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The possibility of measuring in situ operando photoluminescence spectroscopy within a photonic atom
probe allows for the real-time study of the mechanical stress state within a field emitter either statically,
as a function of the field-induced tensile stress, or dynamically, as a result of the evolution of the shape
of the emitter upon its evaporation. Dynamic evolution results from the relaxation of strain induced by
lattice mismatch and by the propagation of stress from the apex, while the morphology of the field emit-
ter changes. Optomechanical information can be interpreted through the three-dimensional atomic scale
images of the chemical composition of the emitter obtained through standard atom probe analysis. Here,
the photoluminescence signal of a ZnO/(Mg, Zn)O quantum well allows for the local measurement of
strain within the well and of the electrostatic field applied to the apex of the nanoscale field emitter.
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I. INTRODUCTION

The measurement of strain states in nanoscale systems
is possible nowadays by means of different techniques.
Remarkable situations include the measurement of strain
in transmission electron microscopes (TEMs) by geomet-
ric phase analysis [1] or holographic interferometry [2]
in field-effect transistors, heterostructures, and nanowires.
Access to the strain state can also be obtained by cross-
section scanning tunneling microscopy, generally by mea-
surement of the relief of the scanned surface due to
out-of-plane lattice relaxation in semiconductor superlat-
tice or quantum-dot structures [3,4], as well as in metal-
lic structures [5]. Alternatively, three-dimensional (3D)
strain-stress maps can be obtained by x-ray nanoprobes
from synchrotron light [6,7].

Strain may have an important effect on the optical and
electrical properties of nanoscale systems. Strain engineer-
ing may be appropriate for the manipulation of energy
bands and can influence the optical signature of emitting
or absorbing centers [8,9] and electrical transport in semi-
conducting channels [10]. It may be applied by the proper
design of the nanoscale system, for instance exploiting lat-
tice mismatch in heterostructures [9], or by an external
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action producing hydrostatic [11,12] or uniaxial stress
[13,14] in a controlled way.

Herein, we report on an original way to access to the
stress state of nanoscale field ion emitters through the use
of a photonic atom probe (PAP) [15,16], the principles of
which are schematically illustrated in Fig. 1. This instru-
ment consists of a laser-assisted tomographic atom probe,
in which a needle-shaped nanoscale specimen (field ion
emitter) is progressively submitted to the evaporation of
constituent ions under the combined action of a static dc
field and laser pluses, which trigger the process. As in
any tomographic atom probe, ion evaporation provides a
3D image of the chemical composition of the specimen.
The particular feature of the PAP instrument is that light
collection optics is applied to the in situ analysis of pho-
toluminescence (PL) produced by the field emitter under
the same laser excitation used for ion evaporation. As a
result, it is possible to obtain a 3D image of quantum emit-
ters coupled with their optical signature. However, beyond
interest in this instrument in the framework of nanoscale
microscopy, we demonstrate here that the PAP allows for
the in situ operando measurement of the strain state of a
field emitter, which is due to both strain relaxation as a
result of the evaporation of heterostructure layers with dif-
ferent lattice constants and to the application of the dc field
responsible for evaporation of the specimen.

This work is structured as follows. Section II describes
the experimental techniques and methods. Then, the PAP
analysis of ZnO/(Mg, Zn)O quantum-well (QW) het-
erostructures is presented in Sec. III. In Sec. IV the theory
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FIG. 1. Schematic representation of the experimental setup
and analyzed system. Orientation of the crystal constituting the
field emitter is also reported.

of stress and strain in nonevaporating and evaporating
field emitters is developed. Finally, the connection between
theory and experiment is made in the discussion of Sec. V.

II. EXPERIMENT

A. Sample growth and properties

Plasma-assisted molecular beam epitaxy (MBE) is used
to grow the ZnO/(Zn, Mg)O homoepitaxial QWs on an
m-plane (1–100) wurtzite (WZ) ZnO substrate. Details on
homoepitaxial growth can be found in Ref. [17]. The struc-
tures contain two ZnO QWs and (Mg, Zn)O barriers. The
total thickness and alloy composition of the multilayer
structure are designed to avoid plastic relaxation.

B. Tip specimen preparation

Needle-shaped field emitters are prepared by using the
focused ion beam (FIB) in a ZEISS Nvision40 dual-beam
SEM FIB system. The preparation consists of a standard
protocol of lift out and milling using an acceleration volt-
age of 30 kV for Ga ions during sample milling, with a
final cleaning step at 2 kV [18]. This protocol is designed to
preserve the PL signal from QW1 and from the (Mg, Zn)O
barrier detectable in the PAP system, while the signal of
QW2 (closer to the tip apex) is generally quenched by
damage introduced by the Ga ions. With ions at 30 keV,
the FIB is expected to produce surface amorphization
over several nanometers at grazing incidence and intro-
duce nonradiative recombination centers over several tens
of nanometers [19]. In the present structures, the FIB

induces irreversible damage to the optical properties over
the whole region of interest of around 50% of the fabri-
cated tips. In the latter case, only the signal of the ZnO
substrate is detectable. Several tip specimens are analyzed
in this work, yielding consistent results. Notably, alterna-
tive preparation methods could be considered to increase
the success rate for the preparation of specimens from thin
films, such as using a plasma FIB [20], which is known to
introduce less impurities, or directly synthesize quantum-
emitter structures within nanowires [21]. The tip specimen
for which the detailed analysis is reported herein is visible
in the scanning electron micrograph presented in Fig. 2(a).

C. Tip specimen preliminary characterization and
crystal orientation

Transmission electron microscopy (TEM) assays are
carried out on prepared tip specimens with a double-
corrected analytical JEOL JEM-ARM200CF instrument
operated at 200 kV. During scanning TEM (STEM)
experiments, a 0.9 Å probe scans the specimen surface
and two simultaneous micrographs are registered under
a bright-field circular detector and a high-angle annu-
lar dark field (HAADF) detector. In HAADF detection,
the image intensity approximately scales with the square
of the Z atomic number of the material under exam-
ination. The high-intensity areas correspond to regions
rich in Zn, allowing one to determine the thickness of
the QWs by direct measurements. The thicknesses of the
QWs measured by STEM HAADF are t1 = (2.0 ± 0.1) nm
and t2= (3.9 ± 0.1) nm. Notably, as STEM performed at
200 keV may introduce nonradiative recombination cen-
ters, the tip specimen reported in Fig. 2(b) is not one of
those analyzed by the PAP. The sawtooth profile of the
QWs clearly marks the morphology of these QWs. This
profile is actually that of the ZnO substrate surface before
epitaxial growth of the multi-QW-barrier system, and it
propagates throughout the epitaxial growth of the latter
[22]. This profile is susceptible to the induction of com-
positional inhomogeneities within the barriers, with the
formation of Zn- and Mg-enriched regions, corresponding
to the edges pointing towards the substrate and towards
the upper surface, respectively. The results reported in
Fig. 2(b) and later in the Sec. III dedicated to the PAP study
show that the barriers exhibit a decomposition behav-
ior similar to that reported in the detailed study reported
in Ref. [22]. These compositional inhomogeneities are
related to the sawtooth morphology. No evidence for the
presence or introduction of dislocations or other extended
defects is found.

