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In the manufacture of semiconductor devices, cracking of heterostructures has been recognized as a major
obstacle for their post-growth processing. In this work, we explore cracked GaN/AIN multi-quantum wells
(MQWs) to study the influence of pressure on the recombination energy of the photoluminescence (PL) from the

:gﬁ:att‘ce polar GaN QWs. We grow GaN/AIN MQWs on a GaN(0001)/sapphire template, which provides 2.4% tensile
Raman spectroscopy strain for epitaxial AIN. This strain relaxes through the generation and propagation of cracks, resulting in a final
Photoluminescence inhomogeneous distribution of stress throughout the film. The crack-induced strain variation investigated by

micro-Raman spectroscopy and X-ray diffraction mapping revealed a correlation between the spacing of the
cracks and the amount of strain between them. We have developed a 2D model that allows us to calculate the
spatial variation of the in-plane strain in the GaN and AIN layers. The measured values of compressive in-plane
strain in the GaN QWs vary from -0.4 % away from cracks, to -0.7 % near cracks. PL from the GaN QWs exhibits a
clear correlation to the varying strain resulting in an energy shift of ~ 140 meV. As a result, we can experi-
mentally calculate a pressure coefficient of PL energy of ~ -60.4 meV/GPa for the ~ 7 nm thick polar GaN QWs.
This agrees well with the previously predicted theoretical results by Kaminska et al. in 2016 [DOI: 10.1063/
1.4962282], which were demonstrated to break down for such wide QWs. We will discuss this difference with
respect to the reduction in both the expected point defects and extended defects resulting from not doping and
growth on a GaN template, respectively. As a result, our work indicates that cracks can be utilized for investi-
gating some fundamental material properties related to strain effects.

5.11 x 107 %K~ 1 AN =572 x 10K~ [9]. By monitoring the stress
in these structures during growth, studies have shown that this inter-
facial lattice mismatch can lead to misfit dislocations and the formation
of cracks in III-V heterostructures as a mechanism of stress relief,

1. Introduction

Semiconductor nanostructures are driving the frontiers of break-
through technologies across a wide range of industries [1]. In particular,

II-nitride materials such as aluminum gallium nitride (AlGaN) alloys
and GaN/AIN heterosystems offer exciting prospects for a diverse array
of research and device applications including: deep ultraviolet photo-
detectors [2], piezoelectronics [3], quantum emitters [4], resonant
tunneling diodes [5], high-electron-mobility transistors [6] and light
emitting diodes [7]. Despite advances in nanoengineering, the fabrica-
tion of these nanomaterials is challenging due to the 2.4% in-plane
lattice mismatch and the associated stress between GaN (ag‘lN =
3.189A) and AIN (a4™ = 3.113 A). [8] This is aggravated by the 11%
difference between the in-plane thermal expansion coefficients (% =
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altering the material properties [10-13]. However, the use of an AIN
buffer has been demonstrated to suppress micro-crack generation in
ultra-thin GaN/AIN multi-quantum wells (MQWs), [14] and it has been
shown that the propagation of cracks can be prevented by performing
nanostructure growth under Ga rich conditions [15].

Superlattices (SLs) are excellent structures to study the effects of
strain build-up and relaxation, because in addition to the inherent SL-to-
substrate lattice misfit significantly affecting the mechanisms of strain
relaxion of these structures, the very thin layers make them extraordi-
narily sensitive to conditions of strain [16]. Even in the absence of
strain, the natural lack of inversion symmetry and the contraction along
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the c-axis in Ill-nitrides lead to expressive effects of spontaneous po-
larization, which create a periodic separation of charges along the
growth direction in a SL heterostructure similar in strength and structure
to common ferroelectric perovskites [17].

