cascade LEDs, in
order to circumvent efficiency droop [10-11]. Finally, recent developments of growth techniques allow for
the replacement of Si with Ge as the n-type dopant in GaN, achieving n-type doping levels higher than

1 x 10%° cm™ with smoother surfaces and lower film stress than for the case of Si-doped GaN [12-15].

The challenges to implement a TJ architecture in wide bandgap materials (i.e. GaN) are strongly linked to
the need to reach a sufficiently high interband tunneling probability across the depletion region. Such
probability decreases exponentially with increasing TJ depletion width w, [16] which is given at zero bias by

the following relation [16-18]:

W =~ 2eVpi(Ng+Np) (eq 1)
d eNsNp ' '

where ¢ is the material permittivity (9.8, for GaN, with gy the vacuum permittivity [19]), V}; is the built-in
potential (~3.25 eV for GaN), N, and N, are the substitutional doping concentrations of acceptors and
donors, respectively, and e is the electron charge. As an example, with N, = 1 x 10°°cm™ and N, = 5 x 10%

cm” (nominal doping of the diode studied in this article), w, is equal to 7 nm.

In GaN-based devices, the high built-in potential (V};) and the solubility limit of the dopants make it difficult
to attain high tunnel probabilities. Another specific issue arises from the passivation of Mg by hydrogen
during the growth by metal organic chemical vapor deposition (MOCVD). Even if Mg can be activated by
annealing after the p-layer growth [20-21], it is at least partially re-passivated during the subsequent
growth of the n-layer on top of the p-layer to fabricate the TJ. A new approach consists of growing the n*-

side of the TJ by ammonia-based molecular-beam epitaxy (NH;-MBE) directly on an LED device synthesized
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by MOCVD [7,22]. This two-step growth allows post-growth annealing after the MOCVD growth. Then,
during the overgrowth of n-doped GaN, the relatively low partial pressure of H, in the NH;-MBE system

prevents the re-passivation of the p-GaN layer.

The aim of the present study is to correlate the chemical, structural and electrical properties of a Mg/Ge-
doped TJ grown on top of a In,Ga;,N/GaN-based LED. It has already been demonstrated that this
architecture leads to an enhancement of the LED emission [22]. However, the in-depth understanding of
the tunneling mechanisms requires an assessment of the distribution of dopants at the p/n interface, i.e.
the MOCVD/MBE interface. A comparative multi-microscopy approach based on atomic force microscopy
(AFM), off-axis electron holography, secondary ion mass spectrometry (SIMS) and laser-assisted atom
probe tomography (La-APT) was adopted to obtain information about the structural properties, dopant
distribution and activation. The interest of the present work is two-fold. First, it provides operational
guidelines for an accurate analysis of dopant distribution at the nm scale, showing possible strengths and
limitations of the different techniques. Then, the experimental results obtained represent a significant gain
in the understanding of diffusion and segregation phenomena of dopants, with impact on the electrical

properties of GaN-based TJs.

Materials and methods

A schematic of the LED stack studied here is shown in fig. 1(a). The LED structure up to the p™*-GaN layer
was grown along the [0001] direction on a 2” sapphire substrate in an MOCVD reactor. The precursors of
Ga, In, Al, Mg, Si and N were trimethylgallium (TMGa) and triethylgallium (TEGa), trimethylindium (TMin),
trimethylaluminium (TMAI), bis(cyclopentadienyl)magnesium (Cp,Mg) and ammonia (NH;), respectively.
The nominal stacking sequence starts with a 1 um non-intentionally doped (nid) GaN layer, followed by 2
um Si-doped GaN ([Si]= 6 x 10" cm™). The active region consists of 5 In,Ga;xN/GaN (6 nm / 12 nm)
quantum wells. Then, a 20-nm-thick Al,Ga;.,N electron blocking layer (EBL) was grown, followed by 110-nm-
thick Mg-doped GaN layers (100 nm with [Mg] = 3 x 10" cm™ and 10 nm with [Mg] = 1 x 10®°cm™). The
MOCVD growth of the Mg-doped GaN layers was performed at 975 °C. The LED was then annealed for 20
min at 700 °C under N, atmosphere to activate the Mg acceptors. The wafer was transferred to an MBE
Riber reactor equipped with Ga and Ge solid sources. The NH;-MBE growth of the Ge-doped GaN layers (20
nm with [Ge] = 5 x 10%° cm™, 200 nm with [Ge] = 1 x 10°cm™) was performed at 790 °C. The opto-electrical

properties of the LED are described elsewhere [22,23].



