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ABSTRACT:

InGaN/GaN nanostructures form the active region of Ill-nitride emitters (light emitting
diodes, laser diodes, single photon emitters) in the visible spectral range. In order to
understand the optical performance of these nanostructures it is necessary to obtain a direct
correlation of alloy distribution and optical features. With this purpose in mind, laser-assisted
atom probe tomography (La-APT) is a unique tool to visualize the three-dimensional
distribution of chemical species at the nanometer scale. Recent advances in this technique

also offer the possibility of recording simultaneously the photoluminescence spectrum of the
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specimen under investigation. Here, we report the results of a correlative study of a stack of
InGaN/GaN quantum dots, combining high-resolution chemical and optical characterization
by La-APT and in-situ micro-photoluminescence, compared to ex-situ cathodoluminescence.
We demonstrate that the structural information extracted from these techniques allows the
precise modelling of these nanostructures, obtaining excellent agreement with the optical
measurements. During the La-APT experiment, it was possible to resolve the emission of
single quantum dots located in the 9 quantum dot layers closer to the substrate. Single
quantum dot lines display a spectral shift during the experiment which is assigned to the
relaxation of elastic strain due to material evaporation. Our study conveys an image of the
Stranski-Krastanov InGaN/GaN quantum dots that is very different from the GaN/AIN
systems. The thickness of the InGaN wetting layer is thicker than the part of the dots that
protrudes above the layer, and the indium mole fraction in the wetting layer is lower than
that in the dots. This perturbed Stranski-Krastanov growth is explained by the surfactant

effect of indium, which favors planar growth.

KEYWORDS: InGaN, quantum dots, correlative microscopy, luminescence, laser-assisted

atom probe tomography, cathodoluminescence and photoluminescence.



1. INTRODUCTION

I1I-nitride semiconductors (AIN, GaN and InN) with wurtzite crystalline structure [figure
1(a)] are the keystone of blue and green optoelectronics. Ill-nitride ternary compounds
present direct band gap which can be tuned from the near infrared to the ultraviolet C region
(band gap tunable from 0.69 eV for InN to 6.2 eV for AIN)Z2, with the possibility of
fabricating type-l heterostructures [figure 1(b)].3# In particular, few-nanometer-thick
InGaN/GaN quantum wells (QWSs) and quantum dots (QDs) form the active region of Il1-
nitride emitters (light emitting diodes, laser diodes, single photon emitters).”® The
localization of carriers in intentional (QDs) or unintentional [alloy fluctuations at the scale of
the exciton Bohr radius (=~ 2.8 nm in GaN)] quantum confined systems may play a crucial
role in their optical properties, having an impact on emission energies, oscillator strength,
and eventually the recombination efficiency of the system.**® Even in the case of QWs,
structural factors like alloy fluctuations, extended defects or strain inhomogeneities can
induce a weak three-dimensional (3D) confinement of carriers at the nanometer scale,*!
which reduces the radiative lifetime, but also broadens the emission spectra and possibly

enhances Auger recombination,***®

contributing to the efficiency droop in light emitting
diodes.™* Although the effect of indium fluctuations on the luminescence properties has been
extensively discussed, a key challenge has been to correlate optical and structural properties

to reach a full understanding of these 3D phenomena.

A similar situation occurs in the case of intentionally created QD structures,* whose
optical signature can only be predicted by getting access to the 3D structure and chemical
distribution with a resolution close to the atomic scale.®*" In the case of QDs synthesized
following the Stranski—Krastanov growth method, most studies correlate typical optical
properties with typical structural properties, since the dispersion of size, shape and

composition in the QD ensemble sets a limit to precise modeling. The analysis is easier in



the case of the GaN/AIN system®® since interdiffusion is negligible and the QD facets and
wetting layer thickness are well defined.’® In contrast, the study of Stranski—Krastanov
InGaN/GaN QDs**?*% presents a major challenge, since little is known about their shape,
the thickness of their wetting layer and the distribution of indium in the QD+wetting layer

ensemble.

For the study of InGaN nanostructures, transmission electron microscopy (TEM) based
techniques were called into question since the exposure to the imaging electron beam can
induce alloy clustering.* In this direction, laser-assisted atom probe tomography (La-APT)
is a valuable alternative providing 3D chemical information.?>? Furthermore, the possibility
of analyzing the luminescence in situ during the La-APT measurement (the so-called
photonic atom probe?” or PAP technique) allows linking the emission lines to the atomic
layers that are evaporated.”® However, quantitative La-APT of IlI-nitrides faces some
particular challenges since the result depends on experimental parameters such as the electric

field at the sample surface, the laser pulse energy and the sample temperature.”

Here, we investigate the correlation of the spectral emission properties of Stranski-
Krastanov InGaN/GaN QDs with their structural and chemical features, even at the level of a
single QD. The structure of the QDs is defined in detail by combining the chemical
information extracted by La-APT, the distribution of QD size and shape measured by TEM
and atomic force microscopy (AFM), and the superlattice period extracted from x-ray
diffraction (XRD) measurements. The model of the QD structure is validated by the
measured optical lines and those predicted by theoretical calculations. The study also reveals
that the emission linewidth of the QD ensemble is mostly due to in-plane fluctuations of the

indium content in the QDs and the dispersion of the QD diameter.



