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Correlative atom probe tomography
and optical spectroscopy: An original
gateway to materials science

and nanoscale physics

Enrico Di Russo and Lorenzo Rigutti*

Atom probe tomography (APT) correlated with optical spectroscopy has yielded original results in

the domain of semiconductor nanoscale heterostructures. Statistical correlation (i.e., microscopy
correlated with spectroscopy performed on macroscopic samples) has opened the way to a deeper
understanding of carrier localization and recombination mechanisms in quantum-well systems.
However, photoluminescence spectroscopy (PL) can be performed even on APT samples fabricated
by focused ion beam, making it possible to perform sequential correlations on a single nanoscale
object, which allows for a higher precision and accuracy. Finally, the laser pulse used for triggering
the evaporation in laser-assisted APT can also generate a photoluminescence signal: this opportunity

is exploited in the photonic atom probe. This instrument not only represents an original and effective
way to perform in situ correlative microscopy, but also opens the way to study nanoscale physical
phenomena driven by field, stress, or sample shape via the interpretation of the dynamically acquired

APT and PL information.

Introduction

The use of ultrafast laser pulses, introduced since 2005, has
opened up the possibility of the analysis of nonmetallic mate-
rials by atom probe tomography (APT),"? with important
feedback in many fields of materials science>* and nanosci-
ence,”’ where it plays a key role in better understanding the
link between composition and physical properties. At the
same time, multi-technique, or correlative approachesgf12
have been recently developed. These allow not only to reach
an ever more advanced level in the interpretation of the link
between compositional, structural, and functional character-
istics of materials, but also to achieve a deeper understand-
ing of laser—matter interaction phenomena under high field.
In this article, we will present the particular case where the
APT is correlated with photoluminescence (PL) spectroscopy.
Through this APT-PL approach, a wide class of functional
materials can be studied in order to understand the relation-
ship between the 3D distribution of the atomic constituents
and optical properties. Among them we can mention the
capability of absorbing or emitting light upon excitation and

how these responses depend on wavelength and polarization.
These properties are crucial in the case of nanoscale systems
constituting the building blocks of light-emitting or photovol-
taic devices, but also of single photon sources for quantum
cryptography. Objects such as quantum wells, quantum dots,
nanoparticles embedded in insulating matrices, but also, in a
crescendo of difficulty, extended or even point-like defects
may be the object of such studies. Optical properties not only
depend on the 3D distribution of the atomic species as it can
be retrieved from APT data sets. Other structural factors, such
as crystal symmetry or the degree of structural order, may also
play arole, and a complete picture can be found in these cases
through the complementary correlation of other techniques
such as TEM. However, optical properties may also be influ-
enced by environmental factors, such as temperature, presence
of electric or strain fields, and by the specific morphology of
the nanoscale system under study. This also opens the way
to the study of the physics of APT in an original way, as the
instrumental development of an atom probe capable of record-
ing the PL signal during APT analysis demonstrates.'* We will
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thus show how the relationship between optics and APT may
on one hand disclose original opportunities in materials sci-
ence, but on the other hand how it may reach far beyond this,
toward a sort of nanoscale laboratory capable of generating
new horizons of understanding and beauty.

Correlative methods with optical spectroscopy
A possible classification of correlative methods based on opti-
cal spectroscopy and APT follows.

Statistical correlation

This is the standard method applied to the interpretation of
optical, chemical and morphological properties of nanoscale
light emitters via APT. The optical properties are stud-
ied on a macroscopic portion of the sample, (e.g., a thin
film or a large bunch of nanoscale objects). Micro-PL may
allow for selecting a microscopic portion of the sample and
extract its signal. The APT analysis is conducted on a nano-
meter-scale object extracted from the sample, without a strict
relationship with the region probed by optical spectroscopy.
A significant number of studies based on statistical correla-
tion can be cited, for instance the studies on (In,Ga)N/GaN
quantum wells performed by Oliver, Smith, Cerezo, Moody,
and co-workers in Cambridge and Oxford. These works have
assessed for instance the randomness of the In distribution
within quantum wells grown on the polar c-plane of GaN and
characterized the behavior of interfaces.'*'> These are impor-
tant elements for the interpretation of the carrier localization
mechanisms—and thus for the explanation of the radiative
efficiency—within these quantum confined emitters that con-
stitute the active region of standard LEDs.'® Other statistical

studies have pointed out that the (In,Ga)N behavior is different
in quantum wells grown on nonpolar planes, on which In clus-
tering becomes possible.!”'® However, there are many other
examples of statistical correlation in the literature, not only
on wide bandgap semiconductors,'? but also on semiconduc-
tor nanoparticles within insulating matrices?>? and on I1I-V

nanowires.?