Theoretical calculations of the band profile and electronic levels were performed using the Nextnano
software [24] with the material parameters reported in ref. [25]. This software solves the Schrédinger and
Poisson equations in a self-consisted manner, using the k-p model. Calculations were performed in one
dimension and with zero bias, assuming that the structure grows pseudomorphically on GaN. Varshni
equation is used to calculate the semiconductor bandgap, considering room temperature conditions.
Spontaneous and piezoelectric polarization, as well as the band gap deformation potentials, are taken into
account. The simulated band diagram corresponding to the nominal LED structure is shown in fig. 1(b).
Starting from the bottom of the structure, the GaN:Si and MQW regions have relatively flat bands, with the
potential at the junction dropping mainly in the AlGaN EBL. This behavior is characteristic of IllI-nitride band
profiles and stems from the large difference in polarization between AlGaN and GaN. Also related to
polarization, the MQW present a saw-tooth profile that is due to the internal electric fields generated
mostly by piezoelectric polarization in the InGaN wells, with a contribution of the difference in spontaneous
polarization between GaN and InGaN. The bands remain also flat in the GaN:Mg area, since the de high
density of incorporated Mg blocks the extension of the depletion region above the EBL. At the interface
between GaN:Mg and GaN:Ge, the high doping levels result in the conduction and valence band getting
close to each other, which should allow carrier transport by tunnel between bands. Calculations of the
guantum-confined electron and hole levels in the MQW:s predict an optical transition at 431 nm, in good

agreement with experimental observations (peak emission at 436 nm) [23].
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Fig. 1: (a) Schematic of the blue In,Ga;.,N/GaN-based LED. (b) Band diagram simulation of the structure in
fig. 1(a).



To assess the sample morphology, AFM measurements were performed using a Dimension Icon AFM

system operated in a tapping mode using Bruker TESPA-V2 tips.

A transmission electron microscopy (TEM) lamella specimen and needle-shaped tips required for La-APT
were prepared using a FEI Helios NanoLab 450S scanning electron microscope/focused ion beam (SEM/FIB).
The specimen preparation method consisted in a standard lift-out procedure followed by tip sharpening
with 16 kV Ga ions and a final cleanup process at 2 kV, in order to reduce the thickness of the damaged

volume [26-28].

HAADF-STEM observations were carried out along the [1120] direction of the lamella specimen using an
aberration corrected FEI Titan Themis operated at 200 kV. Instead, electron holography was performed
along the [0120] direction using FEI Titan Ultimate operated at 200 kV. To improve the phase resolution

stacks of electron holograms were recorded and then reconstructed using the Holoview software [29].

SIMS investigations were performed using a IMS magnetic selector instrument from CAMECA [30]. Due to
the different chemical nature of Mg and Ge atoms, two measurements were carried out with optimized

relative ion yields. Both Mg and Ge concentration profiles were then calculated.

Laser-assisted atom probe tomography (La-APT) was performed using a CAMECA FlexTAP system, operated
at 40 K with a UV femtosecond laser (344 nm, repetition rate = 50 kHz, pulse peak energy = 2.5 x 10 J.cm™).
The field of view was set to 15° and detection rate to 0.0035 - 0.0050 event/pulse. Data were processed
using the Tap3D software from CAMECA and homemade MATLAB codes. The 3D reconstructions were

performed using a cone-angle algorithm [31].