2. EXPERIMENTAL SECTION

Specimen growth. The sample under study consists of 40 periods of InGaN/GaN QDs

deposited on commercial 3.5-um-thick GaN-on-sapphire templates by plasma-assisted
molecular beam epitaxy (PAMBE). The QD height was 2.0+0.2 nm and the barrier thickness
was ~ 10 nm. The growth process was monitored by Reflection high-energy electron
diffraction (RHEED). The substrate temperature was fixed at 597°C (calibrated by
measuring the In desorption time, as described by S. Valdueza-Felip et al.*°), and the active
nitrogen flux was adjusted to provide a growth rate of 0.52 monolayers per second (ML/s)
under metal-rich conditions. For the generation of InGaN QDs, the Ga flux was fixed at 30%
of the stoichiometric value, and the In flux was tuned close to the stoichiometry, as described
in refs.?3. Therefore, the growth proceeds under metal-rich conditions during the whole
process, as schematically described in figure 1(c). The Stranski-Krastanov transition is due
to an elastic relaxation process forced by the strong lattice mismatch [see figure 1(d)], in
spite of the slightly metal-rich atmosphere and the well-known surfactant effect of In, which
promotes planar growth.*> The InGaN growth time was 45s, followed by a growth
interruption of 15 s, during which roughening was observed in the RHEED pattern. For the
deposition of the GaN barriers, the In shutter was closed and the Ga flux was fixed slightly
above the stoichiometric value. Before the growth of the following QD layer, the Ga excess
accumulated at the growth front is consumed with active nitrogen during 15 s. The substrate
was rapidly cooled down after the deposition of the last QD layer, to enable characterization

of the QD shape and density by AFM.

Surface and structural characterization. AFM measurements were performed using a

Dimension Icon AFM system operated in the tapping mode using Bruker TESPA-V2 tips.

The periodicity and structural quality was analyzed by XRD in a Rigaku SmartLab



diffractometer using a 2 bounce Ge(220) monochromator and a long plate collimator of

0.228° for the secondary optics.

To study the as-grown structure, a lamella specimen extracted from the sample was
observed by scanning TEM (STEM) in an aberration-corrected FEI Titan 80-300 microscope
operated at 200 kV, with high-angle annular dark field (HAADF) and bright field (BF)
detectors. In order to minimize electron beam damage, STEM images were recorded in a
sample region far from the area used for the alignment process. In this way, the region of
interest was exposed to the electronic beam for less than one minute. This prevents electron
beam damaging, which is expected to be significant only after several minutes (e.g. in

Bennett et al.*® the exposure time is 64 minutes).

In the case of the APT tips, BF-TEM analyses were performed on a FEI TECNAI
microscope operated at 200 kV. Such TEM measurements are required to extract the APT 3D
reconstruction algorithm, namely the shank angle and the initial tip curvature radius. The

total exposure time was less than 30 seconds.

Optical spectroscopy. Photoluminescence (PL) measurements under continuous-wave

excitation were obtained by pumping with a frequency-doubled solid-state laser (A = 244
nm), with an optical power of =100 uW focused on a spot with a diameter of = 100 um. PL
measurements under pulsed excitation used a Nd-YAG laser (266 nm, 2 ns pulses, repetition
rate of 8 kHz). In both cases, samples were mounted on a cold-finger cryostat, and the PL
emission was collected by a Jobin Yvon HR460 monochromator equipped with a UV-

enhanced charge-coupled device (CCD) camera.

Cathodoluminescence (CL) mapping was performed from room temperature to 4 K
using an Attolight CL microscope. The acceleration voltage was 10 kV and the beam current

was ~ 5 nA. The luminescence was collected through an integrated microscope objective



(NA: 0.7). By scanning the sample, the optical spectra of each pixel are recorded on a CCD
camera through a dispersive spectrometer with 400 mm focal length (grating: 150

grooves/mm blazed at 500nm).

Sample preparation. Needle-shaped tips required for atom probe tomography (APT) and

TEM lamella specimens were prepared using both FEI Helios NanoLab 450S and Zeiss
Crossbeam550 scanning electron microscope/focused ion beam (SEM/FIB). To extract the
regions of interest, the as-grown sample was coated with a 500-nm-thick Pt layer using a
GATAN PECS system, and Ga" ions were used for the lift-out and annular milling
procedure. The annular milling procedure was performed with an acceleration voltage of 15
kV in a first stage, and then 2 kV for the final milling and cleaning stages, so that the

thickness of the amorphized region is reduced.**

Atom Probe Analysis. The samples were analyzed in a homemade laser-assisted wide-

angle tomographic atom probe coupled with a micro-PL (uPL) bench, also referred to as a
photonic atom probe (PAP) as described in ref. 2"*°. Analyses were performed at 80 K and
the evaporation of the specimen is controlled and triggered by means of ~ 150 fs laser pulses
at 260 nm, focused on a spot with a diameter around 1.5 um. The repetition frequency of the
laser was 300 kHz and the average power was 300 uW. The system was equipped with an 8-
cm-diameter multichannel plate/delay line detector (MCP/DLD). The flight length is
~ 10 cm, corresponding to a field of view of 22° on the detector and of 35° on the tip. The

detection rate was 0.0005-0.0025 event/pulse.

The pPL spectra were acquired in-situ at 80 K. Excitation was provided by the same
pulsed laser emitting at 260 nm, using a repetition frequency of 4 MHz to increase the
number of counts in the detector. The incident power was tuned in the 25-1000 uW range.

