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ABSTRACT

The Photonic Atom Probe is applied to the study of nanoscale field-emission tip specimens
containing a section of III-N device constituted by a sequence of alloyed and doped sections.
Different sections produce specific but spectrally overlapping luminescence signals. The
possibility of collecting photoluminescence spectra during the field evaporation of the specimen
allows for disentangling different doping-related luminescence lines and to correlate the different
spectral contributions to the specific properties of the doping distributions. In particular, the
spectral components of the luminescence related to Mg impurities at energies between 3.0 eV and
3.3 eV have been investigated, and correlated with the Mg concentration and 3D distribution in

different sections of the device.

1. Introduction

The attribution of optical emissions with specific properties (signatures) to structural or chemical
features of a nanoscale system can be considered as a relevant problem in correlative microscopy
applied to photonics and optoelectronics. Nowadays there are multiple approaches allowing for
such correlations: cathodoluminescence (CL) inside a scanning transmission electron microscope
(STEM) is an example[1]; CL can also be implemented as a 3D mapping technique in a FIB/SEM

tomography approach [2] scanning tunneling luminescence (i.e. electroluminescence induced by



a scanning tunneling microscope tip through current injection) is another [3]. On the other hand,
absorption properties can be addressed by TEM-based techniques such as electron energy loss
spectroscopy (EELS) [4]. The recently developed photonic atom probe (PAP) couples the
capabilities of atom probe tomography (APT) and photoluminescence (PL) spectroscopy in an in-
situ, online configuration, and is capable of distinguishing optical signatures of different quantum
wells lying at distances of around 10 nm and with peak wavelengths differing by several nm [5].
In the PAP, a set of PL spectra is collected while the specimen is being field evaporated as in a
standard APT experiment. The set of PL spectra may be extremely rich of information but its
interpretation is not always straightforward, as all spectra are issued by the remaining volume of
the specimen at a given evaporation stage. Also, the spatial resolution for the optical spectroscopy
is one-dimensional, as PL spectra only vary as a function of the progress of the evaporation front
[5], [6]. However, the PAP may be advantageous to apply with respect to other microscopic
hyperspectral techniques such as SEM- or TEM-CL because it is the only correlative microscopy
technique yielding, so far, the possibility of correlating the optical properties of a nanoscale system
with a 3D map of atomic positions. Such a map carries indeed information about alloy fractions,

doping concentration, local order, interface definition, presence of chemically identifiable defects.

The PAP has so far been employed in the study of III-N and II-O quantum confining
heterostructures only — although it has also demonstrated to be able to collect signals from
disordered alloys such as (Mg,Zn)O. It has not been applied yet to the study of point defect
emission, which could significantly extend its domain of interest. In particular, PAP can target the
problem of identifying and localizing the doping impurities responsible for optical emission, as we

demonstrate here for a III-N heterostructure device.



Typically, III-N heterostructures are grown epitaxially using either metal-organic vapor phase
epitaxy (MOVPE)[7] or molecular beam epitaxy (MBE). Most crystal growth methods
unintentionally introduce light element impurities (C, O), leading to n-type conductivity in
epitaxially grown Ill-nitrides[8]. Si serves as a substitutional dopant on the Ga site for n-type
doping, resulting in a shallow donor state[9]. Alternatively, Ge doping has shown promising
properties, achieving high charge carrier concentrations [10], [11]. Ge doping allows for higher
doping levels compared to Si doping and introduces less lattice strain [12], [13]. The choice of Ge
as a dopant is an interesting option in tunnel junctions (TJs), in order to ensure the presence of the
high concentration of free electrons necessary to create the both a degenerate n-type layer and a
strong field gradient [14], [13]. Understanding these dynamics is crucial for optimizing light-
emitting diode (LED) or laser diode (LD) performance and emission characteristics. Such
correlation between electrical device properties and device structure has already been quite
thoroughly elucidated by the combined application of APT and electron holography on a TJ/LED
in which the LED structure and the TJ p-type side were grown by MOVPE, while the Ge-doped
n-type side of the TJ were grown by MBE[14]. The APT study showed that Mg segregates at the
TJ interface, and diffuses into the Ge-doped layer — a major deviation from the expectations based
on the growth parameters. Electron holography reveals a TJ depletion width of ~7 nm, in
agreement with band diagram simulations based on the dopant distribution extracted by APT,

sufficient to ensure the correct operation of the device.

Concerning p-type doping of GaN, crucial for LED and LD development, it is typically based
on Mg[15]. Plasma-assisted MBE (PAMBE) facilitates the growth of high-quality
GaN/AlGaN/InGaN heterostructures at lower temperatures than MOVPE[16].  P-type

conductivity can be achieved without the need of post-growth thermal activation and without



transferring the sample between reactors[17]. That is why, using PAMBE, comparison between
structures with the TJ grown before and after the active region can be conducted[18]. Two GaN-
based LEDs with opposite p and n doping orders produced by PAMBE exhibit different
electroluminescence properties due to polarization-induced changes in band structure[19]. Most
interestingly for our study, PAMBE is a lower-temperature growth which is expected to avoid the
Mg clustering typically observed for MOVPE-grown p-type GaN [20], [21], [22], a phenomenon
which depends on doping concentration and growth temperature, and which is also related to the

formation of structural defects in the form of pyramidal inversion domains [20], [23].