In the presence of stress, the additional strain-induced piezoelectric
fields mask the forward-backward band asymmetry of GaN/AIN heter-
ojunctions [18], promoting a polarization dependent band offset that
alters the luminescent energy of these structures [19]. The resulting
energy shift of the excitonic emission due to the piezoelectric field,
known as quantum-confined Stark effect (QCSE), is therefore of great
consequence in III-nitride heterostructures [20]. In particular, the band
structure engineering of II-nitride SLs via the QCSE has allowed the
optimization of blue-green light emitting diodes with improved quan-
tum efficiency by enhancing wavefunction overlap [21]. Usually,
investigation of the QCSE through the study of pressure-induced
changes to the luminescence is performed by submitting the material
to hydrostatic pressure in a diamond anvil cell [22]. The application of
hydrostatic pressure is a valuable method in the investigation of
band-to-band transitions in single crystals [23,24]. However, in the case
of MQWs, the strain in these structures is not hydrostatic, since the stress
along axial and in-plane directions differ from each other. The built-in
electric field resulting from the crystal polarization along the c-axis
changes the shape of the band structure in the QW, resulting in a shift in
transition energies. Furthermore, this allows for the tuning of the
emission energy in MQWs structures to achieve a desired optical
response to pressure, according to the size of the confined region. The
dependence on the well thickness for this response has been described in
theoretical calculations for GaN/AIN SLs, spanning across a range from
almost 30 meV/GPa to —70 meV/GPa by increasing the confinement
width of the QW from 1 nm to 6 nm. However, experimental results that
follow the predicted trend for confinement widths larger than 5 nm are
yet to be obtained [22].

Cracked SLs, alternatively, offer the opportunity of probing the op-
tical properties of a structure which is already displaying a naturally
diverse profile of stress levels, therefore not requiring the application of
external pressure, regardless of the QW confinement width. [25] In
wurtzite crystals, the in-plane cracking pattern runs along crystallo-
graphic directions of six-fold symmetry, creating a mosaic of crack lines
angularly separated by multiples of n/3 [25]. The investigation of
cracked nitride semiconductors grown on group-IV substrates, such as
Si, has indicated a significant effect of the in-plane tensile stress in the
vibrational properties of these materials [8,26-28]. The study of the
fracture-induced strain profile in cracked GaN/AIN heterostructures
grown on a group III-V template and its effect on the optical properties at
nanoscale, however, is yet to be explored. The rapidly increasing tech-
nologies based on nitrides such as 5 G transceiver devices and the
energy-saving white LEDs, which offer better performance in compari-
son with the traditional Si-based devices, has shown the promising
future of the III-V materials industry.

The investigation of the mechanical properties of these materials, at
micro- and nanoscale, is therefore paramount for advances in the science
of high-efficiency devices. Micro-Raman spectroscopy is a valuable
technique for reliable and non-destructive analysis of a wide range of
micro- and nanomaterials [28]. Due to its ability to assess spatially
resolved strain inhomogeneities at a length scale of 1 um, this technique
has been successfully employed in various studies, including histo-
pathological diagnosis [29], geochemistry studies across the globe [30],
and most recently on Mars [31]. In this work, we conducted a compre-
hensive study of the biaxial strain profile in a cracked GaN/AIN super-
lattice and its impact on structural and optical properties, such as the
pressure coefficient of PL energy for polar GaN/AIN MQWs. In doing so
we correlated the PL shift with the nonuniform biaxial strain distribu-
tion in cracked GaN/AIN. The crack-induced biaxial strain profile was
also investigated locally by micro-Raman spectroscopy using a method
based on lattice coherency [25], and on average by X-ray diffraction
(XRD), while the effect of strain on the optical emission was
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demonstrated by PL. Through the analysis of Raman spectra, we were
able to determine the local values of in-plane strain, lattice constant, as
well as the stress components along different regions of the superlattice.
By performing multiple linear mappings across the cracked regions, our
findings revealed a correlation between the amount of strain and the
spacing between cracks within these areas. By evaluating XRD recip-
rocal space maps, we found elongated satellite diffraction patterns
indicating lattice coherency affected by in-plane lattice cracking, which
displayed a clear stress-photoluminescence response. This investigation
provides valuable insights into the dynamics of crystal lattices in the
presence of fracture. In addition to exploring fundamental properties of
nanomaterials in fractured conditions, such as the pressure coefficient of
the bandgap change, we have investigated an extension of the
one-dimensional model of strain profile to incorporate a
two-dimensional non-parallel arrangement of cracks. The outcome of
this research offers a foundation for future studies on Ill-nitride semi-
conductors, demonstrating a versatile approach which can be applied to
other nanomaterials.