Results and discussion
(a) Scanning Transmission Electron Microscopy

A high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the
lamella specimen is shown in fig. 2(a). This imaging technique provides a signal intensity approximately
proportional to the square of the average atomic number Z2. Therefore five bright layers correspond to the
In,Gai«N quantum wells, while the darker layer is the Al,Ga;.,N EBL. Energy dispersion x-ray spectroscopy
(EDS) was then performed to obtain information about the Ge distribution. An EDS profile associated to the
Ge K-line signal intensity extracted from the region indicated in fig. 2(a) along the [0001] growth direction is

shown in fig. 2(b). In such a profile, the Ge signal in the n*-layer remains below the detection threshold, but
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we clearly resolve the ~20-nm-thick heavily Ge-doped region, corresponding to the n™ GaN layer that is
placed ~100 nm above the EBL (see fig. 1(a)). Here the Ge concentration has not been quantified due to the
low signal-to-noise ratio. The EDS concentration profile of Mg cannot be detected here as the Mg K-line

(1.25 keV) is very close to the Ga L-line (1.19 keV) [32].
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Fig. 2: (a) HAADF-STEM micrograph of the lamella specimen. Only the InGaN QWs (bright contrast) and the
AlGaN EBL (dark contrast) can be distinguished from the GaN background. (b) EDS intensity profile of the Ge
K-line that allows locating the MOCVD/MBE interface.

(b) Atomic Force Microscopy

The HAADF-STEM cross section image shows V-shaped pits (V-pits) at the surface, with a depth that can
reach ~50 nm. This kind of pits, which are associated with threading dislocations as shown in fig. 2(a), are
commonly observed in highly Si-doped GaN layers [33,34]. Replacing Si dopants with Ge results in a
reduction of the local strain in the lattice, which generally reduces this kind of defects [35]. However, V-pits
decorating dislocations are still observed in heavily Ge-doped GaN layers grown by MOCVD [35] or by NH3-
MBE [36]. In the sample under study, the depth of the V-pits observed by HAADF-STEM is smaller than the
thickness of the Ge-doped GaN layer. Therefore, they should not have any effect on the transport
properties of the tunnel junction. However, the presence of V-pits can cause artifacts in chemical
measurements based on top-down profiling (e.g. SIMS). Therefore, we have studied the surface
morphology at a larger scale using AFM. A 2 x 2 um? scan of the sample surface is displayed in fig. 3(a). It
confirms that V-pits appear randomly distributed with a pit density ~ 4 x 10° cm™. Their typical hexagonal
morphology can be clearly resolved in the AFM zoomed image. The V-pits size distribution is shown in fig.

3(b). The average V-pit width is about 70 nm. It should be noted that this width measurement is reliable,
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but the average depth on them (~10 nm) can be strongly underestimated here due to the geometry of the
AFM tip. Therefore, the cross-section TEM investigation provides a more reliable indication of the V-pit
depth. The presence of these pits strongly affects the root mean square surface roughness, which was
found equal to (2.5 + 0.7) nm for the 2 x 2 um?* AFM map. This value increases to (3.9 + 0.7) nm for a 20 x
20 um? scan. As a term of comparison, AFM investigations performed before the MBE growth reveal that

the p™* layer presented a very smooth surface with a roughness of ~ 0.2 nm.
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Fig. 3: (a) AFM map of the sample surface (tapping mode). The zoomed image corresponds to the 250 x 250
nm’ red box in the larger view. The color scale highlights the details of sample surface but does not allow

measuring the interior of the V-pits. (b) Depth and width distribution of the V-pits extracted from fig. 3(a).

(c) Secondary lon Mass Spectrometry

Precise quantification of the dopant concentrations was obtained by SIMS. The Mg- and Ge-doping profiles
at the TJ are shown in fig. 4. The Ge concentration in the n* GaN layer is equal to the nominal value (1 x
10" cm™). On the contrary, the measured Ge concentration the n** layer reaches only 2 x 10 cm?, slightly
lower than the targeted value. Then, in the first 30 nm of the p™* layer, the Ge concentration decreases
gradually to the noise level (few 10'® cm™). This tail is most probably an artifact originated both by the

surface roughness and/or by mixing effects during SIMS measurements, as a diffusion of Ge into the p-