Beyond electrical properties, p-type doping in GaN may act as a radiative recombination center
through acceptor-to-band or donor-acceptor pair transitions (DAP). This latter mechanism is
particularly important in III-N materials, where intrinsic defects act as donor centers. Mg-related
luminescence has been thoroughly studied during around three decades [24], [25], [26], [27], [28],
[29]. Such luminescence is usually studied in homogeneous thin films, where it is not susceptible

to overlap with heterostructure-related emissions.

In this work, we show that PAP can resolve the optical signatures of strongly overlapping
doping-related PL emissions within a complex and relatively thick device structure, namely a III-
nitride double junction containing multiple layers of different alloy composition and doping,
including a TJ. Beyond that, the optical signatures can be directly related to the 3D distribution of
the chemical species within the sample, which represents a complementary capability with respect

to other nanoscale spectral imaging techniques such as cathodoluminescence.

2. Experimental section



a. Analyzed sample

The general structure of the sample is reported in detail in table 1. The entire structure is grown in
a single growth run, under the metal-rich conditions typically used by PAMBE, on a commercially
available Ga-polar GaN substrate. More details on the used growth conditions can be found in
[19]. Growth starts with an n-type conductive layer that serves as a basis on which the TJ is
deposited. The information about the composition of different layers is obtained via SIMS both
for the alloying content (in the following referred to as IlI-site fraction) — the profiles of the III-
site fractions of Al and In are reported in Fig. 1-(a), as well as the concentration of (Mg, Si, Ge)
dopants (Fig. 1-(b)). The TJ itself (layers 2 to 5, table 1) consists of the highly doped and higher
In content central region (layers 3 and 4) and two surrounding layers (layers 2 and 5) with lower
In content. The core of the TJ consists of two highly doped layers. The n-type TJ layer is doped
with Ge, the upper p-type layer with Mg. The highly p-doped layer of the has a Mg concentration
nmg = 3-10%° cm ™. A Mg-doped section (layers 6 to 8) connects the TJ to the LD junction. Here,
the doping was introduced in order to ensure a good flow of electrical current between the two
junctions. The doping concentration in these layers represents a compromise between the
conductivity of the p-doped layers and the optical losses due to absorption on Mg[30]. The LD
region (layers 10 to 12) is separated from this p-type region by the thin unintentionally doped GaN
layer 9. The active region of the LD is composed of a 1 1nm thick quantum well (x1~0.22). which
is surrounded by a lower and upper waveguide layer with xi,~0.06, which provide sufficient optical
mode confinement. Subsequently, a GaN:Si layer precedes an AlGaN:Si cladding, with xa1 ~ 0.04

(layers 13 and 14, respectively).

The SIMS profile and the nominal composition/thickness parameters do not significantly differ.

Based on this information, a device band diagram can be straightforwardly calculated using one



dimensional Poisson, drift-diffusion, and Schrodinger solver 1D-DDCC [31]. For the purpose of
the presented calculations, default set of material parameters and activation energies of 10 meV
[11] and 190 meV[32], independent of dopant concentrations, for n- and p-types, respectively,
were used. (Fig. 1-(c)). The most significative conclusions about the simulated band structure is
that the junction fields have absolute values around 0.5 MV/cm within the LD junction and up to
8 MV/cm at the TJ itself. An electric field is present in all InGaN sections of the device, as visible

in Fig. 1-(d).

The sample is prepared for APT analysis according to a standard protocol based on the use of
focused ion beam (FIB), as described elsewhere[5]. One of the four needle-shaped specimens
prepared for this study and analyzed within the PAP is shown in Fig. 1-(e) and embeds the whole

device structure.
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Figure 1. (a) SIMS profile of the IlI-site fraction of Al and In, (b) SIMS profile of the concentration of Si
(green), Ge (black) and Mg (blue) doping. (c) Band diagram simulated based on the nominal layer

thicknesses, Ill-site fractions and doping concentrations, (d) corresponding field distribution along the



structure. (e) Field emission tip containing the whole device structure, as prepared by FIB and ready for

PAP analysis.



