N
N

N

HAL

open science

Toward Crack-Free Core—Shell GaN/AlGaN Quantum
Wells

Vincent Grenier, Sylvain Finot, Bruno Gayral, Catherine Bougerol, Gwénolé

Jacopin, Joél Eymery, Christophe Durand

» To cite this version:

Vincent Grenier, Sylvain Finot, Bruno Gayral, Catherine Bougerol, Gwénolé Jacopin, et al..

ward Crack-Free Core-Shell GaN/AlGaN Quantum Wells. Crystal Growth & Design, 2021, 21 (11),

pp.6504-6511. 10.1021/acs.cgd.1c00943 . hal-03379668

HAL Id: hal-03379668
https://hal.science/hal-03379668

Submitted on 15 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03379668
https://hal.archives-ouvertes.fr

Toward crack-free core-shell GaN/AlGaN quantum wells

Vincent Grenier »@, Sylvain Finot?, Bruno Gayral!, Catherine Bougerol?, Gwénolé Jacopin?, Joél

Eymery? and Christophe Durand?

1 Univ. Grenoble Alpes, CEA, IRIG, PHELIQS, NPSC, 38000 Grenoble, France
2 Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France
3 Univ. Grenoble Alpes, CEA, IRIG, MEM, NRS, 38000 Grenoble, France

a) Author to whom correspondence should be addressed: christophe.durand@cea.fr

Keywords: Nanowires, MOVPE, GaN/AlGaN MQW, Cracks, Elastic relaxation


mailto:christophe.durand@cea.fr

Abstract

Strain relaxation of nonpolar GaN/AlosGao:N multiple quantum wells grown in core-shell
geometry by metal-organic vapor-phase epitaxy on GaN wire is investigated. Cracking along
the a-direction is observed on sidewalls of T-oriented hexagonal GaN wires. To overcome this
issue, an undershell including AlGaN gradient and cladding layers are grown before the active
region. While a decrease of the crack density is observed with undershell, the increase of GaN
QW thickness acts as a key parameter to limit the crack formation. In agreement with previous
studies performed on AlGaN planar layers, a relaxation criterion is found for a threshold strain
energy density of ~4 J/m2. Considering the quantum well structure as a single AlGaN layer with
an average composition, a solution to keep the strain energy density below this relaxation
limit is identified by reducing the AlGaN barrier thickness from 5 to 3 nm. Combining
undershell and reduced barriers thickness, crack-free core-shell AlGaN-based structure is

demonstrated with an emission at 280 nm corresponding to the UV-B/C limit.

Introduction:

[lI-nitride ultraviolet (UV) light-emitting diodes (LEDs) are attracting significant interest due to
their strengths such as low operating voltages, fast switching capability, compact size, and
adjustable wavelengths compared to traditional mercury lamps.* For UV-C (A < 280 nm)
applications, the stakes mainly concern their uses for water and surface sterilization, medical
treatment, or gas sensing.”™* However, up to now, the state-of-the-art of Al-based UV LEDs
reports relatively low EQE values (EQE < 20%) that is attributed to high defect density, poor
light extraction and the issue of AlGaN p-doping.! Due to the lack of commercially available

inexpensive Al(Ga)N bulk substrate, AlGaN-based UV LEDs are mainly grown on sapphire.