doped region is thought to be unlikely in such a structure [37]. If we turn our attention to the distribution of
Mg, the measured concentration is ~2 x 10" cm™ in the p layer, increases up to ~2 x 10 cm™ in the p**
layer. Both concentrations are slightly higher than the targeted values. Finally, a tail of Mg penetrates into
the n* GaN layer, decaying by one order of magnitude every 20 nm (i.e. the penetration of Mg into n*-GaN
is too large to be an artifact). Out-diffusion of Mg can be promoted by the high substrate temperature (790
°C) during the MBE growth. Another likely explanation is Mg segregation during the MOCVD growth, and a
gradual incorporation of the Mg excess in the topmost area during the MBE growth. It is important to
notice that SIMS measurements do not reveal any accumulation of oxygen or carbon at the p/n interface
(profiles not shown here), despite the change of growth reactor, which implied the exposure to air. All
along the sample, the levels of oxygen and carbon remain below the detection limit of the setup

([Olim =5 % 10*° cm™; [Clym = 3 x 10" cm™).

It must be noted that SIMS is highly sensitive to the dopant concentration but can be limited in terms of
depth resolution due to the roughening of GaN material specimen under ion irradiation. Broadening,
distortions and an eventual shift of the concentration profiles are likely artifacts, which are enhanced in
samples with as-grown rough surfaces. Here, the presence of V-pits inevitably affects the SIMS depth
resolution, making it difficult to get accurate profiles for the Ge and Mg concentrations across the TJ

interface.
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Fig. 4: Mg- and Ge-doping profiles measured by SIMS. The MOCVD/MBE interface is expected to be situated

between the two main concentration peaks, at a 220 nm depth.

(d) Laser-assisted Atom Probe Tomography



The spatial distribution of dopants in correspondence of the TJ has been revealed by La-APT. A 3D
reconstruction of the volume around the TJ is shown in fig. 5(a) where Mg ions are represented in red,
while Ge?* ions are depicted in blue. The overall volume dimension represented here is 20 x 30 x 40 nm®,
corresponding to 5.3 x 10° detected ions. For this 3D reconstruction, the initial tip curvature radius was set
to 65 nm and the cone angle to 8°. These parameters correspond to the tip morphology measured by TEM
prior to APT analysis. They allow the 3D reconstruction of the entire LED structure, showing flat interfaces

and providing the nominal thicknesses of each layer.

Two distinct segments of the mass spectrum associated to the reconstructed volume are shown in fig.
5(b,c). The choice for the mass spectrum peak indexing is the same as the one commonly reported in
literature [37-48]. Mg2+ cations are associated with the peaks at 12, 12.5 and 13 Da, due to its three
isotopes (fig. 5(b)). However, only the principal isotope **Mg”* (natural abundance: 79 %) can be clearly
distinguished here at 12 Da (**Mg”" signal-to-noise ratio = 4). Mg”" and **Mg* are partially buried inside
the background noise, indicating that the Mg concentration is close to the APT detection limit (~10" cm?)
[49]. Ge** cations naturally occur in five isotopes forming peaks at 35, 36, 36.5, 37 and 38 Da in the mass
spectrum (fig. 5(c)). However, the presence of the two thermal tails associated to Ga** cations appearing at
34.5 and 35.5 Da leads to an overestimation of the number of Ge atoms detected. To overcome all these
limitations, a local background noise correction was performed in order to calculate the number of Mg and
Ge atoms. The background signal was measured before and after the Mg** and Ge** peaks, and the average

background noise level was subtracted to the peaks before quantification of the atomic concentration.