All prepared tips have the axis oriented along the [11̄00]
direction (m direction) of the wurtzite crystal, which also
corresponds to the x axis of the reference system in which
the stress-strain tensors are defined. The sawtooth profile is
visible when the observation is performed along the polar
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FIG. 2. (a) Scanning electron
micrograph of the tip under analysis.
(b) Transmission electron micro-
graph and crystal orientation of
a field emitter extracted from the
ZnO/(Mg, Zn)O heterostructure
system.

[0001] direction (c direction, z axis for the strain-stress ten-
sors) [22]. The [112̄0] a direction corresponds to the y axis
for the strain-stress tensors. The orientation of the crystal
is also visualized in Fig. 1 and the correspondence between
the tip reference frame and crystal directions is specified in
Table I.

D. Photonic atom probe setup

As mentioned in Sec. I, the PAP is illustrated in Fig. 1,
while the technical details of the instrument used in
this study are discussed in Ref. [15]. The nanometer-
scale needle-shaped specimen is polarized with voltage
Vdc= 3–16 kV, leading to an apex electric field of a few
tens of V/nm [23,24]. Field ion evaporation is then trig-
gered by femtosecond laser pulses at a repetition rate of
400 kHz. The specimen apex is illuminated by a laser
spot with a size close to 1 μm and an average power of
10 µW. The spot size is limited by imperfections in the
optical elements and is larger than the diffraction limit
of w ≈ λ/(2NA) = 443 nm, where λ= 266 nm is the laser
wavelength and NA = 0.3 is the numerical aperture of the
focusing optics. PL spectra are 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 is set to 90 s.

TABLE I. Correspondences between the tip frame and the
crystal directions.

Directions in the tip reference frame Crystal directions

Tip axis x [11̄00] m
y [112̄0] a
z [0001] c

The evaporated ions are detected by a time-resolved and
position-sensitive detector [25], which provides the impact
position of ions and their time of flight. The first piece
of information is used to calculate the position of evap-
orated atoms at the tip surface, while the second is used
to compute mass-to-charge ratios that enable the chemical
nature of ions to be identified, as shown in the mass spec-
trum of Fig. 3(a). The in-depth layer-by-layer evaporation
of the specimen makes the 3D reconstruction of atomic
positions possible. The 3D maps of the chemical composi-
tion of the specimen can thus be derived. The instrument is
able to collect and analyze in situ and operando the photo-
luminescence that laser pulses excite simultaneously with
surface-atom evaporation.

The collection of the PL signal during atom probe
tomography (APT) translates into a series of spectra that
are indexed by the integer iPL, while keeping track of the
progressive number of detected atoms. This has recently
been shown to enable superresolution optical spectroscopy,
as spectral signatures of closely lying emitters can be
discriminated. This possibility is not exploited herein, in
which a single emitter is studied [16]. PL is also col-
lected during a slow initial voltage ramp, with steps at set
bias values, to obtain complementary information on the
field-induced strain [26,27].

III. PHOTONIC ATOM PROBE EXPERIMENT

In the following, the PAP experiment is described. After
the initial voltage ramp, evaporation takes place at a detec-
tion rate set in the interval of � = 0.003–0.004 ions/pulse.
The specimen base temperature is set at 30 K.
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(b)

FIG. 3. Atom probe tomography analysis. (a) Mass spectrum indicating the main ionic species. (b) Voltage curve and progressive
number of detected atoms as a function of the index of the PL spectrum iPL. (c) Three-dimensionally reconstructed volume of the
analyzed field emitter. All Mg ions are reported in blue; 30% of Zn+ and Zn2+ ions are reported in red (both classes of detection events
are traced with a 0.2 level of transparency). (d) Magnification of the distribution of Zn and Mg ions in a 5-nm-thick slice intersecting
the axis of the tip at the depth of QW2, (e) II-site fraction map of the slice reported in (d). (f) Magnification of the distribution of Zn
and Mg ions in a 5-nm-thick slice intersecting the axis of the tip at the depth of QW1. (g) Compositional map of the slice reported
in (f). Arrow above the color scale indicates the average value of the Mg II-site fraction

〈
xMg

〉 = 0.27 of the (Mg, Zn)O barrier.

A. Mass spectrum

The mass spectrum is shown in Fig. 3(a), and it con-
tains the atomic and molecular ionic species usually found
in the analysis of (Mg, Zn)O [22,28]. The interpretation of
mass spectra should consider the superimposition of peaks
associated with different atomic and molecular species: the
peak at 32 Da corresponds to an overlap of 64Zn2+ and
O+

2 [22]. Considering the natural abundance of Zn isotopes
in the mass range of 31–37 Da, it is possible to calcu-
late the respective total amount of zinc and oxygen; the
same method is adopted in the mass range of 78–89 Da,
where the existing peaks are attributed to both ZnO+ and
Zn2O2+

2 . Analysis of the Zn2+ − to − Zn+ charge-state
ratio is a useful indicator of the intensity of the micro-
scopic field (i.e., the field responsible for ion evaporation,
which is usually higher than the average field) [29]. This
ratio is approximately equal to 0.5 through the barrier,
which indicates that the field may be assumed as con-
stant. Furthermore, this ratio corresponds to a microscopic
field of Fµ ∼ 20 V/nm, which is favorable for composition
measurements in (Mg, Zn)O [28]. Separate APT analy-
sis is performed with another instrument (a laser-assisted

wide-angle tomographic atomic probe, which is used in
recent works on composition metrology [28,30]) to con-
firm measurements of the composition within the barriers.

B. Voltage curve

The voltage applied to the tip is reported in Fig. 3(b)
versus the index, iPL, of the PL spectra acquired during tip
evaporation. The same plot also contains the relationship
between the PL spectral index and the number of detected
atoms. Evaporation takes place between Ve,s = 6 kV (start-
ing evaporation voltage) and Ve,f = 10.3 kV (final evap-
oration voltage). The ratio between these two values is
fairly consistent with the ratio of the initial and final radii,
which can be visually assessed by the analysis of the SEM
image of the tip [Fig. 2(a)], i.e., Ri = (48 ± 5) nm and
Rf = (88 ± 5) nm. The continuous increase in the radius
of the tip during evaporation forces a rise of the volt-
age to maintain a constant detection rate. Remarkably, the
curve is nonmonotonous: two dips are clearly visible after
iPL = 60 and 95. These local minima correspond to the
evaporation of the two ZnO QWs, which have a lower
cohesive energy than that of their surrounding (Mg, Zn)O
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barriers, and consequently, the surface field needed for
evaporation at a constant detection rate is lower. The local
decrease of the applied voltage translates into a decrease of
the apex field intensity. The experiment is concluded when
evaporation reaches the ZnO substrate.