2. Experiment

The growth of a GaN/AIN superlattice (SL) on a GaN-on-sapphire
substrate was carried out using plasma-assisted molecular beam
epitaxy (PAMBE). The substrate consisted of a ~3 pm thick uninten-
tionally doped layer of GaN(0001) grown on ~100 nm of AIN on Al,O3
by hydride vapor phase epitaxy. To enhance substrate heating during
growth, a 1 um layer of titanium was deposited on its backside. Prior to
growth, the substrate was cleaned using sonication in acetone, meth-
anol, and isopropanol, and then introduced into the vacuum system
through a load-lock and baked at 200°C for an hour under a base pres-
sure of ~ 5.0 x 1078 Torr to eliminate water vapor. It was then trans-
ferred to an outgas chamber with a base pressure of ~ 5.0 x 107° Torr,
where it was degassed at 300°C for an hour to remove surface con-
taminants. Finally, the substrate was moved to the main growth cham-
ber with a base pressure of ~ 1.0 x 107! Torr for final heat cleaning at
830 °C for an hour. This step prepared the substrate surface for growth
and ensured constant heating efficiency. A ~180 nm unintentionally
doped GaN buffer layer was grown on the substrate, followed by the
growth of a 30-period GaN/AIN superlattice at a temperature of ~795
°C. The thickness of the GaN (7 nm) and AIN (3 nm) layers was kept
constant along the entire superlattice. After growth, high-resolution X-
ray diffraction (HRXRD) measurements were conducted using a Pan-
alytical X'Pert Pro-MRD diffractometer. Micro-Raman measurements
were performed at room temperature using a 632.8 nm He-Ne laser and
a Horiba Jobin-Yvon LabRam HR800 spectrometer equipped with an
electrically-cooled CCD camera and optical microscope. PL experiments
were conducted at room temperature using a 266 nm laser as excitation
and a nitrogen-cooled CCD camera.

3. Results and discussion

The schematic representation of a slice of the 30-period GaN/AIN
superlattice is illustrated in Fig. 1a.

The occurrence of fracture is clearly seen in Fig. 1b, which shows an
optical image of an area of 100 x 100 um? of the surface of the super-
lattice. The crack propagation closely follows the crystallographic di-
rections [1210], [1120] and [1210], with statistics with respect to a
measured orientational angle shown in Fig. 1c. The observed distribu-
tion of the spacing between cracks is also summarized in Fig. 1d, which
emphasizes the variety of stress levels the nanosized layers are being
submitted to. Likewise, Fig. 1e presents the Gaussian deconvolution of
the distribution of values of in-plane lattice constant determined from
the HRXRD reciprocal space mapping (RSM) around the asymmetric
[1124] reflection shown in Fig. 1f. The presence of a series of satellite
reflections in Fig. 1f indicates lattice coherence along the superlattice,
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Fig. 1. (a) Scheme of the 30-period GaN/AIN superlattice, where SL indicates the superlattice and TP indicates the template formed by buffer and substrate; (b)
Optical image of a 100 x 100 um? area of the surface of the cracked GaN/AIN superlattice. (c) Distribution of the angular orientation of the cracks of that area relative
to the [1210] direction, and (d) distance between cracks. (e) Gaussian deconvolution of the distribution of values of in-plane lattice constant determined from (f)
HRXRD reciprocal space mapping (RSM) around the asymmetric [1124] reflection.

while the elongation of each of those satellites as shown in Fig. le
demonstrates the nearly bimodal variation of the in-plane lattice con-
stant due to the presence of cracks.

