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ABSTRACT

In this work, InGaN/GaN Multi-Quantum Wells (MQWSs) with strain compensating
AlGaN interlayers grown by metalorganic vapour phase epitaxy have been investigated by
high  resolution  X-ray diffraction, transmission electron  microscopy and
photoluminescence (PL). For different AlIGaN strain compensating layer thicknesses
varying from 0 to 10.6 nm, a detailed X-ray diffraction analysis shows that the MQW stack
become completely strained on GaN along a and c. The compensation is full from an
AlGaN layer thickness of 5.2 nm, and this does not change up to the largest one that has
been investigated. In this instance, the AlGaN was grown at the same temperature as the
GaN barrier, on top of a protective 3 nm GaN. It is found that the crystalline quality of the
system is progressively degraded when the thickness of the AlGaN interlayer is increased
through strain concentrated domains which randomly form inside the 3 nm GaN low
temperature layer. These domains systematically contribute to a local decrease of the QW
thickness and most probably to an efficient localisation of carriers. Despite these defects,
the PL is highly improved towards the red wavelengths and compares with the reports on
ultrathin AIGaN layers where this has been correlated to the improvement of the crystalline

quality although with less strain compensation.
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[. INTRODUCTION

InGaN/GaN QWs heterostructures have already proven theirs efficiencies in blue Light
Emitting Diodes (LED).! For larger wavelengths, due to the increased indium composition
needed, the compressive strain on the InGaN QWs is relaxed by generation of defects such as
stacking faults,>® inversion domains*® and dislocations®’ which may contribute to a fast
degradation of the optical performance. Therefore the successful fabrication of efficient
emitters in the green wavelengths range and beyond critically depends on the possibility to
growth good quality material,® and in addition to find ways of managing the Quantum
Confined Stark Effect (QCSE) which is inherent to the polarity along the [0001] direction in
wurtzite structure.® Indeed, avoiding the latter effect through the growth along non-polar
orientation has allowed demonstration of green lasers.'® However, the growth on non-polar or
semi-polar orientations would need to incorporate more indium than along the polar
orientation in order to attain a similar emission wavelength. This may lead to layers
degradation through the formation of defects, and the trade-off seems to still be at the
advantage of using polar substrates.® Along this vein, it was reported that the use of ultrathin
layers (UL) of AlGaN (1-2 nm) deposited at the same temperature (755°C) as the InGaN well
may help for the development InGaN/AlGaN/GaN based LED with high indium content in
the QW. 1!

The AlGaN UL seems to have at least three roles: (i) such a UL deposited at low
temperature might lead to improve the crystalline quality of the heterostructure.'? (ii) It also
helps to attain a higher indium incorporation up to 25 %.* However, the strain compensation
of such ULs is limited, for the investigated thicknesses (< 2.1 A), a nearly pseudomorphic
growth was only obtained for the AlosGaosN at a UL thickness of 1 A where the measured
lattice parameter is closest to that of GaN.** Interestingly, this thickness of 1 A corresponds to
the highest photoluminescence intensity as well as smallest peak width.* (iii) Finally, such
UL may help to improve the external quantum efficiency for red light emission.*?

Earlier, it was reported that the use of AlxGai-xN (x = 0.2) layers of thickness up to 10 nm,
grown at the top of the GaN barrier may also help to improve the yellow/amber light emission
of InGaN QWs and this was attributed mostly to a better crystalline quality of the MQWSs due
to the strain reduction.’® Further investigations showed that these heterostructures also
exhibited good quantum efficiency.® In this work, our aim is to report on a detailed structural

investigation of these heterostructures using High Resolution X-ray Diffraction (HRXRD)
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and Transmission Electron Microscopy (TEM) techniques in order to try to shine some light
on the dominant mechanisms that may govern the improved light emission in these systems.

II. EXPERIMENTAL

The heterostructures were grown along the [0001] direction by metalorganic vapour-phase
epitaxy on GaN/Al20s substrates (Fig. 1). In our samples, the protection for the InGaN was
insured by growing a 3 nm GaN layer at the same temperature (715°C) before increasing to
940°C for the growth of the Alo2Ga 0sN and top GaN layers. The total thickness of this
barrier (GaN (3 nm)/AlGaN/GaN) was kept to around 17 nm when varying the Alo2GaosN
thickness from 0 to 10.7 nm (samples S1 to S4), and the top AlGaN/GaN was slightly n-

doped (Si: 5x10* cm®) with the aim to optimize the emission performance.’