However, the large crystal lattice mismatch between sapphire and IlI-N materials requires
buffer layers to grow high-quality materials. GaN, AlGaN, and AIN templates are commonly
used as a buffer layer in planar c-plane LED architectures depending on the target
wavelengths: GaN templates are often integrated for UV-A structures, while AlGaN and AIN
templates are employed for UV-B/C emission.>® The main limitations of the GaN template for
deep UV emission are UV photon reabsorption and strain accumulation in the Al-rich AlGaN
epilayer caused by lattice mismatch (3.5% along c-axis and 2.5% along a-axis between AIN and
GaN). The strain relaxation of this layer generally occurs by crack formation.”® Several
solutions to prevent cracks and dislocations in planar structures have been already reported,
such as epitaxial lateral overgrowth (ELO) of AIN®'° and AlGaN/AIN superlattices.'! Another
strategy is the use of nano/microwire structure to benefit from low intrinsic extended defect
density, increased light extraction efficiency and high p-type doping levels achieved in Al-rich
AlGaN nanowire materials.'>"'> Focusing on core-shell wires developed by MOVPE, two types
of templates corresponding to wire core made of either GaN or AIN have been considered.
Similarly to planar structures, GaN wires are generally used to target UV-A,B and AIN wires for
UV-C emission.'®' In the case of GaN wires, a tunable emission down to 290 nm has been
demonstrated with core/shell GaN/AlGaN MQW by decreasing the QW thickness.'® Moreover,
efficient carrier transport as well as electroluminescence in the UV-A,B range have been
demonstrated with core-shell AlGaN/GaN n-i-p structures and AlGaN/AlGaN QWs,
respectively.®?? Although UV-C emission was demonstrated using core-shell AIGaN/AIN QWs
on AIN wires, issue of electrical injection into AIN wire impedes the development of
electroluminescent (EL) devices. The tuning of the emission wavelength down to UV-B,C
emission with a GaN wire as a template remains an issue. Indeed, one of the major challenges

stems from the strain relaxation imposed by the wire core on the Al-rich shell required to UV-



B,C emission that leads to crack generation.?! As the origin of crack formation is directly
related to the strain state of the AlGaN/GaN heterostructure, the framework of classical
elastic theory is hereafter considered in the case of core-shell structures. Raychaudhuri et al.
estimate the relative core/shell thicknesses to get a coherent epitaxy from the balance
between the elastic strain energy (resulting from lattice mismatch) and the edge dislocation
formation energy.?> This work (confirmed by a more recent publication?®) points out the
existence of a critical core radius, below which the structure is always coherent regardless of
shell thickness. On the contrary, structures with core radius exceeding this threshold can still
be coherent as long as the shell thickness is below a critical value. As the radius of the core
increases, the critical thickness of the shell is approaching the critical thickness of the planar
structure. These critical dimensions are obviously not depending on the length of the wire. For
the case of GaN core/AlxGaixN shell structures, a critical core radius below 15 nm is reported??
for an Al-composition larger than 30 %. In the present study, the MOVPE GaN wire diameter
will be in the 1-3 um range. At this scale, statistical measurements showed that there was no
correlation between diameter and crack density. Consequently, the core can be considered as
quasi-bulk and usual planar elastic calculations describes well the energetics of the epitaxy.
The coherent AlkGaixN layer on m-GaN template (i.e. GaN wire core) shown in inset of Figure
1a will be considered. The strain components € along the a- and c-axis of the epitaxial layer as

a function of Al-content x are defined as following:

QAlxGagy_x)N ~ AGaN CAlxGagy_x)N ~ CGaN

(1)

g (x) =

E, (X)) =
a( ) aGaN CGaN

with the respective GaN and AlxGa(1-xN lattice parameters a and c. The m-axis strain g, is

written as:?*

en() = = = (Cr28a(0) + Cizec(®)) (2)



with the elastic coefficients C11, C12 and Ci3 of the AlkGai«xN alloy considering a linear variation
from GaN and AIN binaries (elastic coefficients are given in Table 1).?° Figure 1la shows the
respective &, ., () strains showing the predominance of &, (x), especially for Al-rich AIGaN
layer. The elastic energy per volume unit of the deposited layer is written:?*

Uelastic = %Z Cijeigy = %(2C125152 + Cy1(€f +€3) + €3(2C13(e; + &) + C3383)) (3)
with 1, 2, 3 corresponding to the a, m and c crystal axes. The elastic energy per surface unit
is calculated in Figure 1b for different layer thicknesses h ranging from 5 to 100 nm as a
function of x, the composition of the strained AlxGaixN layer. In this ideal case, the elastic
energy per surface unit linearly increases with the layer thickness h and has a quadratic
dependence on x. It can be also shown that the strain associated to the thermal expansion
coefficients of GaN and AIN does not contribute to the elastic relaxation studied in this work

(see supporting information S1).

a(A) C(A) C1: (GPa) C12 (GPa) C13 (GPa) C33 (GPa) a, oc M 6.
GaN 3.189 5.185 367 135 103 405 6.2%10°6 5.7%10°6 636 662
AIN 3.112 4.982 396 137 108 373 6.9%10°6 5.6%10°6 1025 937

Table 1 : Lattice parameters, elastic coefficients?> and thermal expansion coefficients?® of the

GaN and AIN bulk materials used in this study.