Table 1. Details of the analyzed device structure including alloy fractions and doping concentrations as

assessed by PAP.
Layer # Matrix III-site fraction Doping Doping concentration Thickness
impurity [em3] (PAMBE + Note
(SIMS) (APT) (SIMS) (APT) XRD)
[nm]
15 GaN Si 10t - 50
14 AlGaN X,=0.034 X,=0.04 Si 8-1018 - 550 Device cladding
13 GaN - - Si 1018 - 150 LD n-type side
12 InGaN X;,=0.072 X;,=0.08 - - - 60 LD barrier
11 InGaN Xp,=0.22 X, =0.22 - - - 11 LD active region
10 InGaN X, =0.064 X;,;=0.08 - - - 80 LD barrier
9 GaN - - - - - 25 Unintentionally doped
8 GaN - - Mg 101 8.1-10%8 20 LD p-type side
7 GaN - - Mg 3.5-10% 5.3-10%8 350 Transition region
6 GaN - - Mg 1.2:10% 9.2.10%8 250 Transition region
5 InGaN gradient X,=0.09 Mg gradient gradient 22 TJ upper cladding
4 InGaN X =0.21 %,=0.15 Mg 102 1.1-102%° 5 TJ p-type
3 InGaN X, =021 X,=0.15 Ge 5.10%0 1.2.10%° 5 TJ n-type
2 InGaN gradient X, =0.09 Si 3107 - 25 TJ lower cladding
1 GaN - - Si 3-10% - 150
0 GaN - - - - - - Substrate

b. Photonic Atom Probe experiment

The technical details of the instrument used in this study are discussed in Ref. [6]. The nanometric
needle-shaped specimen is polarized with a voltage Vpc = 4 - 8 kV, leading to an apex electric
field of a few tens of V/nm [33], [34]. Field ion evaporation is triggered by femtosecond laser
pulses at the repetition rate of 400 kHz. The specimen temperature is set to T=80K. The specimen

is illuminated by a laser spot with size estimated as slightly larger than two microns (i.e. it



illuminates the whole evaporated section of the specimen, without the need of re-positioning
during the experiment) and an average power of 10 UW. The spot size is limited by the
imperfections of optical elements and is larger than the diffraction limit w = A/(2NA) = 443 nm,
where A = 266 nm is the laser wavelength and NA = 0.3 is the numerical aperture of the focusing
optics. PL spectra were acquired with a 600/mm grating in a 320 mm focal length spectrometer,
with a spectral resolution of around 0.3 nm. The CCD array integration time for each acquisition
was set to 90 s. The evaporated ions are detected by a time resolved and position sensitive detector
[35], which records the impact position of ions and their time of flight for standard APT analysis.
Each PL spectrum collected during the evaporation and APT analysis is stored in a matrix of
spectra and is labeled by with an integer index ip, referred to as the “spectrum index”. This is also
stored in the APT data file as an attribute of each ion detected during the collection of the
corresponding PL spectrum. The analysis of mass spectra, along with the discussion on the
compositional accuracy of our measurements, is reported in detail in the Supplemental Material
[36] (including ref. [37]). The 3D reconstruction (Fig. 2-(a)) was obtained by the application of a
reconstruction algorithm based on the evolution of the applied voltage [38]. The following set of
parameters was used: Apex Field = 21.8 VV/nm, Projection point m+1 = 1.65, Curvature factor =
1.25 and reconstruction detection efficiency #rec = 0.35. Notice that this reconstruction is obtained
for an extremely long sample with a single set of parameters, adjusted in order to match the
evaporated length of the specimen. For this reason, slight deviations from planarity can occur at
heterointerfaces —a reconstruction artefact that does not impact the major conclusions of this work.
Remarkably, the resulting reconstructed lengths of the InGaN sections corresponding to the LD
and to the TJ are well reproducing the nominal ones, while the relatively low value of #rec is quite

common in the APT analysis of I11-N structures [39]
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3. Results

a. Atom Probe data

The reconstructed volume of one of the four analyzed specimens (the one yielding the best
quality of PL and APT) is displayed in Fig. 2-(a), while a 5 nm-thick slice of the reconstructed
volume is shown in Fig. 3-(a). Only a subset of ion species is shown, for clarity, i.e. Al (red), In
(orange), Mg (blue) and Ge (grey). Notice that APT has no access to Si doping, as Si-related peaks
are hidden by N>", N" and possible NxH"" peaks[40]. The reconstructed volume clearly shows —
from left to right — part of the AlGaN cladding layer, the LD junction and the TJ region. Mg doping
is distinguishable in the region between the two InGaN heterojunctions. Notice that the blue dots
outside of this region correspond to noise, as it can be demonstrated by local mass spectrum

analysis.

The Ill-site fraction profile of In is reported in Fig. 3-(b) as a function of the evaporated depth
coordinate d. The profile clearly visualizes the presence of the LD and TJ regions. Frequency
distribution analysis has been performed on all different InGaN sections. An example of III-site In
fraction statistical distribution, extracted from the ROI B (a subvolume of layer 5), is shown in
Fig. 2-(b). The analysis for layer 5 yields an average fraction x1n=0.090£0.006, with a chi-square
parameter ¥°=13.1 over Nqo=10 degrees of freedom, which turns into a p-value p=0.3, consistent
with a random distribution. Similar results hold for all InGaN layers and can be compared with the