Despite APT providing a near-atomic scale spatial resolution, this technique still has some limitations to
provide an accurate and reliable quantification of concentrations. Deviations from the stoichiometric
composition were recently reported in the case of binary (i.e. GaN), ternary (i.e. AlGaN, InGaN) and heavily
doped llI-N semiconductors (i.e. BGaN) [38-45]. The origin of such biases is the result of the complex
phenomena occurring at the tip surface during laser assisted field evaporation processes (i.e. short-range
diffusion phenomena, DC-field induced preferential evaporation of metallic elements, molecular
dissociation reactions, etc.). In order to mitigate such issue, the biased concentration profiles supplied by
APT were corrected a posteriori using the information provided by SIMS. Briefly, it was assumed that SIMS
provides an accurate quantification of the number of atoms present in each single layer of the LED stack, as
indicated in fig. 4. Then, such quantities were used to normalize the APT concentration profiles, without
changing the spatial distribution of atoms provided by this technique. The main limitation of this approach
is that it cannot be applied for doping concentrations below the APT quantification limit (~10"° cm™ for the
CAMECA FlexTAP system used in this study). Results are reported in fig. 5(d), where the dopant
concentration profiles obtained in the TJ are represented. Data reveal a ~20 nm thick heavy Ge-doped
region (~1 x 10%*° cm™), corresponding to the n** GaN layer. The Mg concentration peak corresponding to

9



the 10 nm thick p™ layer appears overlapped with the Ge signal at the TJ, which confirms the segregation of
Mg into the n™* layer. It must be reminded that the diffusion of Mg and Ge in GaN during the growth
process are expected to be very different. Mg is known to segregate strongly during the growth of GaN [50-
51]. On the contrary, Ge is incorporated in layer and it does not perturb the surface growth kinetics [16].
Note that, after incorporation in the lattice, neither Mg nor Ge are expected to diffuse unless the layers are
annealed at very high temperature (> 900 °C) [52]. The maximum dopant concentrations reached at the TJ
are 5 x 10°° cm™ for Mg and 2 x 10%° cm® for Ge. These peak values are higher than those provided by the
SIMS profiles because of the smoothing induced by the low spatial resolution of SIMS (see fig. 4). In
opposition to previous observation on heavy Mg-doped GaN, no Mg clustering is observed here [48]. In fact,
Mg clustering in MOCVD grown layers appears associated with the generation of pyramidal inversion
domains [53], which occur when the Mg concentration is in the mid 10*° cm™ range [54]. SIMS results show
that the Mg concentration of the p-type layer was in the range of 1-3 x 10"°cm?, so that it is reasonable to
assume that pyramidal inversion domains were not formed during the growth. Furthermore, the heavily
Mg doped layer at the TJ ([Mg] = 1 x 10%°® cm™) is only 10 nm thick, so that the probability of observing

clustering is relatively small.
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Fig. 5: (a) Atom probe 3D reconstruction of the tunnel junction. Mg®* ions are shown in red, Ge** ions appear
in blue, while Ga* and Ga* ions are represented in green. The image corresponds to a 20 x 30 x 50 nm®
volume. (b,c) Detail of the atom probe mass spectrum showing the peaks associated to Mg and Ge. (d) Mg
and Ge concentration profiles obtained combining the spatial distribution of dopants provided by APT with

the SIMS concentration profiles.

(e) Electron Holography

APT and SIMS provide chemical information but cannot determine the electrical activity of the dopants. To
be able to visualize the relative activity, off-axis electron holography was performed. Here, an electron
biprism was used to create an interference pattern known as the hologram. A coherent electron wave that
passes through the specimen was interfered with another that passes through vacuum. From a Fourier
reconstruction procedure, information about the phase change of these electrons can be retrieved. This is
sensitive to the local electrostatic potential due to the presence of active dopants Vgopqne and the mean
inner potential (MIP) Vy;;p. The phase change A@(x,y) of an electron that passes through a specimen is

given by the following equation [55]:

Ap(x,y) = Cg fot Ve(x,v,2)dz, (eq. 2)

where: Vg = Viyp + Vgopane; Cg is a constant dependent on the operating voltage of the TEM, which
equals to 7.3 mrad-nm™V" for 200 kV electrons; t is the thickness of the specimen. The value of the Vy;p

for GaN was calculated by density functional theory (DFT) and is found to be 16.8 V [56].

To reduce the presence of the “inactive” thickness, a relatively thick (300 nm) specimen was prepared. To
avoid diffraction contrast the specimen was tilted “edge on” a few degrees from the [0120] zone axis such
that the information about the different doped layers was not lost in projection. To improve the signal-to-
noise ratio in the reconstructed phase images whilst reducing the effects of specimen damage and charging
[48], stacks of electron holograms were acquired (32 electron holograms each acquired for 8 seconds) using
a low beam current. Each electron hologram used a fringe spacing of 1.2 nm, which was reconstructed

using the Holoview software to provide a nominal spatial resolution of 2.4 nm [29].