This study focused on GaN/AlIGaN core-shell wire heterostructures aims to limit and even to
suppress the crack formation by managing the strain relaxation while targeting emission in
the UV-A,B range. A systematic study of the crack density along wires carried out to determine
the predominant factors involved in the crack formation in a core-shell system. In this

approach, the influence of underlayers preceding the MQWs is studied by comparing two




different types of shells and the impact of the GaN QW and AlGaN barrier thicknesses on crack

formation is investigated.
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Figure 1 : a) Elastic strain along the ¢, a and m axes as a function of the Al content for a coherent

2D layer of AlxGaixN on GaN substrate (see inset). b) Corresponding elastic energy density per
unit area for several thicknesses h of the AlxGaixN layer.

Experimental part:

The growth of self-assembled GaN microwires on c-sapphire is performed in a close coupled
showerhead MOVPE reactor with the silane-assisted method and small V/III ratio described in
reference.?’ The sapphire substrate is first annealed at 1050°C under NHs to get an Al-
terminated surface that will promote the growth of N-polar wires. The surface preparation
goes on by the simultaneous injection of silane (SiH4) and ammonia (NHs) to form a very thin
SiNx layer, known to be a selective layer for the growth of GaN. The epitaxial growth nucleation
occurring through this layer is obtained by the injection of trimethylgallium (TMGa) (135

umol.min~t) and NHs (2.23 mmol.min™?) (i.e. very low V/III ratio ~50) diluted in N2 carrier gas



flow (8000 sccm) at 1040°C and 800 mbar. After 10 s, a high flux of silane is added (~200
nmol.min) to form a thin SiNx passivation layer on the m-plane sidewalls of the GaN wires.
This selective layer does not grow on the upper c-plane, promoting the vertical growth of the
wires.?” Note also that such a high flux of silane leads to a heavily doped GaN (called n**, Ng ~
10%2° cm3), which eases current injection in wire devices.?® Silane is switched off after 300 s,
and the V-lIl flow is maintained for 400 s. During this time, the silane remaining in the reactor
allows the GaN wire growth going on, but with a smaller residual doping (called n*, Ng ~ 10%°
cm3).2 The two n** and n* doped GaN regions therefore correspond to the lower and upper
part of the wire, respectively. During the entire wire growth, the temperature is maintained
at 1040°C. Then, a 50 nm-thick GaN shell (referred to as "GaN spacer" hereafter) is grown at
900°C and 150 mbar using NHs and TMGa fluxes of 66.9 mmol.min! and 24.8 pmol.min,
respectively (~¥2700 V/III ratio). This GaN spacer growth occurs only on SiNx-free zone (i.e. at
the upper part of the wire) and allows burying the surface defects induced by the residual
silane.?%3! To prepare the growth conditions for the MQWs, the Ga source is shifted to
triethylgallium (TEGa) for 10 min (3.6 umol.min* molar flux and ~18000 V/IIl ratio). The same
growth parameters are maintained to grow GaN/AlGaN MQWs except the pressure that is
decreased to 100 mbar to prevent trimethylaluminium (TMAI) pre-reactions in the gas phase.
The barriers of the MQWSs are grown using 3.6 umol.min* TEGa and 7.3 pmol.min"t TMAI flows
(i.e. ~18000 and ~6000 V/Ill ratios for QWSs and barriers). These growth conditions lead to ~60
% of Al-content as measured in reference [18].

In this work, two kinds of shells are studied with 5x(GaN/AlpsGao4N) MQWSs grown directly on
the GaN wires (called “structure A”) and after the insertion of an AlGaN linear gradient from
0 to 30% Al and a 20 nm-thick Alo.3Gao.7N layer (called “structure B”). In this case, under the

same pressure (100 mbar) and temperature (900 °C) as the rest of the shell, the gradient is
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grown for 1000 s to target ~50 nm thickness. Combined to a continuous TEGa flux of 3.6
umol.min, the TMAI flux varies linearly from 0 to 3.7 umol.min! to obtain a maximum Al-
composition of ~30 %. For the cladding layer, the growth duration is 600 s with a constant
TMAI flux of 3.7 umol.minL. Finally, the TEGa flux is kept constant at 3.6 umol.min™ to growth
the A and B shell heterostructures. The QW growth time is varied (120, 60, 20, and 10 s) to
reduce the QW thickness, whereas the AlosGaosN barrier growth time is either 70 s to get 5
nm thickness or 45 s for 3 nm. To encapsulate the last AIGaN layer, a thin GaN cap of 1.5-2.5

nm is grown using similar conditions to the GaN spacer.