The PL signal was collected and analyzed through a grating spectrometer with 320 mm focal



length equipped with a liquid nitrogen-cooled CCD camera. The spectral resolution was

approximately 0.3 nm.

For precise chemical analysis, we also used a CAMECA FlexTAP system. The APT
analysis was performed at 50 K with a UV femtosecond laser emitting at 341 nm having a
pulse energy of 0.2 nJ, laser spot size ~ 10 pum, and repetition rate of 50 kHz. The field of
view was set to 15°. Data were processed using the TAP3D software and homemade
MATLAB codes. The 3D reconstruction was performed using a cone-angle algorithm. The
reconstruction parameters (cone-angle = 7° and tip curvature radius = 39 nm) were extracted

from the STEM images of the specimen before performing La-APT.

Modeling. Three-dimensional calculations of the band diagram and electronic levels in the

QDs were performed using the commercial Schrodinger-Poisson solver nextnano,® with the
material parameters described in ref. *”. The modelled structure consisted of the 10 periods
of InGaN quantum dots, with the dimensions and composition extracted by combination of
XRD, AFM, STEM and La-APT data. In each layer, the QDs were defined as a hexagonal
truncated pyramid with {10-13} facets, connected by a wetting layer. The 3D strain
distribution was calculated by minimization of the elastic energy through the application of
periodic boundary conditions along the <1-100> and <11-20> directions. For the calculation
of the band profiles, the spontaneous and piezoelectric polarization, as well as the band gap
deformation potentials, were taken into account. The energy location of the quantum levels
and the electron and hole wavefunctions were calculated using the effective mass
approximation. This approximation can result in significant deviations from the experiment
when the electron levels are located deep into the conduction band due to the nonparabolicity
of IlI-nitrides,®® but it provides a good description of band-to-band transitions between

near-band-edge levels.®’



3. RESULTS AND DISCUSSION

Description of the as-grown specimen. The heterostructure under study is a 40-period

InGaN/GaN QD superlattice grown by plasma-assisted molecular beam epitaxy on a
commercial 4-um-thick GaN-on-sapphire template. Nominally, the heterostructure consists
of ~ 2-nm-thick InGaN QD layers separated by 10-nm-thick GaN barriers. An AFM image
of the topmost QD layer (uncapped) is presented in figure S1 of the Supporting Information.
It shows a high density (mid-10"* cm™) of QDs with a height = 0.9+0.2 nm. Note that this
value corresponds to the QD height above the wetting layer. From such AFM measurements,
it is difficult to extract reliable measurements of the QD base diameter since the expected
value (10-20 nm*°) is comparable to the dimension of the AFM tip (see figure S2 and

associated discussion in the Supporting Information).

The BF-STEM image of the heterostructure in figure 2(a) shows the 40 periods of
InGaN/GaN QDs. HAADF- and high-resolution BF-STEM images of the specimen observed
along [11-20] zone axis with higher magnification are presented in figure S3 of the
Supporting Information. The wetting layer is not well defined due to the high density of dots
with a diameter smaller than the thickness of the lamella specimen, 70£10 nm, which results
in more than one dot being projected in the images. It is nevertheless possible to measure
with atomic precision the height of the QD layer (including wetting layer), which is
8+1 monolayers (ML), i.e. 2.0£0.3 nm. The diameter of the QDs, estimated from the

variations of contrast in the images, would be in the range of 12-17 nm.

Comparing the results of AFM and TEM, we can extract an estimation of the thickness
of the wetting layer (~ 1.1 nm). This value should be taken cautiously, since the AFM

analysis is performed in an uncapped QD layer, and the capping process can lead to



morphological changes in the QD structures. In the case of GaN/AIN QDs grown by
molecular beam epitaxy (MBE), the geometry remains undisturbed during capping for
growth temperatures below 730°C. At higher temperatures, we observed a reduction of
thickness that was more severe in the case of plastic relaxation during the growth of the QD
layer, i.e. QDs containing misfit dislocations.** In the case of InGaN/GaN grown by MBE,
Figge et al. reported the complete dissolution of their InGaN QD structures when overgrown
at 510°C.** However, their uncapped QDs contained around 80% of In and there was
evidence of plastic relaxation. Other groups have reported stable QD luminescence for
InGaN QDs grown by MBE and capped at significantly higher temperatures (550-
640°C),****** and no effect of capping was observed in the case of InGaN/GaN QDs grown
by metalorganic vapor phase epitaxy when the GaN barriers are grown at the same
temperature as the QDs.* In our case, TEM images show that the relaxation process is
purely elastic and the GaN barriers were grown at the same temperature as the InGaN QDs.
Therefore, in a first approximation, we have considered that the QD height measured by
AFM is also valid for capped QDs. The validity of this statement will be further discussed

later.