The reconstructed phase is shown in fig. 6(a). The phase image is sensitive to both the MIP and the active
dopants. As the In,Ga;,N and GaN regions have very similar values of MIP [57], in the absence of diffraction

contrast the phase contrast can be directly interpreted in terms of the conduction band of the stack. The
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Al,Ga; N EBL appears darker as this has a lower value of MIP. In fig. 6(a) the piezoelectric fields in the five
In,Ga;.,,N QWs can be observed; however, this experiment was not designed to resolve these structures as
a thinner specimen would be required to reduce the diffraction contrast at the GaN/In,Ga;.,N interfaces
[58]. In the position of the TJ, a clear phase contrast change that marks the transition between the Mg- and
Ge-doped GaN layers can be observed. In these experiments quantification of the phase has not been
attempted as it is known that the measured potential is much less than expected for doped GaN specimens
[59]. Additional attempts to quantify the potentials in p-n junction specimens has proved difficult [60].
However, in these thick specimens the measurement of the depletion width is accurate [61]. Finally, from
the phase image a A profile has been extracted across the TJ and shown in fig. 6(b), where the depletion
width wy can be directly measured. Assuming that the limitations from the spatial resolution provides a

maximum value of the depletion width, the experimental data reveals a value of depletion width wy =7 nm,

estimated from 10 % to 90 % thresholds.
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Fig. 6: (a) Phase-contrast image from dark-field electron holography. The interface between MOCVD grown
GaN and MBE grown GaN is here well resolved. (b) Profile of the phase change A across the TJ. The
depletion width w, estimated from 10 % to 90 % thresholds is equal to ~7 nm.

(f) Band Diagram Simulations

In order to study the effect of the dopant distribution on the electrical performance of the junction, we
have compared the band diagram of the nominal stack (calculation presented in fig. 1(b)) with the band
diagram taking into account the doping profiles measured in fig. 5(d). This second calculation considered

the complete structure and was performed in the same manner as described for fig. 1(b), but not for the
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dopant distribution, where the nominal values were replaced by the experimentally extracted profile of
dopants. A view of both band diagrams around the TJ is shown in fig. 7. From the simulations the width of
the depletion region w, can be measured to be ~7 nm. This result is in good agreement with the electron
holography measurement (see fig. 6). The most apparent effect of Mg segregation at the MOCVD/MBE
interface is to move the depletion layer by ~1 nm toward the sample surface. Note that the depletion
region width in the real structure is very close to the expected width in the nominal design despite the very

different distribution of dopants.
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Fig. 7: Detail of the band diagram around the I-point in correspondence of the MOCVD/MBE interface. Both
the nominal LED structure and a second one derived by APT observations were analyzed. The junction

temperature is 300 K and no bias is applied.

Conclusions

In conclusion, we have presented a multi-microscopy study of a TJ grown on top of an In,Ga;.,N /GaN LED.
The TJ investigated here consists of Ge-doped layers regrown by ammonia-MBE over Mg-doped layers
grown by MOCVD. A quantitative atomic-scale picture of Mg- and Ge-doping at the TJ is obtained. The high
mobility of Mg atoms results in their segregation and diffusion into the n-doped GaN. The active dopant
distribution revealed by electron holography shows a depletion region ~7 nm wide across the TJ.
Calculations based on the experimental doping profiles provided by atom probe tomography and secondary
ion mass spectrometry are in agreement with the electron holography observations. Mg diffusion
phenomena result in a ~1 nm shift of the depletion region towards the n-doped GaN, although such dopant
distribution appears very different compared to the nominal one. These results not only demonstrate the

capabilities of the different techniques in revealing the atomic-scale dopant distribution, but also represent

13



a significant gain in understanding the diffusion phenomena associated to the growth of hybrid Mg/Ge-

doped tunnel junctions.
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