Discussion:

Regarding to the A-type, B-type core shell structure have been designed to target an efficient
optical emission in UV-A,B by managing the strain relaxation process : i.e., by obtaining a
relaxed layer with a smaller parameter than the GaN core convenient for the active emission
structure. To favor relaxation, we propose here to use a AlxGaixN gradient promoting
dislocation interactions and annihilations. Their schematics is shown in Figure 2a,b. As an
example, Figure 2c and d show scanning electron microscopy (SEM) images of the upper part
of representative A and B core-shell GaN wires with similar MQW heterostructures (i.e., 5 GaN
QWs grown in 20 s separated by 5 nm AlosGaosN barriers). They reveal the presence of
micrometer-sized cracks indicated by white arrows. These cracks are mostly perpendicular to
the c-axis and progress along the a-crystallographic direction of the wire lateral surfaces. Some
cracks are slightly inclined toward up or down direction, which can be attributed to additional
strain relaxation along a-axis (€a) by the formation of kinks along the c direction, due to the
biaxial anisotropy stress of the m-plane surface (see Figure 1a). The bifurcation of the crack

line propagation will depend on the local strain, but also on the spatial coupling that can



explain bunches of orientation along the wires. Note also that the kinetics of the crack set has
to be considered: local nucleation of individual cracks do not occur at the same time and strain

relaxation dynamics should be taken into account to explain the complete process.??3

Structure A Structure B
a) = b) =
L L=
~ :S; £ - 3 2 £
8 =2 = 8 , €
8 1€ 3 [l 8 iE 5
3 =8 218 3 =g |2 8
o 6 2 i z o 3 2 .E 2
B ] [C] ]
Wire upper part g Wire upper part
Wire core Wire shell Wire core Wire shell
Wire lower part Wire lower part

Figure 2: Schematics and side view SEM images of the upper part of a) A-type wire shell
composed of GaN spacer and 5x(0.43 nm GaN/ 5 nm Alo.sGao.sN) multiple quantum well capped
by a few nanometers of GaN. b) B-type wire with 50 nm AlGaN gradient (varying linearly the
Al composition from 0 to ~30%) and a 20 nm cladding layer of AlosGao;N added to the structure
A between the GaN spacer and the heterostructure. The 0.43 nm of the GaN wells correspond
to 20 s growth time. The presence of cracks is indicated by white arrows.

For both structures A and B, a first series of samples is studied by varying the QW thickness
with the growth time. Based on TEM measurements previously performed on these
structures,'® the QW and barrier growth rates have been measured to be equal to Vow=1.3 +

0.5 nm.mint and Vparrier= 4.3 + 1.2 nm.min%, and the estimated thicknesses are therefore 5

nm for the barriers and from 2.6 to 0.2 nm for GaN QW (for growth time varying from 120 to



10s). As an example, Figure 3a shows some SEM images of the upper part of A-type core-shell
GaN wires for several GaN QW growth times (120, 60, 20, 10 s). It reveals the presence of
micrometer-size cracks (indicated by white arrows) increasing in density for thinner QW
samples. This tendency is confirmed in Figure 3b by the measurement of the linear density of
cracks as a function of the GaN QW thickness (statistics made on 50 wires, see supporting
information S3). It shows that the reduction of QW thickness from 2.6 to 0.2 nm leads to a
significant increase of the crack linear density from ~0 to 1.3 um* for the structure A and from
~0 to 0.7 um™ for the structure B. It is interesting to note that the structure B having an
additional interlayer of AlGaN compared to structure A has a lower density of cracks for the
same QW thickness. The AlGaN gradient with cladding layer probably adds a new pathway to
relax the epitaxial strain and therefore delays the micro-crack formation.** .The structural
characterization by TEM performed on a wire containing an AlGaN gradient without cladding
layer does not show other defects such as dislocations in the gradient layer and in the MQW
structure (see Fig. S2 in the Supporting Information). In addition, we note that the cracks
propagate beyond the wire core.