SIMS results as reported in table 1.
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The distribution of Mg was analyzed by 1® nearest neighbor (INN) statistical analysis. The
distributions of the Mg INN distances are displayed in Fig. 2-(c) for three different regions, namely
layers 6, 7 and 8 (from right to left). All distributions indicate that Mg is in solid solution, without
the formation of any cluster. Notice that this holds for high Mg concentrations as in layers 6 and 8
(nmg > 10%cm™?), for which clustering usually occurs in MOVPE-grown GaN:Mg[21], [41], [42].
Notice that Mg is also present at the core of the TJ itself, and that it exhibits a tail within the n-
doped part of the TJ, consistently with previous analyses performed on MOVPE-MBE grown
structures[14]. The Mg concentration profile, reported in Fig. 3-(b) also allows establishing that

3

the noise level is of the order of 3 - 10'® cm™ , corresponding to the mass spectrum baseline in the

neighborhood of the Mg?* mass peaks. The absolute error on the concentration measurement is

therefore quite high for all analyzed layers, i.e. Anmg 108 cm™.

Ge doping is localized in layer 3, as displayed in Fig. 2-(d). The quantification of Ge was
complicated by the fact that Ge peaks overlap with the thermal tails of the Ga peaks (see
Supplemental material for details [36]). As already mentioned, the slight curvature of the interfaces
in the APT reconstruction is an artifact of the reconstruction algorithm and does not have a major
influence on the conclusions of this work. The Ge atoms are considered to be present in a section
of the specimen which has the thickness (t = 5 nm) which is expected for the Ge-rich section of
the TJ. The Ge dopant concentration estimated here is nge=1.2 £ 0.8 - 10%° cm™. In order to verify
if some Ge might have left the center of the TJ, the local mass spectra of the adjacent InGaN layers
are investigated. No "*Ge” or a "*Ge?" peaks are observed in these zones. The concentration of

doping impurities (except for Si) compares fairly well with the SIMS results (table 1).
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Fig. 2. Relevant data issued from the APT analysis. (a) Reconstructed volume of the whole device
structure. The analyzed thickness spans over around 1.5 um. (b) Frequency distribution analysis of the In
distribution in an InGaN section of the tunnel junction (ROI B, see part (d)), showing random In
distribution. (c) 1% nearest neighbor analysis of the Mg doping in three regions of the p-type section, each
doped with a different Mg concentration. The experimental histograms are well fitted by the random
distribution expected for each doping concentration, showing absence of clustering for Mg. (d) Zoom of

the reconstructed region of the tunnel junction (ROI A) showing in grey the distribution of the Ge dopants.
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Fig. 3. Correlated PAP data as a function of the reconstructed depth coordinate d. (a) 5 nm thick slice of
the reconstructed volume, displaying Al (red), In (orange) and Mg (blue) atom positions. Notice that the
spatial coordinate x scale is expanded for clarity and the layer number is reported at the bottom of the graph
(b) Composition profiles displaying the In Ill-site fraction (orange, left-hand ordinates) and the Mg

concentration (blue curve, right-hand ordinates) (c) Sequence of PL spectra. The peak energies Epy, , (ipy,)

of sub-bandgap peaks 1 (pink) and 2 (blue), along with the width of the spectral component g, ;, have

ipL

been superimposed to the color plot. (d) Evolution of the intensities I,,,(ip;) of peak 1 (pink) and 2 (blue).

An animated version of parts (a) and (c) is available as Supplemental Material [36].
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b. Photoluminescence spectra

The sequence of sub-bandgap PL spectra collected during the evaporation of the field-emission
needle specimen is reported in Fig. 3-(c), while two examples of full recorded PL spectra are
reported in Fig. 4 for clarity. The abscissa in Fig. 3-(c) corresponds to the average reconstructed
depth d of all ions detected during the acquisition of the spectrum indexed by a given ipz. The PL
spectra consist of 3 main spectral components: two sub-bandgap peaks, labeled as Peak 1(peak
energy in the interval 3.19-3.3 eV) and Peak 2 (peak energy in the interval 2.98-3.16 V), as shown
in Fig. 4. A GaN near-band edge emission was also recorded. This emission has been considered
for accurate peak analysis, but is not reported in Fig. 3-(c). Fig. 4 also displays examples of the
fitting functions used to extract the peak intensity I,,(ip) , the energy Ep; , (ip,) and the spectral
width o, (ip;) of each component m of the spectrum and for each ip; index. The energy and the
peak width of peaks 1 and 2 are superimposed to the set of PL spectra in Fig. 3-(c), while their
intensities are traced in Fig. 3-(c). These are gaussian functions that, despite not being the most
adapted to accurately replicate the exact shape of the spectral components, have the advantage of
being described by a restricted set of parameters. More details about the fitting procedure are given

in the Supplemental material [36].
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Fig. 4. PL spectrum indexed by ip.=75, corresponding to the depth coordinate of the reconstructed volume
d=500 mn (layer 13). The graph also traces the gaussian functions used for the fit, along with the spectral
interval in which the investigated contributions of peak 1 (3.19-3.3 eV) and peak 2 (2.98-3.17 eV) are

located.