C. 3D reconstruction

The 3D reconstructed volume of the analyzed system is
visualized in Fig. 3(c), and it is obtained by the applica-
tion of a reconstruction algorithm based on the evolution
of the applied voltage [31]. The following set of param-
eters is used: apex field = 16.8 V/nm, projection point
m + 1 = 1.65, curvature factor = 1.5, and reconstruction
detection efficiency ηrec = 0.35. In Fig. 3(c), 30% of the
detected Zn-containing ions (red) and 100% of the detected
Mg ions (blue) are shown, both with a transparency of
α = 0.2. These visualization parameters make the main
morphological and chemical features of this heterostruc-
ture system quite clear. Notably, the exterior boundary of
the reconstruction corresponds to an interior region of the
tip (corresponding to the field of view of the ion detector),
and hence, does not match the entire projected morphology
exhibited by the HAADF image presented in Fig. 2(b).

1. Morphological and chemical features of the
heterostructure

Both QW1 and QW2 present a serrated profile with the
groove edges aligned along the WZ c axis. Their thick-
nesses, t1 = (2.0 ± 0.2) nm and t2= (4.1 ± 0.3) nm, are
consistent with the TEM analysis. The morphologies of
both are shown in detail in the magnified 5-nm-thick slices
intersecting the tip axis in Figs. 3(d) and 3(f). The same
orientation of the reconstructed volume illustrates very
clearly the decomposition effect within the (Mg, Zn)O bar-
riers already discussed in the Sec. II on preliminary TEM
characterization and in previous studies [16,22]. This phe-
nomenon is reproduced through the depth of the analyzed
volume in Fig. 3(c) and is also visible in the composi-
tion maps realized on the 5-nm-thick slices intersecting the
tip axis reported in Figs. 3(e) and 3(g). This effect con-
sists of Zn accumulation (xMg ∼ 0.22) corresponding to
the groove-edge a-type planes pointing towards the sub-
strate, while Mg is at a higher concentration (xMg ∼ 0.35)

in the planes corresponding to groove edges pointing
towards the epitaxial layer surface. The average composi-
tion of the barrier corresponds to the II-site Mg fraction of〈
xMg

〉 = 0.27. Finally, we observe that the substrate-barrier
interface, visible at the base of the reconstructed volume
of Fig. 3(c), exhibits the groove profile that is transferred
to the whole heterostructure morphology during epitaxial
growth [22].

D. PL spectra

1. Spectral components and energy shifts during the
initial voltage ramp (constant geometry)

The PL spectra acquired during the voltage ramp, with
no evaporation (except for the last step, in which the evap-
oration flux was very low, � ∼ 2 × 10−4 ion/pulse), are
reported in Fig. 4(a). During this ramp, the tip shape does
not evolve, but only the applied bias (and the surface
field) changes. Three spectral components can be clearly
identified within the spectra. The peak at an energy of
E = 3.34 eV is related to the ZnO substrate. It is composed
of a main peak and by phonon replica at lower energy.
It is not possible to exactly localize the emission, as the
ZnO section illuminated by the excitation laser is around

FIG. 4. Photoluminescence of the analyzed field emitter dur-
ing the initial bias ramp. Tip shape does not change, as no
evaporation takes place. (a) PL spectra. Inset is a magnifica-
tion of the QW1 luminescence. (b) Peak energies of emissions
of the (Mg, Zn)O barrier (red squares) and QW1 (black circles)
reported as a function of the voltage applied to the tip, Vdc.
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1 µm long. The ZnO peak shifts extremely weakly dur-
ing the bias ramp. It should be mentioned, however, that
peak broadening towards lower energies is found in other
tip specimens from the same batch.

The asymmetric peak at Ebarr = 3.89 eV in the unbi-
ased tip originates from the (Mg, Zn)O barrier. Its energy
is consistent with the measured barrier composition and
with previous studies [28,32]. It has a full width at half
maximum (FWHM) of �barr = 0.1 eV. The (Mg, Zn)O peak
slightly redshifts as a function of the applied bias, as shown
quantitatively in Fig. 4(b). The peak energy shifts from
3.90 to 3.85 eV during the ramp up to 6 keV. The trend
of the energy also indicates parabolic behavior rather than
linear behavior. The emission from the (Mg, Zn)O barrier
can originate from the whole length of the tip. However, it
is more likely that only the (Mg, Zn)O section below QW1
contributes to the optical signal. This assumption is moti-
vated by the fact that the signal of the upper QW2 is not
visible, indicating that the optical properties of the field
emitter are degraded in its upper part by the action of the
FIB during specimen preparation. In any case, (Mg, Zn)O
extends to a depth of around 100 nm, which contains a
sufficiently large optically active volume.

The signal of QW1 is found at EQW1 = 3.462 eV in
the unbiased tip. It is weak with respect to the other two

peaks, but it is well defined even if it is superimposed
on the high-energy tail of the ZnO peak. The inset in
Fig. 4(a) underlines the details of the peak redshift when
Vdc increases. The evolution of the peak energy is reported
in Fig. 4(b) as a function of the bias. Similarly to the case
of the (Mg, Zn)O peak, the QW1 peak gradually shifts
from 3.462 to 3.443 eV. The FWHM remains close to the
unbiased value, �QW1 = 20 meV. What is crucial about the
QW1 signal is that its emission can be very precisely local-
ized within 2 nm of its layer thickness. This makes QW1
a local optical probe for the environmental parameters that
can influence its optical signature during the experiment.

All peak intensities remain constant throughout the
initial bias ramp.

2. Energy shifts during evaporation (quasiconstant field)

The evolution of the PL spectra during specimen evap-
oration and the relationship between the PL spectrum
index, iPL, and the reconstructed APT volume are shown
in Figs. 5(a) and 5(b), while Fig. 5(c) is a magnification
of the QW1 spectral region. The series of PL spectra is
shown here as a two-dimensional (2D) color plot, which
better allows the energy trends during the experiment to be
followed.

FIG. 5. (a) Slice extracted from the 3D reconstruction of the positions of Mg ions. Ions highlighted in orange correspond to those
detected during acquisition of the PL spectrum indexed by iPL. (Notably, only volumes collected during the 10th, 20th, 30th, etc.
spectra are shown in this way and serve as a guide to the eye.) (b) Sequence of PL spectra acquired during evaporation of the field
emitter. Red bar indicates the spectral region corresponding to the QW1 emission, i.e., to the magnification shown in (c). (d) PL energy
of the (Mg, Zn)O barrier (red squares) and QW1 (black circles) as a function of the spectrum index iPL.
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Referring to Fig. 5(b) and the plot of Fig. 5(d), in
which the maximum energies of the (Mg, Zn)O and QW1
peaks are reported as a function of iPL, it is clear that
the energies of both peaks evolve during the analysis.
The energy of QW1 steadily decreases, with the excep-
tion of a local increase after iPL = 60. The local blueshift
that both peaks experience at iPL = 60 correlates well with
the local decrease of Vdc and of the surface electric field
corresponding to the evaporation of QW2, as reported in
Fig. 3(b). The occurrence of this local blueshift will be
explained in detail in the discussion Sec. V. The energy
of the barrier emission also exhibits changes, but, as
this emission is due to the superposition of dipoles dis-
tributed along tens of nanometers, its interpretation is not
straightforward.