As reported by Einfeldt et al.,®3? the formation of micro-cracks along the a-direction is usual
in AlkGa1xN layers grown on GaN/sapphire substrates. It occurs if the Al content exceeds a
critical value, which decreases with increasing layer thickness. As demonstrated by X-ray
measurements, the crack process occurs when the average strain energy density reaches a
value beyond ~4 J/m?. Using the expression of Ueiastic from equation (3) and the elastic surface
energy threshold value of 4 J/m?, the critical thickness for a m-plane AlGaN layer depending
on aluminum composition can be calculated and results are reported in Figure 4a with a black

dashed line and squares. In this figure, no crack should be formed in the region below this line.
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Figure 3: a) Top view SEM image of the upper part of a A-type wire with QW thicknesses
changing from 2.6 to 0.2 nm (the growth time being varied from 120 to 10 s). The presence of
cracks is indicated by white arrows. b) Measured linear density of cracks as a function of the
GaN QW thickness for both A- and B-type wires. For each sample, 50 wires are considered and
error bar corresponds to 95% deviation from the mean value.

In order to simplify the calculations for the core-shell 5x MQW heterostructures, we consider
an equivalent AlGaN single layer of total thickness:

Laigan = 6 * Lyarrier +5 * LQW (4)

where Lyarrier and Lqw are respectively the barrier and QW thicknesses and, to mimic a

strain-balanced configuration, we assume that the in-plane lattice parameter of the



equivalent single layer corresponds to the Alz;Ga,_zN ternary alloy with the average Al
composition xa of the MQW period:
Xa1 = (6 * Lparrier * Xbarrier )/Lalgan (5)

with Xp.rrier the barriers composition (60% in this study).'® Thus, for each A-type samples
with different GaN QW thickness, the heterostructures is considered as a single AlGaN layer
described by the total thickness Ljjgan and the average aluminum composition Xa
(corresponding values are given in Table 2).

Figure 4a shows the calculated values of the critical thickness for an average Al-value X for
two Lparrier Values: 5 nm (blue line) and 3 nm (red line) and for several QW growth times (10,
20, 60 and 120 s). This calculation is consistent with the crack appearance occurring in type-A
samples for QW growth time less than 60 s (see Figure 3b) and validates that the elastic density
criteria threshold (4 J/m?) can be also considered for m-plane growth. The same model
predicts that a barrier thickness reduction from 5 nm to 3 nm should overcome the crack
formation (see the red line/symbols in Figure 4a). In order to validate this prediction, two new
A-type samples were grown with 3 nm-thick barrier and QW growth time of 20 and 10 s
corresponding to 0.43 and 0.22 nm thickness, respectively. The SEM comparison of 10 s QW
growth time (i.e., the most unfavorable case in terms of energy value) with 5 and 3 nm barriers
is shown in Figure 4b. As predicted by the elastic calculation model, the sample grown with 3
nm-thick barriers does not exhibit any cracks, whereas the cracks clearly occur for the 5 nm-
thick barrier sample with a linear crack density larger than 1.3 cracks per um. The
measurements of the linear crack density as a function of the surface elastic energy calculated
for the corresponding single Alz;Ga,_zN layer model shown in Figure 4c endorses the

relevance of the energetic threshold criteria. In this figure, a very low linear crack density is



demonstrated for samples with elastic energy per unit area below the threshold value of 4

J/m? as expected from the observations of c-planar AlGaN films by Einfeldt et al.