4. Discussion

Based on the complete dataset issued from the PAP experiment, a correlation between the APT
and the PL data can be carried out. Nevertheless, some caveats are necessary. One should indeed
keep in mind that (i) the PL signal indexed by the integer ip; is emitted by the entire non-evaporated

volume of the tip illuminated by the laser beam [5] (this effect could be in principle reduced by
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coating the specimen with a metal [43] or a compound [44]having a low skin depth for PL
excitation, but this approach has not been tested in practice yet) , (ii) the intensity of a localized
emitter is first enhanced as it gets closer to the evaporating apex surface, then decreases and
obviously vanishes when it is evaporated [45] and (iii) finally, a light emitter may undergo spectral
shifts induced by the mechanical action (tensile stress) of the electric field present at the apex
surface [46]. The effect of the electric field, in particular depends partly on the geometry of the
field emitter and the evaporation progression, partly on the presence of layers with different
evaporation field. The first mechanism is such that stress in any tip position typically increases
and evolves from uniaxial to hydrostatic as the evaporation front gets closer. Concerning the
second mechanism, the electric field is expected to increase when InGaN or AlGaN layers are
evaporated in a structure such as the device under investigation [39]. These effects may allow
measuring the strain state induced by the field during an APT experiment, but will not be

quantitatively addressed in this work which primarily targets the attribution of spectral signatures.

a. Evolution of PL spectra

The sub-bandgap PL contributions continuously evolve in intensity, width and peak energy

during the measurement (Fig. 3-(c,d)).

- Peak 1. Peak 1 becomes distinguishable after the evaporation of the AlGaN upper cladding
layer. Reliable fits can be performed only starting from d = 400nm. It undergoes a slight red shift
and a slight intensity decrease when the evaporation front crosses the QW, then it remains quite
stable in energy and intensity until the approach of the highly doped GaN:Mg layer 6. Here, it blue

shifts and — most importantly — vanishes gradually before the evaporation front has reached the
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TJ, and before the Peak 2. Notice that the Peak 1 quite significantly overlaps with the Peak 2, the
latter having a larger width. Interestingly, Peak 1 blue shifts while vanishing — a behavior opposite

to that of Peak 2.

- Peak 2. Peak 2 is visible from the beginning of the experiment to the evaporation of layer 5.
As the evaporation front approaches the LD junction, it slightly red shifts, then increases its
intensity during the evaporation of the QW, then gradually blue shifts and decreases its intensity
during the evaporation of the LD lower cladding layer. At the beginning of the evaporation of the
GaN:Mg section, it reaches its maximum energy, i.e. Epr2max = 3.14 €V. It then gradually red shifts
as the p-type moderately doped GaN:Mg layer 7 is evaporated. It suddenly red shifts again and
decreases in intensity when the evaporation front enters the highly-doped GaN:Mg layer 6. Finally,
it red shifts again to the final energy Epr2min = 2.98 €V and bleaches when the TJ is evaporated.
We notice that the final bleaching of this spectral component is non-monotonous — a fact for which
we did not find a non-ambiguous explanation, but which may be related to the charge carrier
dynamics when the TJ field becomes close to the evaporation front. The key features about this
peak are the following: (i) it undergoes a strong intensity decrease upon the evaporation of the LD

section and (i) it vanishes swiftly as the evaporation of the TJ upper cladding begins.

b. Correlation between below-bandgap PL signatures and 3D reconstruction

The evolution of the two peaks 1 and 2 can be interpreted through and correlated with the 3D
reconstruction issued from the APT analysis. The attributions of the two peaks can be justified as

follows:

- Peak 1 can be interpreted as related to vertical DAP PL emission, also referred to as UVL (UV-

Luminescence) line in the literature on doped GaN[29]. Peak 1 strongly dims and disappears when
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layer 6 is being evaporated and its energy corresponds well to previous literature data[24], [25],
[47], [27], [42], [48]. This is also reported in Fig. 5-(b), where the PL energies of the peak are
plotted as a function of the Mg concentration. Two data points issued from the PAP are reported.
The first corresponds to the beginning of the evaporation of layer 7, which is moderately doped
with Mg (nmg=5.3 - 10'® cm™®), while the second corresponds to the vanishing peak recorded during
the evaporation of layer 6 (which is relatively highly doped, nmg=9.2 - 10'® cm™). Although it can
be expected that the first data point is actually the result of the emission of layer 7 (layer 6 is still
present, but it lies deeper, further from the apex) and that the second one from layer 6 only, care
should be taken before establishing trends of the emission energy as a function of the Mg
concentration as it can be done for the literature datasets reported in Fig. 5, selected among the
references on DAP in GaN:Mg as those which report the DAP PL energy as a function of the Mg
concentration explicitly. Some care should also be taken upon this comparison, as the cited
references mostly relate to MOVPE-grown material, where a large portion of the Mg forms
pyramidal inversion domains[23], [49] and appears as clustered in the APT reconstructions[50].

In any case, the quantitative agreement between the present data and the literature is satisfying.