Focusing on the QW1 emission, the plot in Fig. 5(d)
shows that its maximum energy changes from E = 3.445 eV
at the beginning of evaporation to E = 3.425 eV shortly
before the evaporation of QW1: the peak thus undergoes a
redshift of �E1 = −20 meV during the analysis (the shift
of the average is slightly lower due to the superposition of
the ZnO peak tail). The total redshift from the beginning of
the voltage ramp amounts, altogether, to �E1 =−30 meV.
The PL of QW1 is completely suppressed for iPL = 88.
A comparison with the reconstructed volume shown in
Fig. 5(b) indicates that the loss of the PL signal takes
place when the apex is at a maximum distance of around
10 nm from the QW1 region. This could be due to either
the fact that the actual emitting dipoles are not close to the
axis in the APT field of view or to the increase of stress
at the proximity of the apex—to be quantified in the fol-
lowing—which may induce the migration of nonradiative
point defects towards QW1.

It should be noted that both (Mg, Zn)O and QW1 peak
intensities vary throughout the analysis. This behavior is
most likely related to the shape evolution of the field emit-
ter and to the variation of the dielectric environment of the
emitting dipoles. However, this phenomenon constitutes
per se the object of a different study and will not be treated
in this work.

The energy shifts of the PL emission can be interpreted
through the effect of strain within the field emitter. This
requires the theory of strain within a field emitter in an
electrostatic field, which constitutes the focus of the next
section, to be set down.

IV. STRESS, STRAIN, AND BAND-GAP
EVOLUTION IN AN EVAPORATING FIELD

EMITTER

These experimental results can be interpreted through
the theory of linear elasticity in semiconductors and
through strain-dependent band theory [33]. While this the-
ory is proven to be useful in the study of nanowires [14,34],

it has not been applied, so far, to field emitters that change
shape during evaporation. This constitutes the object of the
present section.

Stress and strain may build up in a field emitter via two
distinct mechanisms:

(i) A structural mechanism, i.e., the presence of built-
in strain due to the presence of coherent heterostructure
interfaces. Due to the nanoscale dimensions of the system,
this built-in strain can elastically relax at the field-emitter
surfaces. Relaxation is more effective when the lateral
dimensions of the tips are smaller, i.e., the phenomenon
depends on the geometric shape of the system. A similar
situation is found in nanowire axial [35] and radial [36]
heterostructures.

(ii) An environmental mechanism, i.e., the application
of an electrostatic potential at the tip, translating into an
electrostatic field at the tip apex. This field induces an elec-
trostatic stress that propagates into the tip volume in a way
that depends on its geometric shape [26].

For the sake of clarity, in the following, we make three
simplifying assumptions:

(a) The strain-related energy shifts observable in the
exciton recombination yielding the PL signal of the quan-
tum well are determined by the action of strain on the
ZnO bands only. In other words, we assume that strain
affects the recombination energy via its effect on the band-
gap energy of the highest valence bands (or, equivalently,
on the lowest exciton energy). The possible effect on the
alignment of the ZnO and (Mg, Zn)O bands is shown to be
negligible [22]. The effect on the QW confinement energy
is also expected to be negligible versus the band-gap shift.

(b) The ZnO/(Mg, Zn)O QW-barrier system can be
described as a set of planar interfaces between homoge-
neous phases. Despite APT clearly showing that this is not
the case, as the QW-barrier interface has a groove pro-
file and decomposition phenomena take place within the
barriers, this approximation can be shown to be tenable.
We will indeed show in the following that the main agent
responsible for the PL energy shift of the QW observed
during the PAP analysis is the applied electric field. Fur-
thermore, the effect of decomposition in (Mg, Zn)O would
result only in some dispersion of strain and stress values in
the neighborhood of the same trends that a random alloy
would exhibit.

(c) The optically active region lies close to the axis of
the field emitter. This assumption is justified by the fact
that FIB preparation introduces nonradiative recombina-
tion centers over a distance of several tens of nanometers
from the surface [37]. Interpretation of the experimental
results is then performed based on the quantities calculated
along the axis of the field emitter.
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A. General relationships

The stress and strain tensors ↔
σ and ↔

ε are linearly
dependent via the stiffness matrix C containing the elastic
constants of the material:

↔
σ = C↔

ε . (1)

The numerical values of the elastic constants relative to
ZnO and (Mg, Zn)O are given in the Appendix.

The effect of strain on the band energies can be deter-
mined by solving the eigenvalue problem of the k·p
effective mass Hamiltonian at the � point of the Brillouin
zone, defined in the quasicubic model for II-VI wurtzite
semiconductors [33], also adopted in Refs. [38,39]:

H = H
(

↔
ε
)

.

The strain-induced energy shift is then calculated as the
variation of the energy gap of ZnO with respect to its
strain-free state. Notably, this does not consider the effect
of strain on the confinement energy. This approximation
will be justified a posteriori in the Sec. V dealing with the
limitations of the model.

As outlined in more detail within the Appendix, the
strain Hamiltonian contains both constant terms relative to
the unperturbed band structure and strain-dependent terms.
These are determined by the set of deformation potentials
of ZnO [33,38]. It should be noted that a corresponding set
of deformation potentials have not been determined yet for
(Mg, Zn)O with an arbitrary Mg content.

It must also be underlined that stress and strain are lin-
early dependent, so the components of the strain tensor
induced by an electrostatic stress add up to the compo-
nents related to lattice mismatch or surface relaxation.
However, the eigenvalues of the H(

↔
ε) Hamiltonian are, in

general, not linearly dependent on the strain components.
It is thus the total strain that must be fed into H(

↔
ε) in order

to accurately calculate the energy shift resulting from the
superposition of different stress or strain sources.

B. Lattice-mismatch-induced strain

In a ZnO quantum well grown epitaxially on the m
plane, strain can build up due to lattice mismatch along the
a and the c axes (here identified by the y and z directions,
respectively). If εyy and εzz of the strain tensor are given,
the on-axis component, εxx, is then found by

εxx = −c12εyy + c13εzz

c11
, (2)

where cij are the components of the stiffness matrix C.
Keeping this relationship under consideration, the expected
shift of the lowest exciton energy, E1, is visualized in the
plot of Fig. 6(a). However, the strain relationship for a ZnO

FIG. 6. Strain and stress effects on the exciton energies in ZnO.
(a) Relationship between the in-plane strain tensors of a coher-
ently strained ZnO film epitaxially grown on the m plane and the
energy shift of the lowest exciton level. Black line represents the
strain state of a coherent m-plane ZnO layer epitaxially grown on
relaxed MgxZn1−xO (x < 0.35). Red spot indicates the strain state
calculated for the ZnO QW contained within the field-emission
tip. (b) Energy shifts of three ZnO exciton bands as a function of
uniaxial stress directed along the m direction [11̄00]. (c) Energy
shift of three ZnO exciton levels as a function of hydrostatic
stress. Gray-shaded regions correspond to compressive stress,
which is not applicable in the present experiment.