Sequential correlation on a single nanoscale object

In this advanced approach, illustrated within the scheme of
Figure 1a, the optical and the APT analyses are carried out
on the same individual nanoscale object. Intermediate TEM-
micro-photoluminescence (LPL) correlation is also possible
and may add significant information, which is not accessible
by APT only (e.g., crystal symmetries, presence of extended
defects such as stacking faults or dislocations, etc.) or improve
the information obtained by APT (e.g., by complementary
electron tomography [ET]). However, we can mention only
rare cases in which an individual sample survived three differ-
ent types of analyses.'®?* It is crucial to note that sequential
methods are based on the quite restrictive hypothesis that an
APT sample is optically active. This requirement is far from
obvious, as typical preparation methods require the use of
focused ion beam (FIB), which introduces significant damage
to the sample in terms of surface amorphization and swarms
of point defects within up to several tens of nanometers from
the surface. It is thus important that light emitters within APT
samples are characterized by a strong localization of the car-
riers involved in the radiative transition: only in this way their
wave functions avoid being influenced by the damaged regions
close to the surfaces, which would otherwise yield an efficient
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Figure 1. Advanced correlative methods based on photoluminescence spectroscopy and atom probe: (a) The sequential correlation is based on
the analysis of a single individual nanoscale sample by micro-photoluminescence (uPL) first, then by atom probe tomography (APT). An intermedi-
ate transmission electron microscopy (TEM) step is also possible, in order to access the structural properties otherwise not accessible by APT.

(b) The in situ correlation has recently become possible thanks to the instrumental development of the photonic atom probe, in which PL spec-
troscopy may be carried out during APT analysis. Such methods allow for the interpretation of the optical properties of one or more individual

nanoscale emitters on the base of APT data representing it or them in 3D.
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Figure 2. (a) Microwire (insert) and field-emission tip containing a set of
(In,Ga)N/GaN quantum wells (QWSs). (b) Micro-photoluminescence (uPL) spec-
tra issued from microwires (top), from a 500-nm-diameter cylinder fabricated
by focused ion beam and from an atom probe tomography (APT) tip (bot-
tom). (c) Three-dimensional reconstruction of the position of In atoms within
the multi-QW system. (d) Composition maps from selected QWs. (e) Band-
gap landscape. (f) Calculated electron-hole wave functions based on APT
reconstructions with (top) and without (bottom) the effect of a stacking fault.
Adapted with permission from Reference 10. © 2013 American Chemical Soci-
ety and Reference 25. © 2016 American Institute of Physics.
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source of nonradiative recombination paths. To date,
III-N and II-O crystals have shown to be suitable for
this approach.

In situ correlation via the photonic atom probe
The last type of correlation is achieved through a
dedicated instrument that combines compositional/
morphological analysis and optical spectroscopy
capabilities, similar to what is implemented in the
case of cathodoluminescence (CL) spectroscopy in
an electron microscope (SEM or TEM). In the case
of laser-assisted APT, it is a simple consideration that
a laser pulse exciting a suitable sample at a proper
wavelength and intensity can trigger ion evapora-
tion in a tomographic atomic probe and, at the same
time, excite electron—hole pairs that can recombine
radiatively and generate a PL signal. An instrument
exploiting both ionic and photonic signals has been
recently developed at GPM in Rouen, and is referred
to as the photonic atom probe,'* whose principle is
schematically illustrated in Figure 1b. This instru-
ment cannot only yield new performances in terms
of correlative optical spectroscopy and atomic-scale
microscopy, but also represent a new tool for the
study of surface and bulk light-matter interaction
phenomena at the nanoscale, with or without an
intense applied electric field.