19



3.5
3.4
-3.3
> _
— -3.2
>. -
9 L
2 [ 3.1
Q L
i I
r3
1| © MOVPE, RT (ref. (b)) [
2.9 - A\ Implanted+Annealed (ref. (c)) -2.9
1| =7 HVPE, Sl, 100K, (ref. (d)) [
1| ¥ MBE, p-type, 100K (ref. (d)) L
2.8—_ @ PAP, MBE, 80K _—2.8
1077 10'® 109 10%

Mg concentration (cm™)

Fig. 5. Correlation of spectral and APT data and comparison with the literature. PL energy of Peaks 1 and
2 (filled circles) as a function of the Mg concentration within the evaporating layer. The data are compared
with literature data obtained in samples with different nominal or measured Mg concentration, issued from
ref. (a)=[27] (open diamonds), ref. (b)=[25] (open circles), ref. (c)=[42] (open upward triangles) and
ref.(d)=[29] (open downward triangles). The solid lines correspond to the expected maximum of the UVL*
luminescence in Mg-doped GaN as a function of the Mg density nw, for different values of the free carrier
density p. The grey horizontal bands indicate the spectral intervals containing the maxima of peaks 1 and

2.

- Peak 2. Peak 2 may be apparently related either to the emission of the InGaN sections,
(waveguide layers at the LD and at the TJ). The InGaN alloy with III-site fraction as found for
layers 12, 10, 5 and 2 is expected to luminesce in the same spectral region as Peak 2. However,

there are two main arguments against this interpretation: (i) the intensity of Peak 2 rapidly drops
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to zero just when the evaporation front enters the TJ (Fig. 3, zoom provided in the Supplemental
material Fig. S4 [36]) and (i1) according to the SIMS and PAP results, along with the band diagram
calculation (Fig. 1, Fig. 3), all InGaN sections contain a high electric field which is expected to
effectively separate the charge carriers generated within them and in their neighborhood. This is
especially the case for the TJ, where the field becomes as high as 8 MV/cm. Thus, Peak 2 has
rather to be interpreted as due to donor- or band-edge-to-acceptor diagonal transitions, which are
known to occur in highly-doped semiconductors[51], [52] and are known in the literature on GaN
as the UVL* line [29]. A further interpretation, i.e. Peak 2 as a phonon replica of the UVL line[47],
is not compatible with the larger intensity of Peak 2 with respect to Peak 1, and with its persistence
within layer 6 when Peak 1 vanishes. The intensity increase at d=700-800 nm can be interpreted
as due to the higher transparency of the specimen apex — a consequence of the evaporation of the

lower-bandgap InGaN LD section.

PL at E~3.1 eV has been reported by different authors. Sheu et al. for instance, found it in Mg-
doped n-type (compensated) GaN[53]. Reshchikov et al. have thoroughly characterized the
UVL*line[29], [54]. This PL component is found in highly-doped Mg and can coexist with the
UVL due to sample non-uniformity. It characterizes sample regions affected by strong potential
fluctuations, either due to the presence of charge impurities or surfaces. The plot in in Fig. 5 reports
the energy interval in which these authors have found the UVL* in GaN grown by Hydride Vapor
Phase Epitaxy (HVPE). In particular, they found that the energy of the peak is strongly dependent
on the excitation intensity and, consequently on the free carrier concentration p. Weak values of p
favor diagonal transitions, while large values of p tend to screen the potential fluctuations induced
by the presence of charged dopants and repristinate vertical transitions at higher energy. The PL

maxima are expected to approximately follow the expression[55], [56], [29]
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Where E,=3.45 eV is the GaN bandgap, Ene=0.15 eV is the acceptor energy above the valence
band edge[29], &, =8.9 is the dielectric permittivity of GaN[57] and e is the electron charge. The
fraction in eq. (1) represents the effective amplitude of the potential fluctuations. The trends of the
PL energies for different values of p are reported in Fig. 5 and show that the position of the UVL*
line is expected to red-shift with increasing doping concentration. The two data point appear as
remarkably consistent with the trend for p=10!" ¢m™. However, care should be taken before
applying the trends of eq. (1) to the PAP data. Certainly, the effective free carrier density could be
as low as 10!” cm™, as transitions could take place in peripheral areas of the sample, close to the
surface or at least to the interface with the outer layer damaged by FIB during sample preparation.
Furthermore, PL is collected in the PAP under constant impinging laser intensity, but it is known
that the effectively absorbed light can vary as the evaporation front gets close to the emitting
region[45]. The present data indicate the same trend as eq. (1), i.e. a red shift of the PL with
increasing nmg. This suggests that the shift from Ep.2=3.11 eV to Ep.2=3.05 eV could be partly
due to the increase in potential fluctuations - in this case the PL signal would originate from both
layers 6 and 7. An alternative interpretation is based on the increase of the hydrostatic strain when
the evaporation front enters layer 6 — in this second case the PL signal would originate from layer
6 only. The strong decrease of the intensity simultaneous to the red shift points rather out to the

first interpretation.