QW epitaxially grown on (Mg, Zn)O must comply with
specific constraints.

ZnO and (Mg, Zn)O do not possess the same lattice
constants. Under the hypothesis that there are no decom-
position or phase separation phenomena in (Mg, Zn)O, the
lattice constants can be expressed as a function of the
II-site Mg fraction, xMg, as follows [40]:

a(xMg) = (3.2459 + 0.012 xMg + 0.09 x2
Mg) Å, (3)

c(xMg) = (5.2126 − 0.076 xMg − 0.142 x2
Mg)Å. (4)

It is remarkable that in (Mg, Zn)O the lattice is deformed
in a highly anisotropic way, as it expands on the

024014-8



IN SITU SPECTROSCOPIC STUDY. . . PHYS. REV. APPLIED 15, 024014 (2021)

basal plane and it contracts along the polar c axis of
wurtzite with increasing Mg content. In the present work,
the ZnO/(Mg, Zn)O interfaces are approximately defined
along the m plane. A coherent ZnO/(Mg, Zn)O interface is
therefore characterized by strains of opposite signs along
the y and z (i.e., a and c in the WZ system) directions on
the plane. According to relations (3) and (4), a ZnO QW
coherently strained on relaxed (Mg, Zn)O with xMg < 0.32
has a strain state spanning the black line traced in Fig. 6(a).

1. Properties in a tip with constant shape

The thin-film samples grown by MBE for this study
are designed to support pseudomorphic growth of the
(Mg, Zn)O layer. In other words, (Mg, Zn)O acquires the
same lattice constants of ZnO on the m plane, and it
slightly adapts its lattice constant along the m axis to min-
imize the elastic energy. In this pseudomorphic thin-film
configuration, the ZnO QWs have, thus, the same lattice
parameters of the ZnO substrate and the band-gap shift
would be zero.

The results of the strain calculation performed within
the elastic energy-minimization algorithm implemented by

the NEXTNANO++ solver [41] on the geometry of the stud-
ied tip and reported in Figs. 7(a) and 7(b) for the tip before
evaporation shows that the situation is radically different in
field emitters. In the studied system, the interlayer distance
and extension of the region of interest are comparable with
the radius of the cross section of the tip. In this situation,
strain relaxes effectively at lateral surfaces. The (Mg, Zn)O
barrier is strained on ZnO (actually only partially, as it
mutually strains the ZnO substrate), but it relaxes to its
unperturbed lattice parameters between QW1 and QW2.
QW1 is thus very close to the situation of ZnO coher-
ently strained on relaxed (Mg, Zn)O. The stress state is
calculated through the application of Eq. (1) to the strain
maps, as reported in Figs. 7(a) and 7(b), showing that
stresses in the order of GPa can build up along the inter-
face planes. Consistently with relations (3) and (4), εyy and
σyy are positive, while εzz and σzz are negative. As the tip
is free to relax in the x direction, the σxx component of the
stress tensor is nearly zero. The energy shift of the lowest
exciton level is calculated by applying the H(

↔
ε) Hamil-

tonian on the strain maps, as reported in Fig. 7(d). The
exciton energy in QW1 undergoes a blueshift of around
16 meV.

FIG. 7. Strain-stress states related to lattice mismatch and their evolution in the field emitter containing the ZnO/(Mg, Zn)O het-
erostructure. Field emitter before evaporation: (a) scheme of the materials system, (b) components of the strain tensor, (c) components
of the stress tensor and (d) expected shift of the lowest ZnO exciton level. (e)–(h) correspond to (a)–(d) for the situation in which the
apex of the field emitter is in close proximity to QW1 after partial evaporation. (i) Evolution of strain components at the center of QW1
as a function of the apex position. (h) Evolution of the stress components at the center of QW1 as a function of the apex position.
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2. Evolution of stress, strain, and band gaps in an
evaporating tip

When the field emitter evaporates, its shape grad-
ually transforms into that schematically shown in
Figs. 7(e)–7(h). This is a sort of snapshot of the tip shape
just before the evaporation of QW1. The strain and stress
components for this configuration are visualized in the 2D
color plots in Figs. 7(f) and 7(g). What can be noticed
from these plots is that the strain due to lattice mismatch
at the ZnO substrate-(Mg, Zn)O interface relaxes more
effectively due to the modified shape of the tip. As a
result, QW1 will be lying on almost completely relaxed
(Mg, Zn)O. The strain and stress state at the center of QW1
varies as a consequence of this relaxation and is quantita-
tively reported in Figs. 7(i) and 7(j). From both strain and
stress trends, it appears that the variation of the strain and
stress state is small, but not negligible. The relative change
in the strain or stress state for the yy and zz in-plane com-
ponents may be up to 20% during the experiment. The
in-plane strain state of QW1 is also reported in the red
spot in Fig. 6(a). Interestingly, the modification begins to
take place effectively upon the evaporation of the upper
QW2, which is reasonable, as any ZnO inclusion within
the (Mg, Zn)O matrix has the effect of inhibiting the relax-
ation of the latter. If we neglect the effect of the applied bias
(which will be treated in the next section), the energy shift
of the lowest exciton energy varies from 16 to 19 meV, as
reported through the blue dotted line in Fig. 8.

As a concluding remark for this section, these results are
related to the tip geometry, heterostructure configuration,

FIG. 8. Energy shifts calculated as a function of the apex posi-
tion in the evaporating field emitter. Blue dotted line corresponds
to the shift related to lattice mismatch, neglecting the effect of the
applied field. Red dashed line corresponds to the shift related to
the applied bias, neglecting the effect of lattice mismatch. Black
solid line corresponds to the shift resulting from the combined
effect of lattice mismatch and applied bias.

and crystal orientation specific to this study. Calculations
performed on other tip geometries—not shown—indicate
that modification of the energy shift decreases with
decreasing tip radius, which may be easily understood due
to the proximity of the lateral surfaces assisting relax-
ation of the (Mg, Zn)O lattice at short distances from
the interface with the ZnO substrate. Considering all of
these parameters, the effect of lattice relaxation during tip
evaporation may thus be larger in other systems.