To get access to the average superlattice period and strain state, we performed an XRD
study. The reciprocal space map around the (10-15) x-ray reflection of the GaN/InGaN QD
superlattice is reported in figure 2(b). The peak corresponding to the GaN substrate is
located at the reciprocal lattice point Q, = —2/(aVv3) =-3.625nm™' and Q, =1/
(5¢) = 9.625 nm ™", where a and ¢ are the in-plane and out-of-plane lattice parameters. The
multiple peaks corresponding to the periodic heterostructure are aligned along Qx=-—
3.625 nm™', which demonstrates a pseudomorphic structure on GaN. Precise values of the
superlattice period and lattice parameters were extracted from the 0-20 x-ray diffractogram

recorded around the (0002) reflection of GaN, depicted in figure 2(c). The experimental

10



result is compared with a theoretical calculation using the Rigaku GobalFit software. The
best fit is obtained assuming an average period of 12.6+0.1 nm, and modeling the QDs as an
InGaN layer with a thickness of 1.6 nm and an average indium composition around 10%.
However, the values of InGaN layer thickness and alloy composition must be taken
cautiously. The model assumes a pseudomorphic structure on GaN, with biaxial strain in the
InGaN layers. In this situation, the out-of-plane strain is given by the expression ¢,, =
—(2c13/¢33) €4, Where g, is the in-plane strain and c;3 and c35 are elastic constants (we
use here c;3 =106 GPa and ¢33 =398 GPa for GaN,*® and ¢;3 =92 GPa and
33 =224 GPa for InN,* with a linear interpolation for the ternary alloy). This
approximation is not valid in the case of QDs.**>° Therefore, the fit in figure 2(c) tell us
only that the QDs can be approximated by layers with a thickness of 1.6 nm and an average
out-of-plane lattice parameter equivalent to that of Ing;GaggN fully strained on GaN, without

any conclusion about the indium mole fraction in the QDs.

The as-grown specimen was characterized by temperature-dependent CL, as illustrated
in figure 2(d). The peak emission wavelength is around 413 nm at 5 K, and shifts to 422 nm
at 300 K. The evolution of the CL integrated intensity normalized to its low temperature
value as a function of the inverse temperature is displayed in figure 2(e). The slight increase
of the luminescence from 5 K to 50 K can be explained by the improved transfer of carriers
from the barriers to the dots when increasing the temperature. The integrated intensity
remains constant in the range of 50 to 100 K and drops sharply for higher temperature due to
the activation of nonradiative recombination paths.>* The dashed line is a fit that assumes
dominance of a monoexponential nonradiative process, so that the variation of the

normalized intensity is described by

m__ 0t 1)
Ip 1+A exp(—Eq/KkT)
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where I, is the integrated intensity at low temperature, A is a fitting parameter, E, is the
activation energy of the nonradiative process, and KT is the thermal energy. In the figure,
A=1143 and E,=67+5meV, which is comparable to the values reported in the
literature.”**! The ratio of the room-temperature and low-temperature CL integrated
intensities, which is generally considered as an estimation of the internal quantum efficiency,
IS 52%. The stability of the luminescence with temperature support our assumption that the
QDs were not dissolved during the QD process (see comparison of InGaN/GaN QD and QW

: : N 1
luminescence in Gagevi¢, et al.*h).

To gain further insight on the origin of the CL linewidth, we have performed cross-
section CL mapping of a cleaved edge of the sample, with the result displayed in figure S4 of
the Supporting Information. Analyzing the CL spectra at different points along the growth
axis and focusing on the emission from the InGaN QDs, we observe that the linewidth is
rather constant along the structure (with full width at half-maximum FWHM =~ 20 nm), and
comparable to that obtained in the top-view configuration. There is a slight shift of the peak
emission along the growth axis, but its value (~ 2 nm) is of the order of the spectral
resolution of the spectrometer (£0.8 nm) and significantly smaller than the linewidth.
Therefore, the spectral broadness of emission is due to in-plane QD inhomogeneties, rather

than to a drift of the growth conditions.

At this point, we face some limitations hampering a proper correlation of optical and
structural properties, and thus the achievement of a complete understanding of these 3D
objects. AFM and TEM provide information on the QD height and density. In addition, XRD
gives precise information on the periodicity of the structure. However, we only have a rough
estimate of the lateral dimensions of the dots, and no reliable information on the indium

distribution in the structure.
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Characterization of the atom probe tomography (APT) specimen. In order to analyze

the InGaN/GaN QDs using La-APT, field emission tip specimens were fabricated by
standard focused ion beam (FIB) based lift out followed by annular milling procedures.
Further details on the specimen preparation are described in the Experimental Section. The
FIB process can cause several kinds of damage:>> amorphization of the surface due,” Ga
implantation and redeposition of milled material, and formation of voids and bubbles at the
surface, which further agglomerate into metallic nano-blitters.>* In the case of InGaN,
indium redistribution and evaporation is also possible.> It is hence important to be rigorous
in the characterization of the specimens before their introduction in the APT system, if

results are to be extrapolated to the as-grown material.

FIB prepared tips were first observed in TEM, as illustrated in figure 3(a). The optical
activity of the needle-like samples was then measured in the CL system. Figure 3(b) is a
panchromatic CL map of the tip in (a), suggesting that the entire superlattice is optically
active. Figure 3(c) displays the integrated CL spectrum at room temperature, which presents
an emission line at 364 nm that originates from the GaN substrate, and a large band peaked
at 422 nm that is assigned to recombination in the QDs. The evolution of the emission
spectrum along the tip is shown in figure S5 of the Supporting Information. The peak
wavelength and linewidth remain approximately constant along the tip (spectral shift smaller
than 2 nm). The variation of the CL integrated intensity as a function of temperature is
described in figure 3(d). The dashed line is a fit to eq 1 where A=33t12 and
Ea = 38110 meV, and the room-temperature to high-temperature integrated intensity rate is
around 11%. The energy of the QD emission of the tip shape sample remained the same as
the as-grown sample, which confirms that the FIB protocol did not introduce significant loss

or rearrangement of indium in the specimen. However, the reduced activation energy and
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increased prefactor A points to a moderate enhancement of nonradiative recombination, due

to the higher surface-to-volume ratio.