From a microwire to a nanotip
In order to correlate the 3D information provided by
APT with the local PL signal, a bulk sample can be
progressively milled by FIB until an optical active
field-emission tip is formed.!®? This process leads to
substantial variations in the luminescence spectrum,
reducing the emission intensity and gradually reveal-
ing more and more details of the PL fine structure.
This approach was successfully attempted to
study the emission of a (In,Ga)N multi-quantum
well (QW) system grown on the lateral and upper
surface of GaN microwires (Figure 2a). The PL
spectra of a microwire is represented in the top part
of Figure 2b. Even if QWs typically present well-
defined transition energies that are strictly linked to
their morphology, composition, and homogeneity,
the observed spectrum presents broad and continu-
ous peaks in a wide spectral region between 2.9 and
3.3 eV. This suggests the presence of composition
and/or morphology inhomogeneities in the QWs.
Then, this spectrum was compared with those asso-
ciated with a 500-nm-diameter nano-cylinder and
with a ~100-nm-diameter needle-shaped APT tip
containing only the upper part of the multi-QW sys-
tem, that are represented in Figure 2b. Interestingly,
discrete emission lines appear in the nano-cylinder
PL spectrum. Similar lines are even better resolved
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in the case of the nanotip, revealing the presence of several
5-meV large peaks that can be interpreted in terms of local car-
rier recombination within single QWs. Such a huge difference
between the emission spectrum of the whole microwire and
that associated with the resulting nanotip is due to the very lit-
tle volume that is probed with the pPL laser in the latter case.
The nanotip was then analyzed by APT. The 3D recon-
struction depicted in Figure 2¢ shows the position of In atoms,
revealing the QWs, but also the information of In-rich regions
(Figure 2d) associated with the presence of planar stacking
faults. Finally, the correlation between the structural and optical
properties of the QWs was established though an effective mass
calculation.!® The electron—hole wave functions (Figure 2f), as
well as the transition energies, were calculated on the bandgap
landscapes (Figure 2e) obtained on the basis of 3D chemical
maps by including or neglecting the presence of In-rich stack-
ing faults. Results are summarized in Figure 2f. The carrier
localization in correspondence of the In-rich zones and of the
stacking faults is also associated with a decrease in transition
energies estimated to be about 15 meV. This result is in good
agreement with the peak energy distribution observed in Fig-
ure 2b. Although it is not possible to strictly correlate each
single QW with the relative emission line in the PL spectrum,
this study confirms the possibility to statistically correlate the
optical emission of a nanotip with its APT reconstruction.

The multimicroscopy approach

A more advanced statistical study was attempted performing
a combination of sequential uPL, ET, and APT on a set of
several tens of samples.’* The system designated for this study
consists of a stack of GaN layers containing truncated hex-
agonal pyramidal quantum dots (QDs) arranged in columns.
These structures are embedded in a matrix of AIN, acting as
a barrier leading to the confinement of both electron and hole
wave functions within the QDs. Because the confinement
energy depends on both dimension and shape of the QDs, the
3D information provided by techniques such as APT or ET is
crucial to predict the transition energy spectrum emitted by a
specimen. In particular, ET is the ideal technique to determine
the dimensions of 3D nano-objects embedded in a tip with
subnanometer precision and it could also provide informa-
tion to improve the accuracy of APT reconstructions. The 3D
reconstruction of Ga atom positions provided by APT is illus-
trated in Figure 3a. Here, QDs appear as high-density Ga-rich
regions with blurred outlines along the plane perpendicular to
the tip evaporation direction, due to limitations of APT lateral
resolution associated with low-range diffusion phenomena and
local aberration effects. These problems are accentuated in
correspondence of the GaN/AIN interfaces, due to the differ-
ence of the materials evaporation fields, as revealed by the
composition map reported in Figure 3b. It should be noted
that in this sample Ga/Al interdiffusion phenomena cannot
occur during the growth process due to thermodynamic rea-
sons. The vertical resolution of APT, in contrast, corresponds
to an atomic monolayer (ML), that it is approximately equal to
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about 0.25 nm. Three different approaches were then pursued
in order to statistically correlate the QDs morphology with
their recombination energy.

The 3D composition maps of the QDs extracted from the
APT reconstruction may be interpreted as interface monolayer
fluctuations at the bottom of the QDs, as indicated by the red
arrows in Figure 3¢ (top). The formation of atomic steps
on the barrier surface could be ascribed to the formation of
extended defects (e.g., dislocations) that propagate through
the heterostructure. However, it is also possible to describe
the QDs through three parameters only as truncated pyramids,
exploiting the data obtained by ET (Figure 3c, middle). This
simple description may then be enriched by adding the bottom
interface fluctuations suggested by APT. These fluctuations
consist of either one or two monolayers, with 1.5-nm-diameter
cylindrical shape (Figure 3¢, bottom).