C. Field-induced strain

The problem of stress induced by the voltage applied
to a field-emission tip has been thoroughly discussed in a
previous study [26]. The intensity of the electric field, Fs,
present at the apex surface can be related to the apex radius,
Rapex, of the needle and to the applied bias, Vdc:

Fs = Vdc

kf Rapex
, (5)

where kf is a geometric factor that depends on the tip shank
angle and on its electrostatic environment [42]. Due to the
accumulation of a high density of valence-band holes on
the apex surface [43], the field induces Maxwell stress on
the apex surface:

σF = 1
2
ε0F2

s . (6)

At constant geometry, apex stress (and linearly related
strain) is thus proportional to the square of the field and,
through Eq. (5), to the square of the applied voltage.
Concerning the electric field, we assume that it can be
considered as being completely screened in the tip within
the first nanometer from the surface, as supported by cal-
culations and the experimental observations reported in
Ref. [43].

1. Properties in a tip with constant shape

Approximating the apex as a hemisphere and integrating
the forces dT that develop on a surface element dS, the
resultant tension T along the needle axis is

T = πR2
apexσF n̂[11̄00] (7)

where n̂[11̄00] is a unit vector pointing along the [11̄00]
crystal direction aligned with the tip axis for the particu-
lar system studied herein. The stress at the apex itself is
hydrostatic, as the Maxwell forces are directed approxi-
mately along the needle radius. At a distance from the apex
equal to several Rapex, there is a transition from hydrostatic
to uniaxial stress, acting on an axial cross section of the tip
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that is uniaxial. This transition is described in an analytical
approximation as follows:

σxx(x) = |T|/S(x), (8)

σyy(x) = σzz(x) = σxx(x)exp
(

x − xi

L

)
,

where

S(x) = πR(x)2, (9)

is the area of the axial cross section at coordinate x, and xi is
the coordinate of the interface between the hemispherical
and conical section of the tip. The coordinate xi decreases
as evaporation progresses. The transition length L is a
priori not known, because it depends not only on the geom-
etry of the tip, but also on the actual value of the field on
the conical section, which is nonzero. In principle, the field
could be calculated everywhere on the tip, then the stress
could be calculated with, e.g., a finite-element approach.
However, this approach is more complex and would be

less transparent than the adopted analytical approximation.
The transition length L can, in any case, be treated as a
sort of fitting parameter, as shown in the discussion Sec.
V. The strain state is then calculated by the application of
the inverse of the C matrix [Eq. (1)] on the stress maps.
The trends of strain and stress components in the actual
tip geometry are reported in Figs. 9(b) and 9(c), respec-
tively, for an apex stress of σF = 1 GPa. The maps are
traced for a transition length L = 50 nm, which is in the
order of the apex radius before evaporation. This value
is unrealistically small, but it is suitable for visualization
purposes.

The effect of uniaxial stress directed along the m axis and
that of hydrostatic stress on the three ZnO exciton energies
are reported in Figs. 6(b) and 6(c) respectively, showing
that, for an apex tensile stress strength of 1 GPa, redshifts
of around −10 and −30 meV are expected in the case of
uniaxial and hydrostatic stress, respectively. The energy
shift in the tip geometry, calculated with the H (ε) Hamil-
tonian, is reported in Fig. 9(d). The apex stress induces a
redshift of around −30 meV in the proximity of the apex
(i.e., in the region included in the hemispherical region

FIG. 9. Strain-stress states related to the application of an electric field at the apex and their evolution in the field emitter containing
the ZnO/(Mg, Zn)O heterostructure. Apex stress is set at 1 GPa, while hydrostatic-uniaxial stress transition length L is set at L = 30 nm.
Field emitter before evaporation: (a) scheme of the materials system, (b) components of the strain tensor, (c) components of the stress
tensor, and (d) expected shift of the lowest ZnO exciton level. (e)–(h) correspond to (a)–(d) for the situation in which the apex of the
field emitter is in close proximity to QW1 after partial evaporation. (i) Evolution of the strain components at the center of QW1 as a
function of apex position. (h) Evolution of the stress components at the center of QW1 as a function of apex position.
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close to the apex) where the stress is hydrostatic. The
exciton energy shift, calculated in the absence of lattice-
mismatch-related effects, gradually decreases towards the
interior of the tip due to the increase of its cross section
and to the transition to uniaxial stress.

For a tip with constant geometry, the strain-stress rela-
tionships are linear. So, in every point of the tip, stress and
strain are proportional to the square of the surface field, Fs,
and of the applied voltage, Vdc.

2. Evolution of stress, strain, and band gaps in an
evaporating tip

The components of the stress tensor induced at the cen-
ter of QW1 by a constant electric field applied to the
tip apex are reported in Fig. 9(c) as a function of the
distance of the apex from the (Mg, Zn)O/ZnO substrate
interface for the tip structure shown in Fig. 9(a). The cor-
responding components of the strain tensor at the center of
QW1 are visualized in Fig. 9(b). These plots illustrate the
dynamic evolution of the mechanical state of QW1 during
evaporation of the tip.

The reported data indicate that strain induced by the
applied field within QW1 increases as the apex approaches.
This happens because the applied field remains constant
(approximately constant in the actual experiment), but it is
applied to a larger and larger apex as the tip evaporates. In
this way, the total mechanical tension on the tip increases
during its evaporation. It should be noted that the largest
strain component is εxx when the stress is uniaxial, while it
becomes εzz when the stress becomes hydrostatic close to
the tip apex.

The expected energy shift of the lowest exciton energy,
calculated without considering any other strain sources,
is reported as the red dashed line in Fig. 8 for an apex
stress of σF = 1 GPa, corresponding to an apex field of
Fs = 15 V/nm. The shift varies from around −8 meV to
around −30 meV from the beginning of the experiment
until evaporation of the QW1 layer. At this apex stress
strength, the effect of field-induced stress and its mod-
ification during evaporation are significantly larger than
the energy modification related to relaxation of the lattice
during evaporation.

D. Combined effect of lattice-mismatch-related and
field-induced band shifts

The combined effect of lattice-mismatch-related and
field-induced shifts of the lowest exciton energy is shown
by the black solid line in Fig. 8 for an assumed apex
stress of 1 GPa and a transition length of L = 30 nm. The
energy shift resulting from the combination of the two
mechanisms is not exactly a linear combination of the two
separately considered shifts, but it is quite close to it. It can
be noted that the trend of the combined shift qualitatively
reproduces the trend of the energy shift related to the effect

of the field during evaporation. The lowest exciton energy
undergoes a shift varying from 15 to −11 meV.

V. CORRELATION OF MODEL AND
EXPERIMENT

A. Interpretation of the energy shifts of quantum-well
luminescence

1. Determination of apex stress and electric field

The shift observed in the PL energy of QW1 can be
interpreted as being due to its varying strain state both as a
function of the applied voltage when its geometry is con-
stant and as a function of the evaporated volume while it is
evaporating during APT analysis. The model developed in
Sec. IV allows us to calculate the expected spectral shifts
on the actual tip geometry.