Tips were then introduced in a photonic atom probe (PAP) system that enables in-situ
uPL spectroscopy measurements during the La-APT process, as described in the
Experimental Section. In order to determine the best experimental conditions to perform
simultaneous pPPL and APT characterization, we have first measured in-situ p-PL as a
function of the laser pumping power, as show in in figure 4(a). During these preliminary
measurements, we used a repetition rate of 3.8 MHz, adjusting the laser power in the range
of 25 to 700 uW. In these spectra, it is possible to identify the narrow emission of the GaN
substrate at 358 nm and a broad band peaked around 411 nm, which is assigned to the InGaN
QDs. Plotting their intensity as a function of the laser power [figure 4(b)], the luminescence
from GaN scales linearly. On the contrary, the intensity of the QD emission saturates for
laser power higher than 300 uW. Figure 4(c) shows the evolution of peak wavelength of the
luminescence from GaN and InGaN QDs as a function of the laser power. The FWHM of the
emission is indicated as an error bar. The GaN line presents a red shift starting at 300 W,
with an increase of the FWHM. The behavior at high pumping power points to a local
increase of the tip temperature, whose effect is dominant over a potential band-filling
phenomenon. The spectral shift of the QD band is not so obvious due to the broad emission,

but the FWHM increases clearly for laser power higher than 300 pW.

In view of these results, we decided to perform the APT experiment with a laser energy
corresponding to the 300 uW experiment, which is the point where the tip starts warming up
due to pumping. However, during the APT experiments coupled with uPL the laser
frequency was reduced to 340 kHz to allow a time delay between pulses longer than the

expected time of flight of the ions from the specimen during the APT process.*
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The in-situ pPL emission during the PAP analysis of the last 15 InGaN/GaN QD layers
is displayed in figure S6 of the Supporting Information. The PL was analyzed during the
evaporation of the last 15 QD layers. As described for the preliminary experiments in figure
4, the peak at 358 nm is related to the carrier recombination in the GaN buffer, and the broad
band around 411 nm was assigned to the carrier recombination in the InGaN QDs. Figure
5(a) shows a zoomed view of the emission of the QDs acquired at different stages of the tip
evaporation. The legend indicates the number of QD layers that were left in the tip when the
PL spectra were recorded. Figure 5(b) shows the 3D APT reconstruction of the indium signal
when only 5, 3 and 2 layers remain in the specimen, as an example. In figure 5(a), the initial
luminescence peak of the whole tip appears broad, as it results from the overlap of the
emission of multiple QDs. The spectra do not display major variations during the
evaporation of the 5 topmost QD layers (shown in figure S6). However, during the
evaporation of the last 10 layers, the total emission intensity decreases, as expected from the
reduction of the tip volume containing multiple QDs. As only a few dots remain in the tip,
the spectra present a multi-peak structure due to fluctuations of the size and the indium
content of the QDs.!” When only 5-2 layers are left, we can identify the signature of single
InGaN QDs. The QD signal disappears when there is still one InGaN layer, which means
that most probably that first InGaN layer does not contain any dot. Dashed lines in figure
5(a) are Lorentzian fits that identify the QDs contained in layer 2: a first line (QD1) is
located at 422.7 nm with FWHM = 1.2 nm, and a second emission line (QD2) peaks at
417.36 nm with FWHM = 0.87 nm. A third peak (QD3) that disappeared after evaporation of

layer 3 was located at 413.2 nm with FWHM = 1.3 nm.

The evolution of peak wavelength and FWHM of these QD lines (QD1, QD2, QD3)
during the evaporation of the tip is described in the figure 5(c), and figure 5(d) shows the

evolution of the uPL line assigned to the GaN buffer (at 358 nm, shown in figure S6). The
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QD emission lines present a red shift of around 2 nm during the APT process of the last 9
QD layers.®® In contrast, the GaN line presents only a slight red shift of around 0.55 nm. The
different behavior of QDs and GaN points out that the shift is not thermally induced but
rather strain related. Strain is the result of mechanical stress, and it leads to a change of the
semiconductor bandgap (which can be estimated using the band deformation potentials) and
the generation of piezoelectric polarization. During the experiment, two sources of
mechanical stress act on the QDs, namely the stress resulting from the lattice mismatch
between GaN and InGaN and the stress induced by the electric field during the APT
measurement. It is hence important to assess the magnitude of both sources of stress to know

if the spectral shift is associated to the material properties or to the experimental conditions.

The stress associated with the lattice mismatch between GaN and InGaN results in a
deformation of the lattice to minimize the elastic energy accumulated during the growth of
the sample, as illustrated in figure S7 of the Supporting Information. In the case of the
InGaN QDs, there is an in-plane compressive stress due to the growth of InGaN on top of
GaN, and a uniaxial compressive stress along the c crystal axis (growth direction) due to the
GaN that is in contact with the QD side facets. The stress along the ¢ axis in the QDs can be

calculated as

027 = 2C138xx + €338, (2)

where c;; are elastic constants and &y, and &,, are the in-plane and out-of-plane strain. With
the values of strain in figure S7 (e,, = —1.15% and ¢&,, = 0.33%), the stress is estimated at
o,, = —1,16 GPa. Note the negative sign, which indicates that the stress is compressive
along c. In this strain configuration, using the deformation potentials from Vurgaftman and
Meyer,”” the InGaN band gap increases by ~ 106 meV with respect to the relaxed value.