QW growth time (s) Lbarrier (NM) Xai (%) Lpjgan (nm)

120 5 42 43

60 5 49 36.5
20 5 56 32.15
10 5 58 31.05
120 3 35 31

60 3 a4 24.5
20 3 54 20.15
10 3 57 19.05

Table 2 : Calculated Al content and thickness of the equivalent single Al;Ga,_zN layer for

several QW growth time and barrier thickness.
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Figure 4: a) Calculated critical thickness of an AlGaN layer on m-plane GaN as a function of the
Al-content X (black line and symbols). Calculations for A-type wires considering an equivalent
AlGaN single layer of mean Al-value X for different QWSs growth times (120 to 10 s) and for
two barrier thicknesses: 5 nm (blue line) and 3 nm (red line). b) Top-view SEM images of the
upper part of an A-type wire with 10 s QWSs growth time and for the two Alo.6Gao.4N barrier
thicknesses. Cracks are indicated by white arrows. c) Linear crack density as a function of the
surface elastic energy calculated for a single Al;Ga,_zN layer having QW growth times
varying from 120 to 10 s and the two barrier thicknesses (5 nm, blue dots and 3 nm, red dots).
The experimental elastic density threshold (4 J/m?) determined in Reference & is indicated by a

vertical dotted line.



Cathodoluminescence (CL) experiments are carried out to investigate the optical properties
of the wires, especially the impact of the cracks on the emission. Measurements are
performed with a field emission (FEG)-SEM (working at 5 kV acceleration voltage and 1 nA
current) equipped with a helium cryostat. The CL signal is collected by a parabolic mirror and
analyzed by a monochromator coupled to a charge-coupled device detector. Wires are
dispersed on silicon substrates by mechanical scratching. A brittle fracture is favored by
dislocations generated at the sapphire/wire interface. This operation is required to prevent
light emission from any residual growth on the sapphire substrate. Figure 5a shows a SEM
image of a typical wire without cracks (A-type structure with 5 nm AlpsGao.sN barriers and
large GaN QW thickness corresponding to a growth time of 200 s) and its CL intensity map
measured at low temperature (~5 K). The CL intensity signal integrated over a range of
wavelengths from 309 to 380 nm shows the optical emission that corresponds to the MQW
shell and the GaN core of the upper part of a typical wire. Figure 5b shows a SEM image of a
typical cracked wire (also A-type structure but with 5 nm AlpsGao.4aN barriers and thin GaN QW
thickness corresponding to a growth time of 20 s) and a CL intensity maps at ~5 K: intensity
integration over the 270-328 nm range corresponds to the GaN/AIGaN MQW emission. The
whole emission is quenched at the crack locations, probably due a local decrease of the
efficiency as observed by Finot et al.?! on core-shell AIGaN/AIGaN MQWs. In our study, the CL
signal comes from the regions between the cracks, showing a strong influence of these
extended defects on the QW emission.

Photoluminescence (PL) experiments are additionally carried out on dispersed wires using a
continuous-wave frequency-doubled solid-state laser at 244 nm wavelength and a spot
diameter around 50 um, the measurements are performed using a 1 mW excitation power

leading to about 50 W.cm power density. Figure 5c presents the normalized PL spectra



measured at 5 K for four samples having similar QW thickness estimated at 0.43 nm with A-
and B-structures and 3 and 5 nm-thick barriers. It is found that the B-type structure leads to a
systematic blue shift of the QW emission and to a reduction of the full width at half maximum
(FWHM) with respect to the A-type. For both structures, we also notice a FWHM variation
between samples with 5 and 3 nm barriers. Consistent with the crack erasing, the use of
thinner barriers leads to a FWHM reduction from 320 to 280 meV for the A-type and from 250
to 225 meV for the B-type structure. Considering the above results, the use of structure B
combined with reduced barrier thicknesses provides crack-free core-shell wires with reduced

FWHM and a deeper UV emission.
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Figure 5: (a, b) SEM image of a typical single A-type wire and its corresponding CL mapping
performed at 5 K. a) Wires grown with GaN QWs for 200 s do not present any crack. b) Wires
grown with GaN QWs for 20 s present many cracks that impact the CL mapping. c) Normalized
PL spectra at 5 K of the QW emission for four samples with 20 s QW growth time for both A-
and B-type samples, and 5 and 3 nm AlosGao.sN barriers. An assembly of wires are dispersed
on silicon (laser at 244 nm wavelength and an excitation power ~50 W-cm™).