Wurtzite IlI-nitrides, such as GaN, AIN, and InN, belong to the Cgy
point group. With four atoms per unit cell, these materials display three
acoustic (A1 + E7) and nine optical (A1 + E; + 2E; + 2B1) zone-center
phonon modes, here identified by the Mulliken nomenclature for irre-
ducible representations. In particular, the optical phonons represent out-
of-phase atomic vibrations leading to oscillating electric dipoles along
the crystal with a frequency that is fundamentally dependent on the
local features of the lattice, such as strain, carrier concentration and
alloy content. The frequency of these modes can be studied by the
technique of Raman spectroscopy in order to obtain information about
different aspects of these materials. In particular, the doubly degen-
erated optical mode, E,, represents the vibration of nitrogen atoms

relative to the metallic cation (Egigh) and vice-versa (Eé"w). The high-

frequency form, Egﬁgh, is the most intense optical mode observed in the
traditional backscattering Raman geometry. And, due to the fact that it
is very sensitive to the stressed condition of the lattice, measurements of
the frequency, o, of this mode are usually employed in the investigation
of strain, determining the in-plane lattice constant, ag;, of each con-
stituent material. These quantities are correlated through the linear

deformation potential theory, by describing the zone-center vibrational
states of the wurtzite crystal in terms of the components of the stress
tensor, and therefore to the strain associated to the deformed lattice
constant. If the layers are coherently lattice-matched, the same in-plane
agy, is maintained along the entire structure [25]. Eq. (1) illustrates this
relationship for the case of a strained wurtzite crystal, which when

relaxed displays an in-plane lattice constant ap with the Elg'gh Raman
mode at the frequency .

w — Wy

_ bCi
Z(a sz) '
J

Here, j = {GaN, AIN} identifies the material of the layer of the
coherently lattice-matched superlattice, a and b are the deformation
potentials, and C;3 and Cs3 are the elastic constants. Table 1 summarizes
the values of these parameters for wurtzite GaN and AIN [25-27].

The presence of fractures modifies the strained condition of the
crystal and creates gradients of stress relief across the film, that reduces
the in-plane tensile (compressive) strain in the AIN (GaN) layers in the
vicinity of every crack. As a consequence, the areas surrounded by lines
of cracks exhibit a local maximum value of the in-plane lattice constant

1+ @

dsy, = do, j
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Table 1
Values of relaxed lattice constant (ao), relaxed frequency of E;’i&"' mode (@), deformation potentials (a and b) and elastic constants (C;1, C12, C13 and Cs3) of bulk AIN
and GaN.
IMl-nitride ao wo a b Cni1 Ci2 Ci3 Cs3
(nm) (ecm™) (em™) (em™) (GPa) (GPa) (GPa) (GPa)
AIN 0.3113 656.7 —1011 —940 396 137 108 373
GaN 0.3189 567.4 —806 —765 367 135 103 405
exactly halfway between cracks, representing regions of minimum stress plane EX'8" Raman modes of GaN template (~ 570 cm™ '), GaN super-

relief. To investigate this relationship between biaxial strain and frac-
ture, Fig. 2a shows an area of the GaN/AIN superlattice containing
parallel cracks, with a central region about 20 um wide separated by two
lines of crack. The Raman spectrum acquired exactly on a crack is shown
in Fig. 2b, displaying the out-of-plane transverse optical Raman mode
A1(TO) of GaN near 560 cm’l, indicated by an asterisk; as well as the in-
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As seen in Fig. 2c-g, which shows the observed change in the Raman
spectrum at different positions across a region bounded by the two
parallel cracks, the E?igh mode of the superlattice layers exhibits
exceptional sensitivity to how far the probed point is from the line of
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Fig. 2. (a) Optical image of the analyzed area of point scan of the GaN/AIN superlattice, the probed locations are indicated by circles; (b) Raman spectrum acquired
on a crack, and (c)-(g) at different positions between cracks. (h)-(1) Optical images of the analyzed areas of linear scan with different distances between cracks, (m)