When evaporating the layers on top of a certain QD, the uniaxial stress imposed by the
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material surrounding the dot decreases, but the in-plane stress due to the GaN underlayer
remains. Therefore, evaporation should lead to an expansion of the lattice along ¢ (higher
&,2). Keeping &,, = —1.15% and releasing the uniaxial stress (o,, = 0) would lead to
&,z = 0.64%, resulting in an increase of the band gap by only = 74 meV with respect to the
relaxed value. In addition to this modification of the band gap, the increase of ¢,, induces an
enhancement of the piezoelectric polarization. These two phenomena explain a red shift

during the APT process of the order of magnitude observed in figure 5(c).

The GaN PL signal in figure 5(d) stems from the GaN layer below the QD superlattice.
The topmost nanometers of this layer are strained by the presence of the InGaN QDs on top.
Our Nextnano calculations point out strain that can reach ¢,, = 0.15% and ¢,, = —0.26%
(o,, = —0.71 GPa) right below an InGaN QD. Using again the deformation potentials in ref.
> the strain increases the GaN band gap by ~ 7.6 meV. This strain is fully relaxed when the
InGaN material is evaporated, which should lead to a slight red shift of the PL signal, as

experimentally observed.

On the other hand, during the APT experiment, a high positive voltage in the range of
Vbc =5-10 kV is applied to the InGaN/GaN tip, which results in an electric field F at the tip

that can be estimated by>®

_ Vnc
F = @3)

where k ~ 7 is a geometrical factor and R is the curvature radius of the tip apex. Free carriers
generated by laser illumination drift due to the electric field and holes accumulate at the
needle apex screening the electric field inside the semiconductor material. However, the field

induces a mechanical stress along the tip, which is given by

1
OF = EEOFZ (4)

17



where ¢, is the vacuum permittivity. As we evaporate the sample, Vpc increases and the
radius of the tip, R, increases. Tracing those values, the average electric field when the apex
evolves along the 9 deepest QD layers can be estimated to be in the range 8-10 MV/cm,
corresponding to a field-induced stress in the range o = 0.25 GPa to g ~ 0.42 GPa. As
the electric field points towards the detector, the stress is uniaxial, tensile, along the c axis of
the semiconductor crystal. The field-related stress o has the opposite direction of o,,;
however, both ¢ and g, increase during the experiment (o,, becomes less negative and o
becomes more positive). However, it should be kept in mind that oz is at least 4 times
smaller than o, in the QDs, and about half the value of g, in the GaN material right below
the superlattice. Furthermore, o is expected to increase only by 10% for an increase of the
tip curvature radius of 5%. Therefore, we can conclude that it is the variation of the stress
induced by the lattice mismatch that dominates the spectral shift of the PL during the APT
measurement. This is further supported by the fact that, at the beginning of the experiment,

there is no major difference in the PL peak energy with and without electric field.

It should be mentioned that the PAP requires the use of a fast APT detection system, at
the expense of a lower detection efficiency and accuracy in assessing composition.
Therefore, in order to quantify the alloy composition within InGaN layers, La-APT
measurements were performed using a CAMECA FlexTAP system, equipped with an
advanced delay-line-detector (aDLD).*® Figure 5(e) shows the indium site fraction map
obtained through the analysis of 18 InGaN QD layers present in a 3D APT reconstruction.
The InGaN layers contain In-rich regions with a typical in-plane diameter of 15.4+1.4 nm
and typical In-site fraction ~ 13%, connected by the wetting layer, a thinner InGaN layer
with an In-site fraction ~6%. The shape and size of these In-rich regions correspond to
InGaN QDs rather than to random alloy fluctuations.?® This picture is confirmed by the

complementary isosurface analysis of one of the QD layers [marked with a square in figure
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5(e)], which is reported in figures 5(f) and 5(g). Figure 5(f) displays the isosurface
corresponding to an In-site fraction of 14% (in red), representing a single QD. The diameter
of the QD is 15.0£0.5 nm, with a height of 2.0£0.1 nm. On the other hand, the isosurface
corresponding to an In-site fraction of 6% [displayed in figure 5(g)] shows a layer
connecting neighboring QDs, consistent with the wetting layer. The combination of both
isosurfaces provides a consistent representation of composition and morphology of both

wetting layer and QD.

Modelling of the QD structure. At this point, combining the result of STEM, XRD, AFM

and La-APT, we have a complete description of the QD structure, including the period of the
superlattice (12.6 nm, from XRD), the height of the QDs (2.0 nm, from STEM), the QD
height above the wetting layer (0.9 nm from AFM), and the In content of the QDs and of the
wetting layer (13% and 6%, respectively, from APT). To validate these results, we have
compared the optical emission with theoretical calculations of the electronic structure using
the geometrical and chemical parameters listed above. A schematic description of the
simulated structure is presented in figure 6(a), and a complete description of the modelled
cell and conditions are described in the Experimental Section. In a first stage of the 3D
simulations, we obtain the strain distribution in the structure. The in-plane and out-of-plane
components of the strain are presented in figure S7 of the Supporting Information. In the
center of the dot, the &,/&« ratio is —0.284, which confirms a significant deviation from the
biaxial strain configuration, where ¢,,/e,, = —(2c¢;13/c33) = —0.556. Taking into account
the In content and the calculation of the elastic strain, the results are consistent with XRD
measurements: Assuming that the structure is well described by figure 6(a), and with an
Ino.0sGap.esN wetting layer that is biaxially strained and Ing13Gags;N QDs with ¢,,/&,, =
—0.284, the average lattice parameter in a period of the superlattice is approximately the

same as in an InGaN/GaN QW superlattice with the same thickness and pseudomorphic, 1.6-
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nm-thick Ing1GaggN QWS, i.e. the structure used for the XRD calculation presented in figure
2(c). The consistency of the results with the structural characterization data supports our
initial assumption that the fact of capping the QDs with GaN does not introduce a significant

perturbation of their morphology.