- Strain-related shifts. 1t should be mentioned that PL peak shifts in PAP may be due not only to
the evaporation front crossing layers of different composition, but also to the effect of the

composition of the evaporating layer on the surface field. It is known that in III-N materials the
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surface field needed to evaporate AlGaN or InGaN requires a higher field than GaN for constant
evaporation rate. As surface field generates hydrostatic tensile stress at the apex of the specimen,
and uniaxial stress in the shank far from the apex[58], [59], crossing InGaN layers would increase
the stress and induce a red shift of the PL peaks (notice that typically hydrostatic stress is exerted
as a pressure, i.e. a compressive stress, in APT on the contrary hydrostatic stress is tensile and can
reach several GPa[46]). Conversely, entering GaN sections after the evaporation of InGaN would
relieve the stress and produce blue shifts. Such shifts are quite clearly visible for Peak 2. The red
shift of Peak 2 preceding the intensity increase at the start of the upper waveguide layer 10 can be
interpreted as due to the increase in the surface electric field during the evaporation of the InGaN
waveguide. The corresponding increase of stress is exerted on the whole specimen, but is higher
in the immediate neighborhood of the waveguide itself. Peak 2 then blue shifts at d ~ 800 nm
because the LD InGaN section is evaporated and the surface field decreases. Its rapid red shift at
d ~ 1300 nm (layer 6) is related to the increase in Mg concentration, as we argued previously. A
new increase in the field and a subsequent new red shift accompany the Peak 2 just during its rapid
bleaching, when the evaporation front reaches the TJ. Intriguingly, the energy shifts of Peak 1 and
Peak 2 tend to occur in opposite directions. For instance, after the evaporation of the InGaN LD
section Peak 2 blue shifts, while Peak 1 red shifts. Again, during the evaporation of layer 6 Peak
1 red shifts, while Peak 2 blue shifts. The shift of Peak 2 can be easily interpreted, as GaN and
low-In content InGaN decrease their energy gap for increasing hydrostatic tensile stress. The blue-
shift of the DAP-related Peak 1 is certainly not related to an increase in the tensile hydrostatic
stress, as in this case we should expect a red shift[60]. At present, we have no explanation for this

behavior. However, we should also be aware that the shifts of Peak 1 are smaller than those
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affecting Peak 2, and that the broader line shape of Peak 2 could have an effect on the accuracy of

the fit of the max of Peak 1.

5. Conclusions

This work presented a correlative analysis of the 3D distribution of chemical species and optical
emission properties in a thick III-N device structure, containing AIGaN, GaN and InGaN sections.
Besides providing the quantitative assessment of alloy fractions and doping concentrations of Mg
and Ge throughout the device, the PAP allows correlating this information with the different
components of the GaN sub-bandgap PL. In particular, it could be demonstrated that the two main
overlapping PL peaks, named here Peak 1 (peak energy in the interval Epri= 3.19-3.3 eV) and
Peak 2 (Ep122.98-3.16 ¢V) are related to the presence of Mg impurities. Peak 1 is related to vertical
DAP or band-to-acceptor transitions (UVL line), while Peak 2 is rather related to diagonal
transitions (UVL*). The shift of Peak 2 quite is also correlated with the variation of Mg
concentration within the different sections of the heterostructure, as reported in previous works
focusing on bulk samples. The main advance that the PAP enabled for the study of this system is
the direct correlation between the 3D distribution of Mg in terms of concentration and absence of
clustering, and the properties of the sub-bandgap PL, which also contributes to validate the models
proposed in the recent past on this specific problem [48]. This study shows that PAP can be applied
to the study of point defect luminescence in actual device structures. This not only concerns laser
diodes, but potentially all device structures in which defects and/or alloys carry important
information via their optical emission. Finally, this study shows that PAP is of potential interest

for the study of the microscopic correlation of the optical signatures and chemical/structural
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properties of defects within a microscopic volume — possibly for the correlative study of the

optically active single point defects.
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1. Atom Probe Mass Spectra

The mass spectra issued from the global APT analysis of a LD-TJ sample are shown in Fig. S1. The mass
windows which define the identified species that constitute the specimen are shown in color code. Table S-
I shows the isotopic abundances of the Ga, In and Mg, evidencing a good agreement between the natural
and the measured abundances, so that no major specific losses are expected for the adopted experimental
parameters [37]. In the full mass spectrum (Fig. S1-(a)) main species evaporated during the PAP experiment
(Al", N2¥, Ga*, In") can be easily seen. In the zoomed-in mass spectrum (Fig. S1-(b)) the less abundant

species can be observed as well.
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Figure S1. APT Mass/Charge spectrum of one LD-TJ sample. (a) Global spectrum and (b) zoom into the mass
spectrum showing the species with a mass-to-charge ratio below 60 amu. The mass windows which are used for the
atom identification of the APT reconstruction are color coded: green intervals correspond to Ga-containing species,
red intervals to Al-containing species, orange to In-containing species, yellow to molecular or atomic Nitrogen, blue

to Magnesium.
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Table S-I Natural and measured isotopic abundances for Ga, In and Mg.