Figures 10(a)–10(d) represent a synthetic view of exper-
imental data of the peak energy of QW1 (a),(c) as a
function of the applied bias during the voltage ramp (b),(d)
and as a function of the apex position during evapo-
ration. In Figs. 10(a) and 10(b), experimental data are
compared with predictions obtained through calculations
for different values of the apex stress, σF , and with a fixed
hydrostatic-uniaxial stress transition length of L = 150 nm.
The position of the calculated shift with zero stress is trans-
lated on the energy scale in order to match the PL energy
of the unperturbed QW1 (i.e., contained in the tip when
Vdc= 0).

In Fig. 10(a), experimental data are compared with the
calculation of the expected shift at QW1 when an increas-
ing stress, σ

ramp
F (Vdc) , is applied during the voltage ramp.

This stress then stabilizes at σF . The relationship between
the stress, σ

ramp
F , and voltage is simply given by

σ
ramp
F (Vdc) = σF

(
Vdc

Ve,s

)2

, (10)

where Ve,s = 6 kV is the voltage where evaporation
“starts,” i.e., yields the detection rate set for the experi-
ment. In Fig. 10(b), the PL energy during evaporation can
be compared with different shifts expected for different
apex stresses. Considering both voltage ramp and evap-
oration, it is apparent that the best approximation of the
overall shift (i.e., from the absence of field to the situa-
tion in which QW1 is close to evaporation) is given by the
assumption of an apex stress of σ F = 1.25 GPa. This value
corresponds to an apex surface field of Fs = 16.8 V/nm,
which is very close to the value assumed for the recon-
struction algorithm, and is consistent with the microscopic
field value of Fµ ∼ 20 V/nm inferred from the charge-
state analysis. We notice, however, that, for σ F = 1.25 GPa
and L = 150 nm, the PL behavior during the ramp is not
best reproduced. The ramp is best fitted by the parabola
with σ F = 1.5 GPa. However, this stress value predicts
a larger redshift than that experimentally observed. This
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FIG. 10. Comparison between calcu-
lated and experimental energy shifts. (a)
Experimental and calculated PL ener-
gies during the voltage ramp as a func-
tion of applied bias Vdc and (b) as a
function of apex position during field-
emitter evaporation calculated for dif-
ferent apex stress levels and for a
fixed hydrostatic-uniaxial stress transi-
tion length L = 150 nm. (c),(d) Same as
in (a),(b), but calculations are performed
for fixed apex stress σ F = 1.25 GPa and
varying values of L.

apparent discrepancy is related to the assumption about the
hydrostatic-uniaxial stress transition length.

The effect of the hydrostatic-uniaxial stress transition
length, L, is shown in Figs. 10(c) and 10(d). The different
calculated curves relate to an apex stress during evapo-
ration of σ F = 1.25 GPa, while L is allowed to vary. It
appears clearly that the curves best fit the PL shift dur-
ing the voltage ramp in Fig. 10(c) when L > 200 nm, i.e.,
assuming a hydrostatic stress reaching QW1. It is clear
that, for values of L larger than the actual QW1 distance
from the apex at the beginning of evaporation, the strain
state only weakly depends on L at the QW1 position. It is
thus not possible to draw a quantitative conclusion about
L, but a lower limit of L = 200 nm can be set. This behav-
ior is most probably related to the presence of a residual
surface field at the surface of the conical part of the tip, a
field that is not sufficiently intense for promoting evapora-
tion, but which still has non-negligible mechanical effects.

It can also be underlined that this conclusion is consis-
tent with the results obtained in previous studies, in which
splitting of the zero-phonon lines of the PL of the color
centers in diamond are studied [26,27]. In these studies, it
was possible to measure the apex stress under the hypoth-
esis that the stress was uniaxial. Also, the distances of the
emitting centers from the apex were significantly larger, up
to several microns, so it would not be reasonable to expect
hydrostatic stress.

2. Optical sensing of field variation

Calculations performed according to the model do
not consider variation in the surface field that occurs
when QW2 is evaporated. This variation is now dis-
cussed in more detail. According to the voltage curve
[Fig. 3(b)], the relative difference in the applied volt-
age implies a similar relative difference in the surface
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field, |�Vdc/Vdc| = |�Fs/Fs| ≈ −4%, during the evapo-
ration of QW2. Comparing the local increase in the
QW1 PL energy with the calculations reported in
Fig. 10(b), we can estimate that just after the evap-
oration of QW2 the stress decreased from 1.25 GPa
to around 1.1–1.15 GPa, with a relative difference of
|�σ F /σ F | ≈ 12%–8%, which is reasonably close to the
expected value of |�σ F /σ F | ≈ 2|�Fs/Fs| obtained from
quadratic relation (6).

The important point about this phenomenon is that QW1
senses the evaporation of QW2. The use of a PAP makes it
possible to establish a sort of strain coupling of these two
wells via the action of the surface electric field. The evap-
oration of QW2 leaves a trace on the behavior of QW1.
Clearly, this also depends on the fact that the experiment is
performed at a constant detection rate. However, it is pos-
sible to imagine that closer QWs would exhibit a stronger
strain interaction: this would be related to relaxation of
the lattice-related strain during evaporation, because the
amount of evaporated volume of the upper-lying QW
would have a larger impact on the strain state of the
lower-lying QW. This opens up interesting possibilities for
the study of the optical properties of quantum-confined
emitters by the PAP.

Finally, it is worth mentioning that the mechanical ten-
sion on the tip increases during its evaporation. Also,
stress exerted at the base of the tip, where it is usually
soldered to a larger tip-shaped support, increases during
the experiment. If the base is not sufficiently large or
properly soldered, this increase may be the origin of speci-
men failure in APT analysis of soldered specimens, which
are analyzed with an approximately constant surface field
throughout the experiment.

B. Limitations of the current approach

To conclude the discussion section, it is worth clarifying
the main limitations of the results presented herein. There
are indeed both experimental and theoretical limitations
that can possibly be overcome in the near future.

1. Experimental limitations

From the experimental point of view, the current setup
is limited to a geometrical field of view of the ion detector
of around ±8°. This makes it possible to image a quan-
tum well within a heterostructure at the correct depth, but
it excludes a large part of its volume. As carrier localiza-
tion is an important phenomenon in these systems [44–46],
carriers may localize outside the field of view of the APT.
This may also be the reason why the QW1 luminescence
quenches some 10 nm before the apex reaches it on the
axis, i.e., before it completely evaporates. This limit can be
relaxed through technical intervention on the instrument.
Increasing the field of view will be highly beneficial for
the study of pointlike light emitters, such as quantum dots

or color centers. A deeper insight can indeed be reached
if it is possible to compare the full 3D chemical image of
the light emitter with its optical signature. Another point
concerns the effective measurement of the tip shape, which
is known to deviate from that of a cone surmounted by a
portion of a sphere or ellipsoid in the case of the evapora-
tion of layers with significantly different evaporation fields
[47]—this possibility may apply to specific QW systems.
It would be interesting to know the shape of the tip (par-
ticularly its apex radius) exactly during evaporation. This
would require a much more demanding approach, with
the implementation of a PAP coupled with a transmission
electron microscope.