FIG. 1. Schematics of the investigated MQW stack.

The QW and barrier system were repeated 10 times (Fig. 1). In the first four samples S1 to
S4, the InGaN QWs have a nominal indium composition of 21% whereas in the last sample
S5, the InGaN QWs In content is 23%. The nominal characteristics of the samples are
summarized in Table | where xin is the indium composition of the InGaN QWSs, Lincan and
Lalo.2cao.sn are the widths of the InGaN and AlGaN layers, respectively. Lean-tot iS the total
thickness of GaN inside the barrier; it includes the low temperature 3 nm, grown on top of

InGaN at the same temperature.

TABLE I. The nominal characteristics of the samples

Samples Xin Lingan (hM)  Laican (NM)  Lean-tot (NM)
S1 0.21 2.6 0 15.2
S2 0.21 2.6 14 15.6
S3 0.21 2.6 5.2 11.9
S4 0.21 2.6 10.6 7.0
S5 0.23 2.6 5.2 11.9

Reciprocal Space Maps (RSM) have been recorded using a high resolution Philips X’Pert
MRD four circles diffractometer or a Rigaku Smartlab Cu high-resolution X-ray
diffractometer with a 2 bounce Ge (220) single crystal (Acuss = 1.54056 A radiation) and 9
KW rotating anode generator. RSM around the symmetric (0002) and non-symmetric (1014)
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Bragg reflections were used respectively to determine the mean c out-off plane and a in-plane
lattice constants of the MQW stack according to references.’®2° In order to verify if in plane
local relaxation is present in our samples, a direct measurement around the (1010) GaN
diffraction peak has been also performed.?

The surface morphology of all the samples was investigated by Atomic Force Microscopy
(AFM). For TEM analysis, cross sections (thickness around 80 nm) were prepared by
Focused lon Beam (FIB) FEI-660-NanoLab by decreasing energies (30 kV to 1 kV) and
currents down to few pA in order to minimise the damage. Conventional TEM was carried out
in a JEOL 2010 microscope equipped with a LaBs filament and High Resolution Scanning
Transmission Electron Microscopy (HRSTEM) was performed in a double corrected JEOL-
ARM200F.

Photoluminescence (PL) measurements of these samples at 8K and 300K were carried out
using a third harmonic of a femtosecond Ti: sapphire laser with a fundamental wavelength of
800 nm, a pulse width of 100 fs and a repetition rate of 82 MHz crosses a Tripler TP-2000B
system to form a laser beam with a wavelength of 266 nm. Then, it was focused on the
samples by a lens down to spot of about 14 um. The emission signal coming from the samples
was detected by a back-illuminated CCD camera (Andor Newton 920).1°

[ll. RESULTS

A. OPTICAL PROPERTIES

Before discussing the results of the structural investigation, we start by presenting the
PL measurements on these samples. To this end, the emission at 8K and 300K (Fig. 2) is
exhibited along with the corresponding width of the peaks (Table II). At low temperature
(8K), as soon as the AlGaN interlayer is introduced, we have a large effect for the red shift
(32 nm) and a consistent intensity increase in S1 and S2. At a thickness of 5.2 nm, when the
measured in-plane and ¢ parameters are expected to coincide with those of GaN, the shift is
smaller (18 nm) and the emitted intensity does not increase (S3). When the AlGaN layer is

10.6 nm thick, the redshift is only 10 nm, but the intensity increase is largest (S4).
FIG. 2. Low (8K) and room temperature PL of samples S1 to S5
Comparing S3 and S5, which have the same nominal AlGaN interlayer thickness, the

red shift is largest (50 nm) and the gain in intensity is consistent. However, S5 PL peak is

asymmetric; it has additional contributions on the high-energy side in contrast to the four
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other samples. At room temperature, one can compare only S2-S4, among these samples, the
corresponding PL peaks are symmetric, and the emitted intensity increases with the AlGaN
interlayer thickness. However, as can be seen, the FWHM steadily increases from S2 to S4

whereas the redshift is now only 23 nm.