A general overview of the optical characterization of the samples is provided in Figure 6
plotting the PL energy emission of the GaN QWs as a function of their estimated thicknesses.
Horizontal error bars are calculated by considering an error of 20% on the estimated nominal

GaN QW thickness and the vertical error bars correspond to the dispersion of the PL energy

for the measurements acquired at four positions of the assemblies under the same excitation



conditions. The evolution of the PL emission energy as a function of the QW thickness is
basically consistent with the absence of quantum-confined Stark effect (QCSE) in nonpolar m-
plane MQWs. Indeed, increasing the QW thickness leads to a monotonous decrease of the
emission energy to reach the expected asymptotical value of the bulk GaN bandgap, as
previously reported in GaN/AIGaN¢ and GaN/InAIN core-shell MQWs.?* In this figure, the
experimental data are compared to the calculations (colored dashed lines) performed with
the nextnano3 software®’ using the 8-band k-p Schrédinger—Poisson method (see parameter
values in reference [36]). Lattice parameters and elastic coefficients of ternary alloys are
extracted from those of binary compounds (given in Table 1) by linear interpolation. We
modeled five periods of GaN/AlpsGaoaN MQWSs with 5 nm thick barriers with a one-
dimensional description. To estimate the influence of the strain on the optical emission of
MQWs, two cases have been considered. We calculate the emission for a pseudomorphic
growth on GaN (i.e., AlosGaosN is fully strained, green dashed line) and on AlpsGao.sN (i.e.,
GaN is fully strained, yellow dashed line). The systematic increase in the emission energy of
structure B compared to structure A is interpreted as an effect of the QW strain. Indeed, as
observed in Figure 3b, structure B shows a reduction of the crack density, suggesting that the
AlGaN gradient layer provides a partial relaxation of the strain leading to a higher strain state
for the GaN QWs. Another observation concerns the saturation of the emission energy for
both A- and B-type samples with estimated QW thicknesses less than 0.5 nm. We suspect that
the growth conditions used in this study do not favor very thin QWs of few monolayers (ML),
but rather the formation of quantum dots, as observed on the TEM characterization (see

Figure S2 of supporting Information).
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Figure 6: PL emission energy of GaN QWs as a function of their estimated thickness for A-type
(blue dots) and B-type (red dots) samples (see description in Figure 2). Measurements are
performed at 5 K on wire assemblies dispersed on silicon. Laser wavelength is 244 nm, and
excitation power is about 50 W-cm™. Samples with 5 and 3 nm AlosGao.sN barriers are
represented by full and open circles, respectively. Experimental data are compared to
nextnano3 calculations (colored dashed lines) of the GaN QWs emission in two limit cases of
strain states: GaN QWs fully strained to Alp.sGao.sN (yellow line) and fully relaxed (green line).

Conclusion:

This paper reports the crack formation generated by core-shell GaN/Alo.6Gao.sN MQWs on GaN
microwires grown by MOVPE. The presence of microcracks propagating perpendicular to the
c-axis is consistent with elastic calculations considering wire core as quasi-bulk substrate, as
similarly observed in c-planar structures. An undershell has been designed by implementing

AlGaN gradient and Alp3GaosN cladding layers grown before the GaN/AlpsGaposN MQW



structure in order to favor a progressive strain relaxation by activating other mechanisms than
crack formation (dislocation generation and interactions). While the AlGaN undershell effect
is limited, the QW thickness strongly impacts the crack formation. The key-point to achieve
crack-free core-shell structures is related to the critical elastic energy per surface unit as
previously demonstrated in c-planar growths, empirically estimated about 4 J/m?. According
to this limit, a complete vanishing of cracks is achieved when the AlGaN barrier thickness is
reduced from 5 to 3 nm. The crack-free wires exhibit improved optical properties, since the
QW emission is quenched around the cracks. The presence of AlGaN undershell favors a
systematic UV-shift of the QW emission. Emission as low as 4.4 eV (280 nm) corresponding to
the UV-B/C limit is achieved for thinner QWs. This demonstration of crack-free core-shell

AlGaN-based structure is a step forward towards wire-LED devices emitting in the UV-C range.

Supporting information:

The Supporting Information is available free of charge at XXX.

Calculation of the thermal expansion strain of an AlpsGao.sN layer on a m-plane GaN substrate;
Structural characterization of a core-shell wire by scanning transmission electron microscopy
(STEM) with the high-angle annular dark field (HAADF) method; The measurement statistics
of the linear density of the cracks.
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