Comparing the emission spectra calculated based on APT
data only (Figure 3e) with the experimental PL peak distribu-
tion (Figure 3d), the expected transitions energies are overesti-
mated. In fact, lateral resolution limitations of APT artificially
leads to the mixture of Al and Ga in correspondence of the
QDs lateral interfaces, increasing the material bandgap within
QDs. Contrariwise, the transition energy distribution expected
for pyramidal QDs is quite close to the emission energies
observed in PL measurements, as displayed in Figure 3f, g.
In addition, the introduction of interface fluctuations has the
effects of localizing hole states (Figure 3c, bottom), lower-
ing the average transition energy and providing a narrower
energy distribution. Thus, the best statistical agreement with
this experimental distribution is obtained considering pyrami-
dal QDs with the geometrical parameters extracted from ET
and bottom interfaces affected by monolayer fluctuations, as
suggested by APT.

Photonic atom probe and super-resolution
photoluminescence
The possibility of measuring PL spectra simultaneously with
the APT analysis (i.e., during specimen evaporation) is the
specific characteristic of the photonic atom probe. This opens
up new methods and insights in the correlative analysis of
optically active nanoscale systems. The PAP can be seen as
the APT counterpart of cathodoluminescence in a scanning
(transmission) electron microscope: it upgrades the instrument
with optical spectroscopic capabilities, and it offers possibili-
ties that go beyond the separated application of optical spec-
troscopy and structural/chemical/morphological study: as in
many other systems, the whole is more than the sum of the
parts. PAP has obviously very specific features. An example
of this is discussed in the following.

The PAP analysis of a set of 5 ZnO QWs embedded inside
a (Mg,Zn)O alloy grown on a ZnO substrate is synthetically
displayed in Figure 4. These QWs have features that were
particularly suitable for testing the new instrument: first, they
have different thicknesses, which should result in different PL
emission energies; second, they are quite closely packed with
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Figure 3. Multimicroscopic analysis of a set of GaN/AIN quantum dots: (a) The position of the Ga atoms in a portion of atom probe tomography
(APT) reconstructed volume. (b) Correspondent composition map (thin slice). (c) Composition maps adopted for the calculation of the electron—
hole wave function and energies. Top: extracted from the APT maps. Middle: simplified pyramid geometry based on electron tomography data.
Bottom: simplified geometry + monolayer (ML) fluctuation. (d) Statistical distribution of photoluminescence (PL) energies recorded from 15 tips.
(e) Calculated PL energies based on APT data. (f) Calculated PL energies based on simplified geometries including or not ML fluctuations.

(9) Average calculated energies. Adapted with permission from Reference 24. © 2017 American Chemical Society. STEM, scanning transmission

electron microscopy.

each other, with a mutual distance of around 20 nm. The set of
PL spectra acquired during the APT analysis is reported in Fig-
ure 4a. The series begins with the spectral index 1 and finishes
with 53. Three main spectral regions may be identified as (1) the
emission of the ZnO substrate, around 3.35 eV, (2) the emission
of the QWs, between 3.35 and 3.55 eV, and (3) the emission
from the (Mg,Zn)O alloy, which constitutes a band peaked at
3.67 eV. The basic concept for the interpretation of these data is
that the signal originating from a given emitter disappears when
the emitter is no longer there because it is evaporated. Disap-
pearing spectral features are highlighted by the red arrows in
the graph. This quite obvious state of things allows attributing
the different spectral signatures to the different sample features
that may be retrieved through the APT reconstruction. However,
it is also possible to plot the PL data as differential spectra, as
shown in Figure 4b. A differential spectrum being simply the
difference between two consecutive spectra, this series of data
emphasizes when main variations in the spectral intensity or
energy occur. In this way, disappearing features in the PL series
of spectra become peaks in the series of differential spectra.
Such peaks (corresponding to the red arrows in Figure 4a) are
marked within blue circles in Figure 4b.

The correlation of PL with APT may be straightforwardly
carried out by analyzing the 3D reconstructions, in the form
displayed in Figure 4c—d. As a guide for the reader, the posi-
tion of the evaporation front during selected PL spectra acqui-
sitions is underlined by red curves. The selected indices i=7,

11, 16, 24 correspond to the spectra in which the PL signals
marked by the red arrows in Figure 4a disappear. It can be
easily recognized that this sets an immediate correspondence
between the disappeared spectrum and the QW that is about
to be evaporated (as a matter of fact, QW PL signals have the
tendency to disappear before the QW is completely evapo-
rated, but this is expected because the structure of the QW
is strongly affected even before its complete evaporation).
Furthermore, differential spectra can be exploited in order
to encode the intensities of different spectral intervals into
the positions of the atoms, as displayed in Figure 4c. Here, it
becomes immediately visible that the 3.42 eV signal (coded
in green) is generated by QWS5, while the 3.49 eV signal (in
red) is generated from QW4.