TABLE I1. Photoluminescence at low (8K) and room temperatures for the 5 samples

Sample Peak WL QW FWHMat Peak WLQWat FWHM at 300K
at 8K (nm) 8K (nm) 300K (nm) (nm)
S1 515 43.4 519 76.8
S2 547 36.4 546 65.8
S3 565 48.7 562 74.7
S4 575 37.7 569 87.4
S5 615 69.5 627 146.5

At room temperature, the situation is more complex for S5 and S1; the PL signal from
sample S5 markedly decreases, it has a highly non-symmetric shape and it is not accurate to
determine the maximum emission wavelength and the peak width. In sample S1, two PL
peaks are clearly present with the green maximum at 519 eV and the smaller peak at 459 in
the blue range. Interestingly, as discussed in reference 16, the internal quantum efficiency
increases from S1 to S4, we go from 50 to 57% at 8K, and from 2.3 to 4.3% at room
temperature. Therefore, we have a clear improvement in the optical properties as brought
about by the inserted the Alo.2Gao.sN interlayers and this correlates with the increase of their
thickness. In the case of the Al rich 1 nm thick UL, it was proposed that they help to improve
the crystalline quality of the system by protecting the QW during the temperature ramp up,
also leading to a possible increase of indium incorporation.!*** In our samples, the question is

what are the mechanisms that govern this improvement?

B. STRUCTURAL ANALYSIS

The AFM image in Fig. 3(a) shows that the sample S1, which does not include any AlGaN
inside the barrier, exhibits a surface morphology with usual atomic steps, characteristic of a
two dimensional growth, interrupted by a quite low density of dislocation emerging at the
layer surface, in the form of pinholes. Their density may be correlated with that of the

5
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threading dislocations from the GaN template.!? In samples S2 to S3 (Fig. 3(b) and 3(c)), with
the AlGaN thickness increase, more pinholes form and the surface morphology is increasingly
modified. Moving to the largest AlGaN thickness sample S4, the surface exhibits not only
pinholes, that are large, but additional features have formed which are similar to trenches as

already reported in the literature.??

FIG. 3. Surface morphology of the sample S1 (a), S2 (b), S3 (c), S4 (d) and S5 (e).

As can be seen, there are also larger features which are similar to the trench defects reported
to form with densities in the range from 1x107 cm to 5x10% cm on top of multiple InxGau-
xN (2.5 nm) QWs (x10) deposited at 725-740 °C along with a 1 nm GaN protection UL before
ramping up in to 860°C for the deposition of the GaN barrier (7.5 nm), in this instance, the
indium composition x was in the 0.17-0.2 range.?? Sample S5 exhibits the same surface
morphology as sample S4 but with the In content increase we observe a larger surface
degradation. In the (0002) RSM of sample S1 (Fig. 4(a)), two contributions have been
evidenced with a main sharp peak coming from the (0002) reflection of the GaN template and
a second highest peak at lower angle relative to that of the GaN which is the zero-order peak
(SLO) of AlGaN/InGaN/GaN superlattice fringes.

FIG. 4. (0002) XRD symmetric RSM of samples S1 (a) and S4; (b); (1014) XRD asymmetric
RSM of the sample S1 (c) and S4 (d). The sample S5 (not shown here) exhibits identical
(0002) and (1014) XRD RSM to those of sample S4.

With the AlGaN thickness increase, the SLO peak gets closer to the GaN template peak and
for samples S4 (Fig. 4(c)) and S5 (not shown here) the two peaks are merged. The
corresponding extracted mean c lattice constants (Table IIl), are an average of two
(InGaN/GaN) and three (AlGaN/InGaN/GaN) different layers in the MQW stack of samples
S1 and S2 to S5, respectively. For sample S1, in the (1014) RSM we observe a very small but
detectable difference (at around 10* RLU) between the lateral positions of the
AlGaN/InGaN/GaN MQW stack fringes and the GaN template peaks corresponding to MQW
stack strain relaxation. For samples S3 to S5 (Fig. 4(d)), in the (1014) RSM, the GaN and
AlGaN/InGaN/GaN MQW stack reflections are vertically aligned showing that these
heterostructures are fully strained. Moreover, in the (1014) RSM of samples S1 to S4 (Fig
4(c) and 4(d)), with the AlGaN layer thickness increase; we observed a vertical shift of the
main SLO peak of the MQW stack towards that of the GaN template.
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TABLE I1l. Mean c and a lattice constants of GaN template and AlGaN/InGaN/GaN MQW
stack, the corresponding measurement errors are also given (Ac and Aa).

