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ABSTRACT

We measure the shapes of the photoluminescence (PL) emitted on the edge of a series
of aluminum-rich (Al,Ga)N-AIN quantum wells (QWs) grown by Molecular Beam Epitaxy on
AIN templates deposited by Metal Organic Chemical Vapour Deposition on c-plane sapphire.
We study the shape and the spatial orientation of the emission diagrams for 2 nm-thick (Al,Ga)N
QWs grown for aluminum compositions ranging between 40 and 90 percent. The light emitted
on the edge of the QWs at wavelengths going from 280 nm down to 209 nm is characterized by
a switching of the orientation of the long axis of the emission diagram, a change from oblate to
prolate in the in-plane orientation for an aluminum composition is found to occur around 72 %
i.e. at a wavelength of about 235nm. The orientations and shapes of the edge emission diagrams
indicate that the composition-dependent fluctuations of the (Al,Ga)N confining layer are deep
enough for producing intra-valence-band mixings. This property, that act in concert with the
built-in strain and Quantum Confined Stark Effect contributes to the anisotropy of the light
emission when the aluminum composition reaches 60-70 percent (i.e. for an emission

wavelength of 260-235 nm).



1. Introduction

There have been a lot of motivations for many years now, in order to realize efficient
compact solid state light emission devices emitting radiations in the 400-200 nm range or
ultraviolet (UV) part of the electromagnetic spectrum [1]. This activity has stimulated
applications in the fields of information technologies, high resolution imaging, food industry.
They are now extending towards the areas of clinical and fundamental biology[2]. We wish to
emphasize that, in contrast with the other UV radiations, ultraviolet of the C type (UVC)
radiations with wavelengths near 230 nm, do not penetrate deep into the skin and this prevents
them to provoke unwanted (and sometimes deleterious) burnings of the sane tissues of an organ
under a photo-medical treatment [3-6] , while intercepting efficiently the targeted pathogen
agent. The complexity of the biological science requires different wavelengths with different
penetration depths of the radiations to eradicate the large variety of pathogen targets of interest.
As an example UV light at 220-230 nm (UVC) has a shallow penetration depth, and inactivates
viruses (it can destroy DNA and proteins of the viruses’ cell membrane which sizes are in
general below 0.1 pm in diameter). It cannot penetrate deep and provoke damage to human
skin cells that are much bigger, of the order of 10-30 um in diameter. Wavelengths shorter than
222 nm have a very shallow penetration depth that prevents them from penetrating into corneas,
the outermost layer of human eyes and this is useful for surface treatments of the stratum
corneum. Besides, and still considering ophthalmology, wavelengths above 230 nm penetrate
deeper in the eyes. Therefore, UVC lights of 254-270 nm wavelengths have to be used very
carefully as they are able to damage the eyes and for instance can enforce incurable diseases
like macular degeneration.

The group III element nitrides semiconductors are the basic building blocks of this UVC
technology currently under intense consideration. The relevant material for that purpose is an
aluminum-rich solid solution of (Al,Ga)N with a controlled metallic composition. Various
compositions of such an alloy (and eventually the binary phase AIN) are assembled together to
form semiconductor heterostructures that are at the heart of UVC light emitting devices|7] .
However, to realize such devices, it not only required to extend mutatis mutandis the mature
technology of blue light emitting diodes (LEDs) based on GaN alloyed with indium to the
(Al,Ga)N alloys. There are specific issues linked to (Al,Ga)N, like there are also obviously
specific ones linked to (In,Ga)N. For the (In,Ga)N route, the main technological solutions have

been found. The processes are almost routine and the real issue seems today to sit in the area



of ultimate optimizations. The electrical injection in the active (In,Ga)N layer(s) is currently the
subject of sophisticated quantitative numerical modellings beyond the scope of the effective
mass approximation|[8-12].

Regarding UV and (Al,Ga)N-related devices, the electrical injection requires different
technologies for contacting both sides of the active part of the LED[13] that are not fully
controlled at the time being. Although contacting the n-type is fairly easy, this is absolutely not
the case for the p-type layer[14] . To make the story short here, due to the increasing localization
energy of the p dopant Mg in (Al,Ga)N with increasing the Al composition [15,16], a limited
amount of the incorporated Mg impurities is electrically active. The Mg-doped layer is modestly
p-type, and the ohmic contact with an ad-hoc metal generally exhibits very poor performances.
As a result, part of the electric injection energy is transformed into heat with deleterious
influences on the lifetime of the contact[17] .