evolution of the in-plane lattice constant ag;, of the superlattice.
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fracture. In order to investigate the influence of the distance between
cracks on the strain profile of the enclosed region, Fig. 2h-1 presents five
areas displaying different spacing between the lines of fracture, with
lengths of approximately 6 pm to 40 pm. The evolution of the in-plane
lattice constant, agy, of the superlattice calculated from Eq. (1) is
shown in Fig. 2m, ranges from 0.3168 nm to 0.3180 nm. It is evident that
the largest values of in-plane lattice constant are seen within the central
area away from the lines of cracks. This is caused by the residual tensile
strain in the AIN layers that was only minimally released in locations
away from the cracks, creating a negative (positive) gradient of tensile
(compressive) stress in the AIN (GaN) towards the line of crack. In the
presence of parallel lines of fracture, the crack-induced in-plane stress ¢
at a position x between cracks can be determined using the one-
dimensional shear-lag model for axial stiffness by: [32,33]

o(x) = og + os[tanh(fAd / 2)sinh(fx) — cosh(fx) + 1] 2

Here, oy is the residual stress at the crack tip; oy is the saturated stress
at a location away from cracks; d is the distance between cracks; and § is
the shear-lag parameter associated with the efficiency of stress transfer
through interfaces [34], which dependents on the shear modulus G =
E/2(1 + v) of the layer with thickness t, expressed in terms of the
Young’s modulus E = o) /¢j = C11 + Ci2 — 2C%,/Cs3, and on the Pois-
son’s ratio v = Cy13/(C;1 + Cy2) of the layer [35-37]. For a
two-component system formed by film grown on a substrate, the
shear-lag parameter f associated to the film is given by g =
VGt (1201 — )/ (Bete)] + 21— 13)/(Bsts)]]  [8].  Here, the
subscript F identifies the material of the film layer, while S refers to the
substrate. However, for a superlattice formed by two layers of different
materials periodically alternated and coherently lattice-matched grown
on a template formed by buffer and substrate, the cumulative effect of
distinct structural parameters at each interface between different ma-
terials is quite complex. This can be simplified by evaluating Eq. (2)
halfway between lines of cracks, which represents the location of
maximum local in-plane lattice constant, ag; = daoj[1 + (o} /E;)], wherej
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= {GaN, AIN} and m stands for the maximum (minimum) local stress of
AIN (GaN). Due to lattice coherency, ag is valid along the entire
superlattice. Therefore, the largest in-plane lattice constant represented
by the maximum (minimum) in-plane tensile (compressive) stress of the
AIN (GaN) superlattice halfway between parallel cracks can be described
by:

a5y = ag, + (dg —ao;) (1 —sech{[(8d) / 2]}) ®)

The derivation of Eq. (3) is detailed in the Supplementary Material
file. The evolution of the local largest values of ag; in Fig. 2m, determined
by the Raman data using Eq. (1), can be perfectly fitted by Eq. (3) within
the range delimited by the in-plane values of lattice constant determined
by HRXRD (a*fP = 0.3171 nm, a*®2 = 0.3186 nm), resulting in the shear-
lag parameter p = 0.20 + 0.02nm™'. This value is very close to the
averaged approximation Bay, = (1/n)Y pap ~ 0.27 £ 0.05nm !, which
accounts for all the n = 60 interfaces along the entire superlattice, where
the value of 5 = \/(2Ga/ta){[(1 — 13)/(Eata)] + [(1 — 13)/(Ests)]} of
each interface between a layer A with respect to its lower layer B is
estimated from the set of mechanical parameters of GaN (Egony = 286 +
5GPa, Ggan = 120 £ 18GPa, vgay = 0.189 + 0.03) and AIN (Eqy = 324 +
27GPa, Gan = 133 + 19GPa, vay = 0.219 =+ 0.03) [38], with the indi-
vidual thicknesses given by tgey = 7nm and tqy = 3nm.