Diffraction
Sample peaks cand Ac (A) aand Aa (A)
0002 5.2041 +/-0.0002 -
MQW stack 1014 - 3.194 +/-0.001
sl Gal termolate 0002 5.1820 +/-0.0002 -
P 1014 ; 3.190 +/-0.001
0002 5.2003 +/-0.0002 -
MQW stack 1014 - 3.194 +/-0.001
S2 Gal termolate 0002 5.1821 +/-0.0002 -
P 1014 ; 3.192 +/-0.001
MQW stack and 0002 5.1821 +/-0.0002
S4 -
GaN template 1014 - 3.192 +/-0.001
MQW stack and 0002 5.1821 +/-0.0002
S5 —
GaN template 1014 - 3.192 +/-0.001

Therefore, the mean a parameters of AlGaN/InGaN/GaN MQW stack progressively settle
to that of the GaN template (Table I1I). If we now compare these a values with the theoretical
ones obtained by minimizing the elastic strain energy (equilibrium lattice a parameters of
3.199A, 3.197 A, 3.194 A, and 3.189 A for samples S1 to S4),'> we observe small differences
which go beyond the error bars from HRXRD measurements as displayed in Table III.
This may be an indication of the presence of misfit dislocations at heterointerfaces, as
previously reported in GaN/AIN MQW heterostructures.?

In our samples, with the AlGaN thickness increase, the mean c and a lattice parameters of
the MQW stack changes; consequently, the average perpendicular and parallel elastic strain
changes can be due to those in the AIGaN/InGaN/GaN MQW stack composition (In content
and/or Al content) and/or thicknesses. As the HRXRD observed in-plane strain can be the
result of local ¢ parameter changes in the different layers of the MQW stack, we further
carried out TEM analysis. As we have a repetition of ten AlGaN/GaN/InGaN/GaN MQWs,
plan-view observations are rather complex, so in the following only cross section geometry
will be discussed. Taking into account the possible defects, which form in the wurtzite
structure i.e. the 3 dislocations (a, ¢, a+c) and the corresponding partials dislocations, basal
(11, 12, E)® and prismatic stacking faults.?* In the investigated samples, no contrast of such
typical defects can be seen using g=0002. In Fig. 5, we display the images of all the samples

(S1 Fig. 5(a) to S5 Fig. 5(e)); the surface has been marked by a short white arrow. Apart from
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the fringes which correspond to thickness changes, some threading dislocations (TD) are
visible; moreover, towards the surface, additional features can be seen in these weak beam
images as marked with small inclined arrows. Their density is highly increased from sample
S1, where only one such feature is present seen in the displayed area, to S5 (Fig. 5(¢)) in
which the surface area is filled with a variety of these defects.

Many of them exhibit a small white contrast, which is elongated in the basal plane, and
some are connected to the surface. From the above micrographs recorded using g=1010, and
as we do not have any contrast using g=0002, the observed defects have only components
inside the basal planes, they can be either 1/3 <1120> dislocations or 1/3<1010> type
stacking faults. In order to determine what they exactly correspond to, let’s focus on the

surface area of sample S5 where they are found at highest density as can be seen in Fig. 5(e).

FIG. 5. A cross section weak beam micrograph with g=0110 for the samples S1 (a), S2 (b),
S3(c), S4 (d), S5 (e). Some TDs and small defects (arrows) in the surface area are marked.

Fig. 6 corresponds to such an area at a higher magnification. In the g=0002 weak beam

image (Fig. 6(a)), except the a+c mixed type threading dislocation (TD) which is visible for
the 4 used imaging conditions, the defects that form inside the quantum area are all out of
contrast. In this weak beam image, as the different layers are imaged edge on, the quantum
wells are now markedly visible (see short white arrows limiting the area) although with quite
poor resolution.
It is thus clear that the features of interest have been generated inside the area (Fig. 5(b)-(d)).
There are three such features as marked in Fig. 6(b), which is a week beam image recorded
with g= 0110 close to the [2110] zone axis; in this figure, the contrast is quite broad, but it is
clear that feature 3 which is large inside the basal plane forms a closed domain. In a next step,
the sample was tilted by 30° around [0001] to the [1010] zone axis in order to record the
weak beam image of Fig. 6(c) with g=1210 where all the a type dislocations are in contrast.
As can be seen, the domain features are now out of contrast, but some linear features (1) are
visible inside the basal plane; they could be either segments of a type screw dislocations or
most probably partial dislocations of <1010> type as they are not in contrast all around the
domains.