Taking the strain distribution into account, the band diagram of the 3D structure was
calculated. The band profile along [0001] axis crossing the center of the QDs is displayed in
figures 6(b). The electron and hole quantum confined levels are calculated in a QD in the
center of the stack. The electron—hole transition at room temperature is predicted to occur at
426 nm, in agreement with the experimental CL peak wavelength. Figure 6(c) and (d) show
the electron and hole probability distribution, respectively. The polarization-induced internal
electric field in the dots shifts the electron wavefunction towards the QD apex, whereas the
hole wavefunction is located deep into the base of the hexagonal truncated pyramid.
However, the separation of electron and hole along the growth axis remains relatively small

due to the small quantum dot height.

To gain some insight into the variation of the emission wavelength from one dot to
another, we performed calculations changing the QD diameter, In content in the wetting
layer, In content in the QD, and the QD height [figures 6(e), (f), (g), and (h), respectively] in
ranges that reflect the experimentally revealed structural/chemical fluctuations. Red circles
in these figures outline the result of the simulation with the nominal input parameters
described in figure 6(a). The emission wavelength is particularly sensitive to fluctuations of
the indium content in the dot: adjusting the In content from 12% to 14%, the emission shifts
from 419 to 434 nm [figure 6(g)]. There is also a high sensitivity to the QD base diameter,
with the emission shifting from 423 to 430 nm when the base diameter increases from 14.0
to 16.8 nm [figure 6(e)]. Note that this shift is larger than that obtained by changing the QD

height by £1 ML (approximately £0.25 nm), in figure 6(h). Keeping in mind that the PL
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emission of the QDs have a FWHM around 22 nm at room temperature [from figure 1(d)],
the linewidth seems mostly due to in-plane fluctuations of the In content in the QDs and the

QD diameter.

The correlation of pPL in-situ APT and of the structural parameters issued by TEM has
also been performed at the level of a second tip as described in figure S8 of the Supporting
Information, and confirming the reproducibility of the results and the homogeneity of the

sample.

In summary, the excellent agreement between the theoretical calculations and the
experimental optical features show that the model extracted from structural and chemical
characterization provides a good description of this InGaN/GaN QD system. This model
conveys an image of the InGaN/GaN QDs that is very different from the Stranski-Krastanov
growth in the InGaAs/GaAs or GaN/AIN systems, where the dots and wetting layer can be
distinctly and separately visualized. On the contrary, in the structure under study, the
thickness of the wetting layer is thicker than the part of the QDs that protrudes above the
layer. The dots look resemble rather the coexistence of a thickness undulation and a local
increase of the In mole fraction. This perturbed Stranski-Krastanov growth is caused by the
presence of indium at the growth front, with a surfactant effect that favors planar growth.3%*
However, these nanostructures behave optically as quantum dots, with an enhanced stability

of the luminescence at high temperature thanks to their capability to confine free carriers a

three-dimensional volume with a size comparable that of the exciton in InGaN.

4. CONCLUSIONS AND PERSPECTIVES

To conclude, we have performed a correlative microscopy study of a stack of self-assembled

InGaN/GaN (2 nm/10nm) QDs embedded in a needle-shaped atom probe specimen
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fabricated by FIB. Comparative optical characterization of the as-grown sample and the
atom probe specimen shows that there was no loss or rearrangement of indium during the
FIB process. This allows the extrapolation of the characterization results to the as-grown
sample. To get a complete view of the QDs, we have performed spectroscopic (in-situ
mocro-photoluminescence and ex-situ cathodoluminescence) and structural (XRD, AFM,
STEM and APT) measurements, to get a full view of the sample at the nanometer scale.
During APT measurement of the 9 QD layers closer to the substrate, it was possible to
resolve single QD emission lines. The spectral red shift observed in these single quantum dot
lines during the APT process was assigned to the relaxation of elastic strain due to the
material evaporation. Theoretical modeling of the QDs considering the experimental values
of their size and indium distribution predicts room temperature photoluminescence at 426
nm, in excellent agreement with the measured spectra. Furthermore, the spectral linewidth of
the as-grown sample is explained as due to in-plane fluctuations of the QD In content and
diameter. These results confirm the relevance of PAP studies to provide a complete view of
the InGaN QDs, and shows the potential of this technique for the analysis of nanostructured

materials.

In terms of nanomaterials, a conclusion of this study is that Stranski-Krastranov
InGaN/GaN QDs look like a thickness undulation and a local increase of the In mole
fraction. The thickness of the wetting layer is comparable to the QD height, and the indium
content in the wetting layer is significantly lower than the indium content in the QDs. The
nanostructures behave optically as quantum dots, but these structural parameters can have an
important impact on the design of the active region of a light emitting device, since they

affect the band diagram and carrier transport properties.