As an expansion of the one-dimensional model for the case of mul-
tiple lines of non-parallel cracks, we investigated the strain profile of a
two-dimensional area of 60 x 30 um? containing a region enclosed by
four non-perpendicular lines of crack forming a 36 x 23 um? parallel-
ogram, as indicated in Fig. 3a. In order to obtain the values of the in-
plane lattice constant within this region, the Raman spectrum was ac-
quired in steps of ~ 1 um along the entire area providing the frequencies
of the EX8" mode of AIN and GaN to be used in Eq. (1), resulting in a 2D

Raman map of the investigated area. The tensile (compressive) in-plane

strain profile, ANGN) within the AIN (GaN) superlattice layers along

the analyzed area is depicted in Fig. 3b-c. It is evident that the maximum
values of tensile in-plane strain in AIN are located at the center of the
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Fig. 3. (a) Optical image of the analyzed areas of two-dimensional scan of the GaN/AIN superlattice; (b) map of in-plane tensile strain e{(‘f" in the AIN layers and (c)

map of in-plane compressive strain eS@V

in the GaN layers along the analyzed area; (d) evolution of the values of in-plane lattice constant as; and in-plane

compressive strain e in the GaN layers according to the distance to the closest line of crack.
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region at locations away from any line of fracture, reaching approxi-
mately 2.0 %. A residual in-plane strain of about 1.7 % is also found on
the vicinity of the lines of the crack. Similarly, the compressive strain in
GaN exhibits values that range from —0.4 % away from cracks, to —0.7
% near cracks.

The in-plane lattice constant at any position of the 2D cracked area
can be described by adapting the 1D model defined in Eq. (3), by
considering the distance x from any location to individual lines of crack:

ag.(x) = ag, + (af;, — ao;) [sinh(fx) — cosh(Bx) + 1] 4)