FIG. 6. Weak beam images of the surface area of sample S5, (a) g=0002; (b) _g:OHO close to
the [2110] (c) g=1120 close to the [1010] zone axis and (d) with g=[0110] close to the
[4223]
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From feature 1, three a type dislocations have been generated and they thread up to the
layer surface (Fig. 6(c)), two segments are also visible in the basal plane (L). In order to
confirm the domain structure, we further tilted the sample in order to have a larger projected
area in the corresponding images. To this end, the sample was tilted by 39° around the [0110]
towards the [4223] zone axis and we recorded the corresponding weak beam image (Fig.
6(d)). As can be seen, the domain features exhibit fringes which are characteristic of planar
defects with, of course, a displacement vectors parallel to <1010> directions; they form
domains which are limited by six {2110} facets. The subsequent point was to determine how
theses defects relate to the InGaN quantum wells, so we carried out scanning transmission
TEM (STEM), along with EDS.

A typical annular dark field (ADF) image of the quantum well area in S4 is exhibited in
Fig. 7. It was recorded with a camera length of 20 cm in our ARMZ200; this condition allows
revealing mostly the strain contrast as shown by the 10 QWs which come out in form of
brightest areas. In this image where a threading dislocation (TD) can be seen, three domains
(1, 2, 3) are present at the level of QWs 3 and 4 from the surface. Domain 1 has a type
dislocations (D) that propagate to the surface where a step is visible at their emergence point
(white inclined arrow) in agreement with the AFM observations (Fig. 3(c)). The domains are
not exactly inside the QWSs, they formed on top. Also, as underlined by the two horizontal
white arrows, the composition in the AlGaN layer may not be uniform; in this sample, this

dark strip towards the surface contains around 39% Al as determined by EDS.

FIG 7. ADF image of the quantum well area in sample S4, three domains (1,2,3), and QWSs
thickness fluctuations (black arrows) are visible

The other point to underline is that, for the 10 QWs, the thickness is not uniform as may be
suggested by to the nominal value of 2.6 nm as given in Fig. 1. We clearly see thickness
change from one QW to the other, and thickness variation in all the quantum wells (see black
inclined arrows). The connection of the domains and the QW is better seen through

observations at higher magnification (Fig. 8).

FIG 8. High magnification STEM images of the domain 1 area in Fig. 7, (a) ADF at a camera
length of 20 cm, (b) High Angle ADF image at a camera length of 6 cm.
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Indeed, the domain sits at the top of the quantum well and the threading dislocation seems to
emerge from its upper part (Fig. 8(a)) comparing with Fig. 8(b), which displays mostly a
chemical contrast, it can be seen that the domain is located inside the top GaN barrier. In this
particular domain, the quantum well thickness is almost reduced to zero towards the left end
of the domain. This is the same for domain 3 in Fig. 6, but as can be seen, domain 2 sits on a
uniform but slightly decreased thickness of the QW. It also should be underlined that our
structures are highly complex, the composition of the AlGaN interlayer is not uniform along
the growth direction, the white arrows point to dark areas where the Al concentration is
increased in Fig. 8(b). In the most Al rich horizontal strips, the Aluminium content can be as
high as 40% as determined by EDS measurements (for instance in the strip marked by the two
white horizontal arrows in Fig. 6). However in all these samples, we hardly approach the
nominal value of 20%, out of those random areas where the concentration is highest, the Al
concentration measured by EDS is rather around 10-12%. The situation is not simple either
for the indium distribution, which is not easy to measure by EDS, as the QW thickness varies
with a three dimensional geometry as is easily deduced from the ADF two-dimensional
projections. By acquiring more than 20 points in uniform thickness areas (as QW1 of Fig. 8),
we also find that the indium composition changes from point to point. In the measurements
that were carried out, we find for instance that the In fluctuation amplitudes can be as high as,
for instance from 15 to 23% in S1, 15 to 30% in S3, 19 to 23% in S4 and 10 to 28% in S5. Of
course, the largest amplitudes come from different quantum wells; for each sample, the
spectra were recorded using the same acquisition conditions. Concerning the defect domains,
as mentioned above, we can see them in images recorded with a large camera length (20 cm),
as they are located inside the GaN barrier, they should contain small amount of indium, if
any. Fig. 8(a) shows a high-resolution ADF image of such a domain (black arrows) with an
emerging dislocation (D) in sample S3. Locally, the thickness of the QW is only about 1 nm
and goes to zero towards the right, under the dislocation. The measured thickness of the
domain is 4.6 along the c-axis, which, when added to the 1 nm of the QW makes 5.6 nm. This
corresponds to the nominal thickness of the QW and barrier as expected from the used growth
conditions (see Fig. 1). In Fig. 9(b), we can see the EDS spectrum as acquired at the probe
position shown by the inclined white arrow in Fig. 9(a). As expected from the image contrast,