Again, to target the range of small wavelengths, aluminum barrier layers and an
aluminum substrate (or a pre-prepared pseudo substrate) are required. The growth of such
materials has not reached the degree of perfection of the growth of GaN, although considerable
progresses have been made[18, 19]. The materials are much more defective than those for the
blue LED technology, and there are much more losses due to the non-radiative recombination
of carriers on dense topological defects.

A specific issue that has been identified for (AL,Ga)N is the switch of the symmetry of
the topmost valence band that occurs for a 10-percent aluminum composition in the bulk [20-
22] and for a 60-percent aluminum composition in (Al,Ga)N lattice-matched to AIN [23]. There
is then a crossover in the 260 nm range for emission of a TE-polarized (significantly strong)
light to a (weak as it is forbidden) TM-polarized one [24-26], at a critical composition > 60
percent in aluminum in these latter strained-layer nitrides. For shorter wavelengths, a
continuous and rapid collapse of the emission intensity is measured that has been interpreted in
the context of the elementary K.p description in terms of the effects of the valence band
symmetry[27-58] .

In this article we study the shape and the spatial orientation of the emission diagrams
for (Al,Ga)N-AIN quantum wells (QWs) grown for aluminum compositions ranging between
40 and 90 percent, for which light is emitted from 280 nm down to 209 nm. We clearly show
from careful photoluminescence measurements on the edge of the quantum well, that the
orientation of the long axis of the emission diagram switches from oblate to prolate in the in-

plane orientation. By contrast, it turns from prolate to oblate along the growth axis orientation



when the aluminum composition reaches and/or exceeds compositions of 70-75% (for emission
wavelengths below about 230 nm), reaching a degree of polarization (DOP) of -71% (resp.-
68%) at 219 nm (resp. 209 nm). The emission diagrams recorded on the edge of the samples
which emit light around 260 nm are almost cylindrical and/or weakly oblate in the growth
direction. The emission diagrams recorded in the growth plane are perfectly cylindrical
whatever the aluminum composition. Such a behavior is universal for (Al,Ga)N-AIN
heterostructures and it was previously reported for quantum dots (QDs) as well, but the Stranski-
Krastanow growth modes of QDs prevented us to grow low dimensional systems with
aluminum compositions higher than 70-75 percent [23].

We demonstrate experimentally that neither the shapes of the emission diagrams
recorded for edge emission nor the evolution of the Full-Width at Half Maximum (FWHM) of
the photoluminescence (PL) lines can be interpreted quantitatively in the framework of the k.p
description of the band structure of the QWs. This statement also holds concerning the DOP of
the light emitted on the side of the heterostructures. To go further than what has been done
before, we have here considered the statistical disorder of Al and Ga incorporation in the
metallic sub-lattice in order to interpret qualitatively the evolution of the PL FWHM as a
function of the aluminum composition in the QW. This permits to quantitatively implement the
predictions of the k.p calculation: the intrinsic statistical disorder introduces local fluctuations
of the energy landscape[10] that localize the photo-created excitons in specific parts of the
energy landscape of active device [59,60]. The amplitude of such spatial fluctuations of the
energy landscape increases with the Al content of the (Al,Ga)N alloy, passes to a maximum
around 60% aluminum [simultaneously with the occurrence the maximum of intra-valence band
mixings due to the built-in stress in the (Al,Ga)N alloy], and decreases till vanishing for AIN.

The fluctuations of this energy landscape break the translational symmetry of the lattice
at short scale. They can be expanded along appropriate and specific irreducible representations
of the wurtzite point symmetry-depending if one considers fluctuations along the growth
direction or in the growth plane. These fluctuations of Al composition mix more or less strongly
the different valence band states of the simple k.p description, based on the theory of
translational invariants in the wurtzite symmetry [23,61,62] and contribute to the distortion of
the shape of the emission diagrams. The effect is found to be particularly strong in the conditions
of maximum valence band mixings that is to say for a PL emission near 260 nm. The Internal
Quantum Efficiency (IQE) is thus underestimated as well as the External Quantum Efficiency

at these wavelengths. Beyond the frame of this semiquantitative description, we come to the



conclusion that full numerical revisitation of the physics of UV emitting III-Nitrides LEDs
according to what is applied to blue LEDs is mandatory in order to determine precisely the real