The derivation of Eq. (4) is detailed in the Supplementary Material
file. As seen in Fig. 3d, the values of in-plane compressive strain in the
GaN layers of the superlattice calculated from the Raman map data can
be very nicely fitted with Eq. (4), which demonstrates the multidimen-
sional applicability of this model. This crack-induced strain diversity
modifies the resulting band structure of the GaN/AIN superlattice,
creating a non-uniform profile of the electronic potential faced by car-
riers. As a result, carriers located in areas with low density of lines of
crack experience a lower compressive in-plane strain in the GaN layers
of the superlattice than the carriers situated in regions of high crack
density due to different levels of in-plane tensile stress relief in the AIN
layers. This difference in the strained condition modifies the emission
energy of the GaN bandgap transitions, as has been shown in crack-free
III-nitride heterostructures with different levels of in-plane compressive
strain [39]. Theoretical reports have shown that the rate of change in the
direct bandgap induced by pressure, R, ", can be approximated by the
negative ratio between the volume deformation potential, aj, ## =
dEr_py/dIn(V), of an interband transition between gamma (I') and heavy
hole (HH) bands, and the bulk modulus, B = dEp/dIn(V), of a direct
bandgap semiconductor by Ry " = dEr_pu/dp [40,41]. Pressure affects
the physical properties of both bulk and nanostructured wurtzite
III-nitride materials, influencing at least their lattice constants, bandgap
energies and piezoelectrically induced polarization fields [40]. Due to
the absence of inversion symmetry in wurtzite crystals, the built-in
electric field along the [0001] direction produces an intense sponta-
neous polarization in hexagonal IlI-nitride structures. However, in the
case of QW structures, this spontaneous polarization is accompanied by
an additional strain-induced piezoelectric polarization that modifies the
built-in electrical field and leads to a change in the potential felt by
carriers, consequently affecting very sensitively the resulting transitions
between energy levels, ultimately dominating the effective bandgap of
the QW nanostructure. As an example, Strak et al. quantified the
pressure-induced variation of the physical properties of GAN/AIN
MQWs by analyzing the nonlinear susceptibilities, and obtained distinct
pressure dependencies for both bulk and MQW structures [40]. This has
been also investigated in detail by Kaminska et al. while studying the
essential role of piezoelectric fields on the pressure coefficient of polar
MQWs structures [22], and by Teisseyre et al. showing that non-polar
GaN QWs exhibited transition energies defined solely by quantum
confinement, and similar pressure dependence to bulk GaN [45].
Kaminska et al. showed that non-polar GaN/AlGaN structures of 2-4 nm
grown along the a-plane (1120) direction displayed pressure coefficients
of 40-42 meV/GPa, similar to bulk GaN, as opposed to 12-28 meV/GPa
for polar GaN/AlGaN structures of same thicknesses grown along
c-plane (0001) direction [42]. As the role of the quantum-size Stark
effect increases as the thickness of the QWs increases, the predicted
values of the pressure coefficient of polar GaN MQWs structures drop
rapidly, even becoming negative, as reported by Kaminska et al. from
about 24 meV/GPa for 1 nm wide GaN QWs, to almost —60 meV/GPa for
6 nm wide GaN QWs [42]. Experimentally, it is usual to determine the
value of the pressure coefficient using one of two methods: by directly
applying external pressure on the material using a diamond anvil cell
and simultaneously tracking the resulting change in bandgap emission
[22]; or else by evaluating the bandgap emission of a set of samples of
the same type of material but with different levels of strain [42]. A
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cracked superlattice, however, offers the advantage of having in the
same sample a continuum gradient of values of strain, which as a result
will lead to a gradient of spatially correlated bandgap emissions from the
same crystal. This is seen in Fig. 4a that shows the PL emission of the 7
nm GaN layers of the superlattice, which data were acquired at regions
of different levels of crack density.

In contrast to the micro-Raman measurements, the probing laser of
the PL system used in this study has a spot size that is larger than the
spacing of the lowest density cracks. Since the superlattice had a
nonuniform distribution of crack densities along the surface, multiple
random locations were analyzed across the surface of the film, in order
to identify the minimum and maximum values of the range of PL en-
ergies of the GaN QWs, which should correlate with the maximum and
minimum values of the strain, respectively. This spatial sampling
resulted in a set of PL spectra between ~2.90 eV and ~3.04 eV. As seen
in Fig. 4a, these spectra were sorted and qualitatively assigned to areas
of different crack densities. Higher crack density results in low residual
tensile (compressive) in-plane (out-of-plane) strain in the AIN layers and
high compressive (tensile) in-plane (out-of-plane) strain in the GaN
layers, creating an environment of nonuniform pressure within the GaN
QW layers of the superlattice. The quantum confined Stark effect
sensitively affects the optical properties of the GaN MQWs, therefore the
consequent variation of the piezoelectric polarization within the polar
GaN QWs shifts the I" and HH energy levels. These effects have been
shown to result in a linear shift of the PL with strain for similar samples

Wavelength (nm)

460 450 440 430 420 410 400 390
T

I I I I I I I
[ [ 1ENSIL

(a) AEp, = 140 meV e

PL intensity

Energy

TT T T[T T T T TTTT

&Y
[ -60.4 meV/GPa %‘

Quantum well oSN (GPa)