there is no indium and the only elements detected from the sample are gallium and nitrogen.

FIG. 9. EDS analysis of a domain in sample S3, (a) ADF image showing the domain (black
arrows) and the probe position during the data acquisition (white arrow). The contrast of the

10
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dislocation (D) emanating from the domain is clearly visible. (b) The corresponding acquired
EDS spectrum where no indium is present. The probe position is shown by the arrow.
Therefore, these domain defects are formed by a random local accumulation of the strain on
top of the QW with possible displacement vectors along <1010>. The strain comes from the
indium composition inside the QWs and/or from the AlGaN interlayer thickness; their density
IS seen to increase with both.

It should be interesting to know how and when these domains build up during the
growth of the heterostructures. What is clear for now is that they form inside the GaN barrier,
just on top of the QWSs. They are limited by six hexagonal facets of {2110} type and they
contain a very small concentration of indium if any (not showing up in EDS). When they
form, the quantum well geometry is modified; its thickness is systematically decreased, and in
most cases, it even can shrink to zero at one edge of the domain, mostly when a dislocations
have been generated and emerge to the surface. At these nominal indium compositions around
20%, as seen in Fig. 7, even without the formation of defect domains, the thickness of the

QWs is not uniform, and as determine by EDS, neither is the composition.

IV. DISCUSSION

Previously, the attempts to bridge the green gap using AlGaN UL for strain
management have proposed that UL should be very thin (1nm) and be Al rich ( > 40%).1+4
With their MQW structure of 3 nm InGaN QW, 1 nm AlGaN UL (Al=90%), and a 10 nm
InGaN barrier, Huang et al.2 reported an EQE of 2.9% at 629 nm and room temperature with
a FWHM of 53 nm, an injection current of 20 mA and a DC power of 1.1 W. In this instance,
the QW and the AlGaN UL were grown at 755°C and the barrier GaN was grown at 100°C
higher; the In content of the QW were estimated to 35%. The optical performance was the
correlated to an improved crystalline quality with no other V defects at the surface except
those from the GaN template dislocations.'> However, the theoretical proposal®® modelled
such ULs at the aluminium composition of 20%, and 1 nm thickness for strain compensation.
The systems were MQWs with In-content ranging up to 28%, corresponding to active regions
around 500 nm wavelength for LED applications. In this case, the In2sGazsN QW (strain:
+3.13%) was 24 A thick with the 1 nm Al.GasN (strain=-0.17%). This theoretical work
motivated our detailed investigation from the growth of the samples and optical
investigations™>!® to this microstructural study. In reference 25, it was proposed that the

tensile AlGaN barriers led to the improvement of the material quality, and to the enhancement

11
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of the electron-hole wave functions overlap. In addition, the larger conduction and valence
band offsets provided by the AlGaN ULs lead to more confinement of the carriers in the QW.
As can be seen in Fig. 10, the tensile strain introduced by the 1nm AlGaN (Fig. 10(a)) UL is
small and will not compensate the difference between GaN and InGaN (Fig. 10(b)), even
when the Al composition is 90% especially for an (In=35 %) InGaN QW (strain: +4.57%) as
mentioned in references 11 and 12.

FIG 10. The strain contribution of the various layers as related to GaN, for uniformity, the
strain is determined using the results of reference 26; (a) InGaN and (b) AlGaN alloys,
respectively.