In any case, the technique allows singling out the signal of
an individual quantum confined system and to discriminate it
among the neighboring emitters, which are as close as 20 nm.
This spatial resolution (which is relative to the APT axis of
analysis only) is over one order of magnitude smaller than the
laser wavelength, which approximately corresponds to the
standard spatial resolution of pPL as set by the diffraction limit.

The PAP allows thus for super-resolution PL, which is a
nice and (a posteriori) straightforward consequence of col-
lecting a light signal from a slowly and gently evaporating
tip. The cross-sectional composition map of Figure 4d exhibits
quite clearly the alloy distribution, which can be studied by
statistical means, and the presence of interface roughness. It
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Figure 4. In situ photonic atom probe analysis of a system of 5 ZnO/(Mg,Zn)O quantum wells: (a) Complete set of collected micro-photolumi-
nescence (UPL) spectra, the red arrows indicating the approximate location of the disappearance of the PL peaks of consecutive quantum wells
(QWs). (b) Differential spectra recorded in the sub-region indicated by the blue rectangle in (a). The optical signatures of four over five QWs are
highlighted by the blue circles. (c) Three-dimensional reconstruction of the positions of Mg atoms; the color of the atoms is color-coded according
to the PL intensities in the spectral intervals indicated at the top and in the graph in (b). The red dashed lines indicate the approximate position
of the specimen surface during the acquisition of the i-th spectrum. (d) Two-dimensional distribution of the Mg IlI-site fraction calculated over a
5-nm-thick slice close to the tip axis. Adapted with permission from Reference 26. © 2020 American Chemical Society.

is well known that these features may be quite effective in the These results demonstrate that the PAP can be profitably
localization of carriers within the QW (especially of holes, applied to materials science, in particular to the correlative
localizing over the scale of only several nanometers). Such study of optically active materials. Other studies have already
features are considered when calculations are performed in been carried out in (In,Ga)N/GaN QD systems, and further
order to understand whether the behavior of the light emitter studies are planned. Instrumental upgrades have already
is expected within the most common models. For instance, we resulted in the possibility of longer and more reliable analy-
adopted the quite simplified but robust approach of conduct- ses, also benefiting from a larger field of view. In the mean-
ing effective mass 6 bands calculations, and we found good time, it is necessary to explore its—still unknown—Iimits in
agreement between the experimental PL energies and those terms of application to materials and systems (quantum emit-
calculated on the basis of the morphological and composi- ters, extended or point defects, etc.). The main questions to
tional characteristics of the system as obtained by APT.*® be addressed are indeed the following: How many materials
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systems under the form of an APT specimen may emit photo-
luminescence and how significant can be their study by this
technique? The next few years will likely provide an answer
to these questions.

A nanoscale laboratory for the study of light-
matter—field interaction

Yet, the PAP being a microscope equipped with optical spec-
troscopy capabilities, its vocation reaches beyond the mere
application to materials science studies. The PAP (as the APT
itself, but differently) is also a nanoscale laboratory (i.e., it is
possible to play with light, field, and matter to induce new or
just so far unobserved phenomena taking place down to the
nanometer level). One example of this is represented by the
opto-mechanical studies of field-emission tips as a function
of the applied field or of the evolution of their shape. Again,
the PAP represents a quite original possibility of studying the
optical properties of a nanoscale object, which changes its
shape over time.

As it is known, the application of a high voltage to a tip
results in stress building up at the apex. Many APT users are
aware of that, especially when their sample fractures because
it did not withstand mechanical stress. The relationship
between field F and stress o is quite simple, 6 = 1/2g9F?2,
which is by the way the same as in any metallic surface,
including that of a planar capacitor. Due to the fact that even
dielectric tips exhibit a metal-like apex surface under high
field,?” gq is the vacuum permittivity, which is material-inde-
pendent. Of course, we can wonder whether this formula
also holds in the case of semiconducting tips. We know from
past work that the electric field is supposed to be expulsed
from field-emission tips under high voltage,?’ but the meas-
urement of stress in a nanoscale object is never an obvious
experimental problem.