Fig. 4. (a) PL spectra from locations of the GaN/AIN superlattice with different
crack density. (b) Schematic diagram of the band structure along one period of
the superlattice. (c) Evolution of the photoluminescence emission due to
different levels of in-plane stress in the superlattice.
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by Kaminska et al. [42]. For our samples, this has resulted in the ~ 140
meV shift in PL seen in Fig. 4a. Areas of high (low) strain in the GaN QWs
result from low (high) crack densities, exhibiting a large (small) shift in
GaN PL emission. The schematic diagram of the band structure along
one period of the superlattice is presented in Fig. 4b. As shown in Figs. 2
and 3, the observed range of in-plane compressive strain in the GaN
layers of the superlattice is approximately —0.4 x 10~ between areas of
low and high crack density. This value is equivalent to a variation of
about 2.4 GPa in the stressed condition of the in-plane lattice constant of
the GaN layers. Based on the linear approximation of the susceptibility
of physical parameters of GaN/AIN systems to pressure defined by Strak
et al. using ab initio calculations [40], the variation in PL emission was
associated to the change in stress by AEr _ yy/Ap=~ —60.4 meV/GPa for
the 7 nm thick GaN layers of the GaN/AIN superlattice. The distribution
of values of PL emission and stress is shown in Fig. 4c, where the error
bars originate from the experimental measurements.

This estimated value of —60.4 meV/GPa is very similar to the pre-
dicted value of —61.5 meV/GPa from Kaminska et al. [22] that was
calculated from density functional theory using the Vienna ab Initio
Simulation Package considering hydrostatic strain and the effects of
screening of the built-in electric field by free carriers in a 40-period
GaN/AIN superlattice with 6 nm (4 nm) thick GaN (AIN) layers. In
fact, for wider wells, the experimental results of Ref. [22] no longer
matched their theoretical predictions, which matched quite well for
narrower well. This was proposed to be the result of the luminescence in
the wide QWs being governed mainly by defects due to the greatly
reduced oscillator strengths and indirect nature of the excitons in the
wide wells. This dramatically reduced the observed lifetime and less-
ened the influence of increased pressure. Samples in Ref. [22] were
grown on AIN templates with the GaN QWs of the superlattice doped
with Si to greater than 10'° cm™3. Our sample was grown on a GaN
template with no doping. These differences should account for more
than an order of magnitude less threading dislocations [14] in regions
far from the observable cracks and many orders less point defects in our
QW layers, respectively. As a result, we believe this expected dramatic
reduction in defects allows for our results to more closely represent the
ideal theory of the wide QW as set forth by Kaminska et al. [22].
Different values, such as 43.7 meV/GPa [43], 38.9 meV/GPa [44] and
11.7 meV/GPa [45] have been reported respectively for GaN in the form
of microcrystals, a 3 pm thick bulk-like film, and 4 nm thick QWs ina 3
period superlattice of GaN/AlGaN.

4. Conclusion

In this study, we explored cracked, 7 nm thick, polar GaN/AIN multi-
quantum wells (MQWSs) grown on a GaN(0001)/sapphire template to
analyze how pressure affects the photoluminescence (PL) energy. As
observed through micro-Raman spectroscopy and X-ray diffraction
mapping, the strained structure, which had relaxed via crack formation,
demonstrated an uneven stress distribution along the film, indicating a
correlation between crack spacing and strain. Based on this, we devel-
oped a 2D model for calculating the in-plane strain variation in the GaN
and AIN layers. The measured values of compressive in-plane strain in
the GaN QWs measured away from the cracks varied from -0.4 % in an
area of low crack density, to -0.7 % in an area of high crack density. PL
from the GaN QWs exhibited energy shift of ~ 140 meV, which was
correlated with the difference in strain values across the surface of the
sample. As a result, we experimentally determined a pressure coefficient
of the PL energy of —60.4 meV/GPa for the 7 nm thick polar GaN QWs.
This agrees well with the previously predicted theoretical results, which
were demonstrated to break down for such wide QWs. This is generally
understood to be the result of growing a more idealized structure,
reducing both point defects and extended defects by not doping the QWs
and growth on a GaN template, respectively. Therefore, our work in-
dicates that cracks can be utilized for investigating fundamental mate-
rial properties related to strain effects in nanostructures.
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