In particular, we have shown that PAP can be used in samples containing a large set of

nanoscale emitters in order to isolate the optical emission of few of them by a controlled
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reduction of the optically active volume induced by field evaporation. Furthermore, the
technique allows the correlation of the 3D image of the chemical composition of a few light
emitters contained in a nanoscale object with their spectral signature. This opens
perspectives for the application of this technique to super-resolution studies, to discriminate
the optical emission of neighboring quantum dots, or to strictly correlative studies, in which

the 3D chemical map of a single quantum dot is correlated with its optical signature.

m ASSOCIATED CONTENT

*Supporting Information: The supporting information includes AFM measurements of the
as-grown sample, HAADF and BF STEM images of the InGaN/GaN QD superlattice, cross-
section CL mapping of a cleaved edge of the as-grown sample, study of the variation of the
CL spectrum along the APT specimen, the pPL spectra recorded in situ during the La-APT
characterization of InGaN/GaN QDs, and a calculation of the distribution of the in-plane

(exx) and out-of-plane (g,,) strain in the InGaN QD stack.
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Figure 1. (a) Crystallographic structure of wurtzite Il1-nitrides. The [0001] growth axis and the in-
plane (a) and out of plane (c) lattice parameters are indicated in the figure. (b) Relationship between
the energy band gap and the in-plane lattice parameter in bulk wurtzite Il1-nitrides (AIN, GaN, InN
and their ternary compounds). Inset: Low temperature band offsets in the AIN / GaN / InN system. 3.4
(c) Schematic description of the PAMBE growth process. Atomic flows of Ga, In and N imping the
substrate surface. At the QD growth temperature, only indium is desorbed. The crystal grows in a
metal rich environment, as described in the right side of the image. (d) Formation of InGaN QDs on
GaN. The strong lattice mismatch leads to an elastic relaxation when the InGaN layer reaches a
certain critical thickness. The resulting structure consist of InGaN islands (QDs) that are linked by a
wetting layer (WL).
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Figure 2
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Figure 2. (a) BF-STEM image of the heterostructure showing the 40 periods of InGaN QDs. (b)
Reciprocal space map around the (10-15) x-ray reflection of the GaN/InGaN QD superlattice (SL)
grown on GaN. The dashed line outlines the shape of the tip specimen that is analyzed atom probe
tomography. (c) XRD 6-26 scan (light blue) recorded around the (0002) reflection of GaN. Labels
indicate the (0002) reflection of GaN, and the (0002) reflection of the QD superlattice, with several
satellites. The experimental result is compared with a theoretical calculation (dark blue). (d) CL
spectra of the as-grown sample recorded at different temperatures. () Normalized CL intensity as a
function of the inverse temperature. The dashed line is a fit that assumes dominance of a
monoexponential nonradiative process.
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Figure 3
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Figure 3. (a) TEM image of the tip after FIB preparation. (b) Panchromatic CL map of the needle-
shaped specimen in (a). (¢) CL spectrum at room temperature, where labels indicate the emission
bands associated to the GaN substrate and to the QD superlattice. (d) Normalized CL intensity of the
specimen as a function of temperature. The dashed line is a fit that assumes dominance of a
monoexponential nonradiative process.
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Figure 4
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Figure 4. pPL measurements performed before the La-APT evaporation of InGaN/GaN QDs with
different laser power. The experiment was performed at 80 K and the frequency and wavelength of
laser were 300 kHz and 260 nm, respectively. (b) Intensity of the GaN and QD PL lines as a function
of the laser power, extracted from (a). (c) Peak wavelength of the GaN and QD PL lines as a function
of the laser power. The FWHM is indicated as an error bar.
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Figure 5
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Figure 5. (a) In-situ PL measurements performed during the La-APT evaporation of InGaN/GaN
QDs. The experiment was performed at 80 K. The legend indicates the number of layers that remain
in the specimen when recording the PL data. Dashed lines are Lorentzian fits that identify the QDs
contained in layer 2. Their evolution of the emission of these two QDs is marked with arrows. (b)
Indium 3D APT reconstruction of the last 2, 3 and 5 layers of QDs detected during analysis. (c) uPL
peak wavelength of three QDs (the signals of QD1 and QD2 disappeared after evaporation of layer 2,
as shown in (b), and QD3 had disappeared after evaporation of layer 3). The FWHM is indicated as
an error bar. (d) uPL peak wavelength of the GaN emission vs. number of layers remaining on the
specimen during evaporation. The evolution of the FWHM is indicated with open symbols (right
axis). (e) Indium-site fraction map calculated from an APT 3D reconstructed volume. In this two-
dimensional representation, the composition is integrated over 10 nm in the direction
perpendicular to the page. (f-g) In red, isosurfaces enclosing (f) the QD region (indium fraction
> 14%), and (g) the wetting layer (In fraction > 6%), extracted for the layer indicated in figure 5(e).
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Figure 6
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Figure 6. (a) Schematic description of the QDs with composition and dimensions extracted by
combination of XRD, AFM, TEM and APT measurements. (b) From 3D Schrddinger-Poisson
calculations at room temperature, band profile along [0001] crossing the center of the QDs, with the
(c) electron and (d) hole probability distribution obtained by projecting their squared wavefunctions.
(e-h) Calculation of the emission wavelength at room temperature as a function of the (¢) QD base
diameter, (f) indium content in the WL, (g) indium content in the QD, and (h) QD height. In (e-h),
red circles outline the result of the simulation with the input parameters described in (a).
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