This problem was considered in the PAP experiment
reported in Figure 5.2® In this case, we analyzed a ZnO/
(Mg,Zn)O double QW system, of which only one QW is
optically active (in the APT reconstruction of Figure Sa,
the optically active QW is the thinner one on the left, closer
to the ZnO substrate). The series of PL spectra is shown in
Figure 5b: the QW signal is clearly appearing emitting at an
energy of around 3.45 eV, while the other two signals can be
easily identified (see also Figure 4) as the emissions of the
ZnO substrate and of the (Mg,Zn)O barrier. The PL energy
of the QW gradually shifts over time. Its shift evolves with
the progression of the evaporation, as show in the right panel
of the graph in Figure 5d. The left panel of the same graph
also indicates a dependence on the application of the volt-
age before the evaporation. Quite clearly, this energy shift is
related to the stress induced by the electric field. It is far from
straightforward to evaluate the stress at the QW position, but
it is fortunately possible. First, one has to understand how the
apex stress is transmitted to the rest of the structure down the
tip cone shaft—which can be performed once one knows the
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morphology of the tip and the differences between the elastic
constants of the materials composing the structure; then, from
this stress the strain tensor can be retrieved (through the elastic
constants). Finally, the strain tensor allows for the calculation
of the bandgap shift via the set of deformation potentials. Two
examples of calculations of locally resolved bandgap shifts are
reproduced in Figure Sc for two different sample morphologies
(i.e., at the evaporation beginning and close to the evaporation
of the emitting QW). The bandgap shift represents per se a
good estimation of the PL shift, which is reported in the graph
of Figure 5d. As the apex stress was not a priori known, we
let it span an interval within which the best fitting value of o
=1.25 GPa could be found. This value corresponds to an apex
average surface field =16 V/nm, which is consistent with
the microscopic field evaluated through the charge state ratio
statistics, F}l =20 V/nm.

The whole picture is also consistent with the stress—field
relationship, which is indirectly reported in the left panel of
the graph: the PL shift exhibits indeed a quadratic depend-
ence on the applied voltage. These results also confirm our
past piezospectroscopic studies of color centers in diamond
nanoneedles, which were performed in a proto-PAP not
yet equipped with APT detectors.”” They also provide an
independent way of assessing surface electric fields, which
play an important role in the field evaporation of compound
materials.*3!

Further phenomena are currently being studied. The
data set of Figure 5b indicates that not only is there an energy
shift, but also an intensity variation, which is far from obvious:
Why does the QW PL intensity increase during the first phases
of the evaporation? The mechanism leading to this intensity
variation is possibly related to several factors: (1) the modi-
fication of the light emission pattern through the morphology
variation, which could couple more or less radiation into the
spectrometer; (2) the modification of charge generation, also
related to the evolution of the absorption of light during evapo-
ration; and (3) the evolution of the transport of charge carriers
within the system—also related to the morphology change, to
the stress or to the progressive erosion of regions with a high
density of defects at the surfaces.

Perspectives

Currently, correlative APT and optical spectroscopy displays an
intriguing set of possibilities that could be applied in materials
science or in nanoscale physics. Even if in the opinion of the
authors there is very little potential for its widespread applica-
tion because of the complexity of the issued data sets, it may
represent an original way to tackle specific materials science
problems. For instance, the study of coupled QDs, the study of
parametric dependences of spectral signatures on applied fields,
all of this correlated with the sub-nanoscale resolution 3D dis-
tribution of atomic species. On the other hand, its nanoscale
lab vocation discloses the possibility of new experiences tar-
geting the transport of charge carriers in APT specimens, the
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Figure 5. Study of stress-induced photoluminescence (PL) shift in a ZnO/(Mg,Zn)O QW within a photonic atom probe. (a) The reconstructed
position of the Mg atoms. The emitting quantum well (QW) is the one at roughly 50 nm from the ZnO substrate/(Mg,Zn)O interface (set at 0).
b) Complete set of PL spectra acquired during the atom probe tomography acquisition. (c) Calculation of the distribution of the stress-induced
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bandgap shift within the tip at two different evaporation stages (beginning, top, and evaporation of QW1, bottom). (d) Comparison between the
experimental and a set of calculated trends of the QW PL energy as a function of the applied voltage before evaporation (left panel) and as a
function of the apex position during the evaporation. The best fitting curve is obtained for a stress at the apex equal to 1.25 GPa. Adapted with
permission from Reference 28. © 2021 American Physical Society.

implementation of optically measured strain—stress curves. It
may also allow for a deeper understanding of fracture events
(they produce an electrical arc which could be recorded by
the PL spectrometer) and of the chemical processes occurring
at evaporating surfaces, with significant feedback for field-
emission physics, APT metrology, and correlative microscopy.
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