Therefore, we investigated larger thicknesses of the AlGaN interlayer and used a
different geometry growing the quantum well and a 3nm GaN layer at the same temperature
and the AlGaN as well as the rest of the GaN barrier some 100°C higher. As seen above from
HRXRD, the MQW stack becomes completely strained to GaN, only starting at 5.2 nm
Alo2GaosN thickness, where the a and c lattice parameters do not change any more.
Interestingly, the optical properties continue to improve until the AlGaN thickness of 10.6
nm. However, as shown already by the AFM and confirmed by TEM, the behaviour of our
stack is completely different from those which consisted in the 1 nm Al rich ones deposited
directly at the same temperature as the InGaN quantum well followed by the higher
temperature growth of the GaN barriers.!"** Consequently, the improvement of the optical
properties in our samples does not coincide with that of the structural quality.

Obviously, the geometry of our systems is different from those where the growth of the
AlGaN UL took place directly on top of the QW. In our layers, this TEM investigation shows
In fluctuations, QW width and Al content variations; this certainly result on local lattice
parameters changes inside the InGaN or AlGaN layers of the MQW stack. These changes are
more important for sample S4, exhibiting the largest AlGaN thickness, and in S5 with the
largest nominal In content (23%). However, it is worth noticing that in the corresponding in-
plane grazing incidence diffraction measurement at around (1010) GaN template, for all
samples, neither broadening nor splitting of the peak can be visualized and this has been
attributed to a local partial strain relaxation.?® Therefore, both the increase of the AlGaN
thickness and the MQW stack local composition variations are sources of partial strain
relaxation in these heterostructures leading to the observed structural degradation. So this
local strain relaxation takes place in different ways without the conventional formation of

misfit dislocations as the QWs are below the critical thickness for plastic relaxation in the
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InGaN/system.?” Starting with S1 with no AlGaN interlayer and 2.65 % strain in the a
direction, we already have the formation of the small domain defects, as seen above, their
density strongly increases with the AlGaN thickness and the indium concentration. They form
on top of the QWSs, and finally generate a type threading dislocations that propagate towards
the sample surface. Rather interesting, the presence of these domains is observed to be
simultaneous with the decrease of QW thickness and even its local disappearance.

In earlier investigations of defects interaction with InGaN/GaN MQW the focus has
been put mostly on the V-defects may due to the opening of mainly a+c dislocations when
crossing the QWs,?8 or even by basal stacking faults that transform to prismatic ones? inside
the MQW area.® Indeed, as can be seen in the AFM images, we have a multiplication of V-
defects up to formation of trenches?> when the AlGaN is thickest and eve more when the
indium nominal concentration is increased to 23% (see Fig. 2 (d) and 2 (e)). However, the
domain defects that we observe in these samples may be better interpreted in the light of some
recent reports.>3132 They are only generated in the quantum well area and are not connected to
any threading dislocation from the underlying GaN template. One domain can be at the origin
of more than two threading dislocation the thread to the layer surface and terminate as small
V-defects. In reference 31, the authors reported pairs of inclined dislocation that generated
inside the QW area on top of self-supported substrates with low dislocation density; however
the possible origin of such defects was not clearly determined. A quite similar case as in our
observations was reported in reference 32, where each defect in the basal plane could be at the
origin of numerous a type dislocations. These dislocations were shown to randomly form
around the InGaN/GaN or QWs area of low indium content 7-15%, and it was proposed that
they were due to the dissociation of 1/3 <1010> 12 (Schockley) stacking faults. If now we
consider that the formation of the stacking faults is the dominant mechanism to generate these
defects, we should also take into account of the geometries and energetics. In the wurtzite
system, there are mainly 3 stacking faults (11, 12, E) corresponding to the three dislocations of
the hexagonal lattice (a, ¢, a+c). From the geometry, the first stacking mistake with the
insertion of only 1 cubic sequence would lead to the formation of the 11 (1/3 <2023>) stacking
fault, as the Shockley 12 introduces two cubic sequences in the wurtzite stacking, in
agreement with the energetic calculations.®® With the E (1/2 [0001]) stacking fault
characterized by 3 cubic sequences, the three stacking faults display their sequences in [1120]
zone axis high resolution TEM images and they all form, for instance in the low temperature
nitride buffer layers.> More recently, it was reported that the source of these a-type