Finally, we notice that electrostatic stress can be applied
as a tensile stress only (changing the sign of the bias
does not change the sign of the stress, not to mention
that the onset of electron-field emission would occur well
before reaching the field intensities typical of ion emis-
sion). However, the method presented here is an original
way to implement tensile-strain-dependent measurements
not only on top-down fabricated field emitters, but also
on nanowires, which can be characterized by APT based
on different preparation protocols [48]. An original optical
path to strain-stress curves on nanoscale systems can be
considered as being opened up.

2. Limitations of the model

Herein, we choose to perform calculations within a sim-
plified theoretical framework, which is meant to convey
the novelty of the results and the interplay of different
physical aspects of the analyzed system. Among the main
simplifying assumptions, we adopt several related to the
strain model, in particular, the adoption of an analytical
approximation to describe stress propagation within a field
emitter. This limitation can be overcome by implement-
ing finite-element calculations similar to those carried out
for the lattice-mismatch-related stress (it should be men-
tioned that the solution of the stress-strain equations with
boundary conditions at the tip surface is not implemented
in the software package we use; furthermore, the deter-
mination of such boundary conditions is per se another
problem [47]). The exciton energy shift is calculated based
only on the strain effect on the ZnO band gap. The effect
on the (Mg, Zn)O band gap is more difficult to deter-
mine because the deformation potentials for this material
are not as well known as those for ZnO. More precise
calculations can be achieved by considering the quantum
confinement effect and possibly the wave-function symme-
try. However, these calculations would be probably more
precise, but it is likely that the effect of the evolution of
the strain state on the confinement energies would not
be particularly significant. Concerning the effect of strain
on the confinement energy, for instance, we consider that
the shift, �Eg , of the ZnO band gap spans over around
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30 meV, yielding a relative shift of �Eg/Eg ∼ 1%. A sim-
ilar relative shift should be set for the QW confinement
energy, i.e., �Ec,QW/Ec,QW ∼ 1%. As Ec,QW= 0.1 eV, this
would correspond to a shift of the confinement energy of
around �Ec,QW ∼ 1 meV, which is lower than the level
of fluctuation of the peak energy during the analysis. The
field-induced variation of the strain state could also lead to
modifications of the wave-function symmetry (such modi-
fications are here somehow embedded in the strain depen-
dence of the valence bands in the k·p Hamiltonian, but this
Hamiltonian refers to bulk properties, and quantum con-
finement effects could occur in the case of narrow QWs).
Finally, an estimate, or a measurement, of the effective
temperature of the quantum well would add useful infor-
mation, also in terms of possible effects of the differences
of lattice expansion of the heterostructure phases. These
implementations are left for further and more specialized
work.

VI. CONCLUSIONS AND PERSPECTIVES

This work reports on the possibility of measuring stress,
strain, and the intensity of the field applied to the apex
of a field emitter through the application of a recently
developed instrument, referred to as PAP, which couples
APT and PL spectroscopy. We apply this correlative tech-
nique to the analysis of ZnO/(Mg, Zn)O quantum-well
heterostructures. The PL signal of a QW is found to shift
in energy as a function of the voltage applied to the field
emitter. To explain this shift, we develop a strain model,
taking into account the crystal orientation of the emitter,
the dimension and position of the heterostructure inter-
faces, the composition of the (Mg, Zn)O alloy (despite
correlative microscopy not being the main focus of this
article, all of this information can be retrieved by APT
analysis itself in a strictly correlative way through the
unique features of the PAP), and the morphology of the
field emitter. The strain model considers both strain related
to the presence of coherent heterostructure interfaces and
the effect of the application of an external bias. It becomes
possible to predict the PL energy shifts both as a function
of the voltage applied to the emitter and as a function of
the evolution of its shape during APT analysis. A com-
parison of the calculations and experimental data makes it
possible to determine the applied surface field, the corre-
sponding stress, and the strain state within the tip itself.
Here, the QW is exploited as a localized probe capable
of optically transducing variations of the environmental
parameters that determine its spectral signature.

The application of the PAP is expected to have further
implications in materials science and in the study of the
physics of laser-matter interactions in field emitters under
high field. Stress-dependent (piezospectroscopic) optical
measurements can, for instance, be applied to the deter-
mination of deformation potentials in materials in which

they are not known. The strain coupling of neighboring
quantum emitters can also be studied. From this perspec-
tive, it would be interesting to perform stress-dependent
spectroscopy on quantum dots containing functional impu-
rities. The study of irreversible phenomena could also be
achieved: stress-induced dislocation motion or diffusion
of point defects within strain gradients could also influ-
ence the optical properties of localized emitters. Finally,
the photonic coupling of the emitting dipoles to their
environment (analyzable, for instance, through the PL
intensity or through the evolution of a time-resolved PL
signal) is another domain that can be addressed through
the application of the photonic atom probe.
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APPENDIX: STRAIN HAMILTONIAN AND
MATERIAL PARAMETERS

For the calculation of strain-dependent energy states,
we adopt the formalism of Ref. [39], using the model
of Langer et al. [33]. The three valence-band energies
can be determined as the eigenvalues of the following
Hamiltonian:

H =
⎡

⎣
�1 δ3 0
δ3 �2

√
2�3

0
√

2�3 �3

⎤

⎦ , (A1)

where the quantities are

�1 = �1 + �2 + δ1 + δ2,
�2 = �1 − �2 + δ1 + δ2,

�3 = δ1,
(A2)

δ1 = D1εzz + D2(εxx + εyy) − ac,
δ2 = D3εzz + D4(εxx + εyy),

δ3 = D5(εxx − εyy),
(A3)

where �1 is the wurtzite crystal field splitting, �2 and �3
represent the spin-orbit coupling, and δi relates the strain to
the unperturbed valence-band energy via the deformation
potential Di.
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TABLE II. Material parameters used in the calculations.

Parameter Symbol ZnO Mg0.27Zn0.63O Ref.

Lattice constants a 3.246 Å 3.256 Å [40]
c 5.213 Å 5.182 Å [40]

Elastic constants C11 238 GPa 238 GPa [40]
C12 106 GPa 106 GPa [40]
C13 84 GPa 85.1 GPa [40]
C33 176 GPa 177.5 GPa [40]
C44 58 GPa 58 GPa [40]

Band gap Eg 3.441 eV 3.891 eV [40]
Valence-band parameters �1 −0.0383 eV . . . [38]

�2 0.0021 eV . . . [38]
�3 0.0091 eV . . . [38]

Deformation potentials D1 −3.9 eV . . . [38]
D2 −4.13 eV . . . [38]
D3 −1.15 eV . . . [38]
D4 1.22 eV . . . [38]
D5 1.53 eV . . . [38]
ac −3.418 eV . . . [38]

The material parameters used for the calculations are
given in Table II.
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