Ga Nat. Exp. | In Nat. Exp. ‘ Mg Nat. Exp.
¥Ga 601 % 605% | PIn 43% 47% | Mg 79.0% T79.7%
Ga 399% 395% | 15In 95.7% 95.3% | Mg 100 % 10.3 %

BNg 11.0% 100 %

In Fig. S1-(b) hydrogen (H" and H,") can be observed at 1 amu and 2 amu. Also hydrogen replica of the
N* (NH" and NH>") and of the N, signal (N.H" and N>H>") signal can be seen at 15 amu/16 amu and 29
amu/30 amu respectively. An issue concerning the detection of hydrogen during an APT experiment is that
one cannot clearly distinguish if the detected hydrogen originates from the actual composition of the
specimen or from contamination of the UHV chamber (Rigutti et al. (2021), Yoo et al. (2022)). Due to this
circumstance there are no mass windows assigned to the hydrogen containing species investigated in the
APT analysis. While the Mg>" signal of the specimen shows peaks for all three Mg isotopes (at 12 amu,
12.5 amu, 13 amu) only the peak of the isotope with the highest abundance (**Mg?*, 79.0%) is taken into
consideration for the APT analysis. In the following investigations of the specimen's Mg concentration this

choice of mass window is implemented by multiplying the number of >*Mg?**-atoms by a factor 1/0.79.

2. Analysis of Ge doping

Germanium is used as the n-type dopant within the TJ. This thin layer is surrounded by Mg-doped InGaN
on the p-type side and by Si-doped InGaN on the n-type side. An issue with the quantification of the Ge
doping within the specimen is its overlap with Ga in the mass spectrum. This is caused by the similar masses
of the abundant isotopes of both elements. No naturally abundant isotopes of Ga and Ge share the same
exact mass and the most abundant Ge isotope “Ge can be clearly distinguished from the thermal tail
(Vurpillot et al. (2006)) of the Ga-peaks both for the Ge™ and the Ge*" evaporation events in the mass

spectrum of the Ge-doped region of the specimen (Fig. S2). By investigating the mass spectrum of the
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atoms which constitute the center of the TJ (ROI A, Fig. [APT]-(d), main text) the total number of Ge atoms
in the n-type doped part of the TJ can be calculated. While the whole specimen's mass spectrum Fig. S1
does not allow the identification of any Ge-peak, the reduced background noise of local spectra allow for
the atomic identification of locally present elements. Fig. S2-(a) shows local mass spectra of the atoms
which are in the proximity of the TJ (red zone). By subtracting the background from the mass spectrum
Fig. S2-(b) of the *Ge* and "*Ge*'-peaks and considering the isotopic abundances of the different Ge-
isotopes the total number of detected Ge-atoms (Nge) is calculated. While the Ge* peaks are mostly covered
by the tails of the two Ga+ isotope signals (Fig. S2-(c)), the *Ge" peak can be still discerned in the mass

spectrum (Fig. S2-(d)).
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Figure S2. Mass spectra extracted from the TJ region (ROI B, Fig. [APT]-(d) of the main text), highlighting the
presence of Ge. (a) Mass spectrum in the mass/z interval 34-39, showing the presence of the Ga?" and of the Ge**
isotopes; (b) is a zoom on the 7*Ge?" peak, with the red line indicating the considered noise level. (c) Mass spectrum
in the mass/z interval 68-78, showing the presence of the Ga* and of the 7*Ge" isotopes; (d) is a zoom on the 7*Ge"

peak, with the red line indicating the considered noise level.

3. Analysis of PL spectra

Fitting protocol. The PL spectra were fitted by a set of gaussian functions for every ipr.

. M; E-En;i 2
S(ip, E) = kiPL + Zmzpli Am'iPL €xp (( 202 ’-PL) ) (SI-1)
mipy,
Where k

ip, Tepresents a baseline, A, ;,, are the amplitudes (Peak 1, Peak 2, NBE), U,fl,i” is the peak
width and E), ;p, the peak energy of each component m for each acquisition ip.. The number of components
to be fitted, M, may vary as a function of ip. (for instance, there are no sub-bandgap peaks for ip.>575).

Examples of such fits are displayed in Fig. 4 of the main text. The intensity of each spectral component is

thus determined as

Imip, = ZT[Am,ipL Om,ipy, (SI-2)

Zoom of the evaporation of layers 6 to 1. The details of PL spectra, composition profile and intensity of
Peak 1 are reported in Fig. S3. The graph clearly shows that the peak 1 rapidly disappears when the
evaporation enters the TJ upper cladding layer, and no PL is recorded in this spectral region during the

evaporation of the TJ core and of the bottom cladding layer.
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Figure S3. Detail of the PAP analysis during the evaporation of layers 6 to 1 as a function of the

reconstructed depth. (a) Series of PL spectra and energies of Peak 1 (blue) and Peak 2 (purple). (b) Profiles

of Mg concentration (blue, right scale) and of In fraction (orange, left scale). (c) Intensities of Peak 1 (blue)

and Peak 2 (purple).
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