dislocations from domains in InGaN/GaN layers and QWs could be exclusively due to 11 SFs
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which should be organized in way so that they can dissociate into a threading dislocations and
a new type of stacking fault named 14 was proposed to explain their formation mechanism.*
In the above reports, the position and relationship between these defect domains and the QWs
has not been clearly established. In this report, we focus on the role of the AlGaN interlayers,
however, our current investigations attempt to determine the strain relaxation mechanisms
InGaN/GaN QWs with the aim to address the green gap issue. To this end, we consider
indium composition from 15% to above 20% with the emission going until red-yellow
wavelengths. From our observations, with the improvement of the growth techniques, the
three dimensional growth with deep V-defects® can be eliminated, and the remaining issue is
probably the internal strain relaxation, which, we think, is at the origin of the formation of
these domains. In fact, they start to form at low indium concentrations, and this corresponds
to the observations reported by Meng et al.? In the early stages the domains are of various
size and mainly small and no stacking fault contrast effect can be seen in HRTEM images on
the wurtzite sequence, see Fig. 5(a) in reference 32. It would be interesting to see if the
formation of these domains depends on the growth kinetics. As seen above, they strongly
interact with the growth of our QWSs, reducing to almost and even zero their thickness. Most
probably, in our used growth procedure, where the AlGaN interlayer was deposited at the
usual GaN barrier temperature, the dynamics is completely different from what has been
reported in references 11-14, where the 4 monolayer AIN rich layer could play a more
protective role than our low temperature 3nm GaN.

If now we consider the notable improvement of the room temperature luminescence
with the increased AlGaN thickness, the domains may play an indirect role. As observed
above, they highly contribute to the generation of the inclined a threading dislocations which
are known to be detrimental to the optical properties of the QWs as locations of non-radiative
recombination.®? Interestingly, they locate on the top of the wells; at their apex, the well
thickness gradually drops to zero, and they are confined inside that the 3nm GaN low
temperature ultrathin layer. Moreover, their formation does not involve any indium
redistribution with escape from the QW. Indeed, there is no measurable amount of indium
inside (see Fig. 9). So they probably result from a dynamical distribution of the local strain.
For the moment, our work is going on to try to understand the mechanisms that may govern
the formation of these domains. If now we consider the notable improvement of the
luminescence with the increased AlGaN thickness, clearly this is not due to the crystalline
quality of the layers. Maybe, the geometry of our QWSs, which takes the form of lenses due
the strain redistribution due to the formation of these defects, could be compared with what
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has been called gross well width fluctuation®* for the emission at green wavelengths in
InGaN/GaN quantum wells. However, at this point, it is difficult to give a definitive
explanation of our PL results from the above defect analysis alone. In order to draw a final
conclusion, on-going combined optical studies are on the way to systematically determine the

influence of these defects.

V. CONCLUSION

In summary, heterostructures of Ino.21-023Gao.79-0.77N/GaN MQWs with different thicknesses
of Alo2GaosN interlayers were investigated. The emission of these heterostructures is
improved with the increase of AlGaN barriers thicknesses and for a given Alo.2Gao.sN
interlayer thickness with an In content increase at around 21%. HRXRD measurements
showed that the MQW stacks become completely strained along a and ¢ on GaN with the
AlGaN thickness. By AFM and TEM investigations, we observed a degradation of the
crystalline quality and an increase of defects density with the AlGaN interlayer thickness. In
contrast to previous reports where Al rich ultrathin layers (~1 nm) were deposited on the
InGaN QW at the same temperature before the growth of the barrier, the protection layer was
made of a low temperature 3nm GaN layer. Within this kinetically different situation, a clear
improvement of the PL emission is obtained towards the red wavelengths. We observe new
defects that are in the form of hexagonal domains which form inside the 30 nm GaN layer on
top of the InGaN QWSs without any incorporation of indium. These defects contributed to a
systematic local reduction of the QW thickness, which probably increases the localisation of
the charge carriers inside wells and may decreases the non radiative effect of the generated a
type dislocations. Therefore, it may be forecast that if this growth is well controlled, such a
process may help to improve the layers structural quality towards red light emission of

InGaN/GaN quantum wells.
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