IQE and the real performances at a given wavelength.
2. The Growth and Structural Characterization of the Samples

A well-known technique of ammonia (NH3) pulsed-flow multilayer growth was adopted
to grow AIN templates on c-sapphire substrate [63,64] . The epitaxial quality of the home grown
AIN template on c-sapphire was confirmed by X-ray diffraction (XRD), where the FWHM
values of the X-ray diffraction rocking curves (XRCs) along (0002) and (10-12) planes
respectively, were reduced to 150 arcsec and 388 arcsec. The total dislocation densities (TDDs)
is estimated to be TDDs ~ 1x10% ¢cm™2 [63,64]. The root mean square (RMS) values of the
surface morphology were observed by high resolution of Atomic Force Microscopy (AFM),
which is remarkably decreased to 0.641 nm, as shown in figures 1(a) and (b). The surface steps
and terraces at the atomic resolution level were observed, as shown in figure 1-(b) and the insert

of figure 1-(c).

(a) 5pum x Spm (b) 1um x 1um (c) Spum x Spum
Insert: 1um X 1um

Figure 1: (a) and (b) : AFM images of the surface morphology of AIN template on csapphire
substrate with (a) 5 pmx5 pm and (b) 1 umx1 pm scan areas. (¢) AFM image of the surface after the
growth of an (ALGa)N QW with an aluminum composition of 70%. The scale of the insert of figure 1-
(c) is 1 pumx1 pum. The value of the root mean square (RMS) roughness is 0.2 nm with an average

terrace width of 70+20 nm.The step height is 1 monolayer.

After the fabrication of the AIN template on sapphire by MOCVD, the sample was
introduced into a Molecular Beam Epitaxy (MBE) reactor for the fabrication of AlyGaixN QWs



buried in AIN. At first, a 30-nm thick AIN layer was regrown on the AIN template at a
temperature of 870°C in order to prevent from the influence of a possible surface contamination
layer. Then, the series of six different QW active regions, with xai varying from 0.4 to 0.9, was
grown as follows: the AlxGai«N layer was deposited at a growth rate of about 0.3 MLs! and at
a temperature ranging between 840°C and 875°C, depending on the xa1 value, with the lowest
temperature for the AlxGaixN layer with the lowest xai, and the highest temperature for the
AlxGaixN layer with the highest xa1. Finally, a capping layer of 30 nm of AIN was grown and
the sample was cooled down before removing it from the MBE reactor. Based on the in-situ
RHEED measurement, a diagram made of streaky lines was continuously observed that is
characteristic of a 2D growth mode [23]. The deposited thickness was ranging between 7 to 8
monolayers (MLs), with one ML corresponding to an average thickness of about 0.256 nm.
AFM measurements have also been performed to characterize the surface morphology of the
structures, showing surfaces made of surface monoatomic steps and smooth terraces, with a
typical Root Mean Square (RMS) roughness of 0.2 nm and an average terrace width of 70120
nm and a step height of 1ML, as indicated in figure 1-(c).

3. The Plate-form of Optical Spectroscopy

The photoluminescence set-up has been described in reference[23]. The PL signal was
excited with the fifth harmonic (corresponding to a wavelength value of 212.8 nm) of a Nd: YAG
laser with passive Q-switching, resulting in a pulse width of the order of 1 ns and a repetition
rate of 10 kHz. The laser average power on the sample was set to 50 uW. The PL was collected
with an achromatic set of off-axis parabolic mirrors. The photoluminescence beam was then
collimated and we placed between them a half wave-plate operating between 240 and 300 nm
inside a computer-controlled motorized rotation stage. For the excitation of samples with
nominal compositions of 78%, 80%, 85% and 90% we used the fourth harmonic of a cw mode-
locked Ti:Sa oscillator with a repetition rate of 80 MHz tuned at frequency corresponding to a
wavelength of 196 nm, and polarization optics that consist in components fabricated by
Kogakugiken [65] from an MgF> single crystal : a Rochon polarizer and a rotating half-wave

plate which is achromatic in the spectral range of 160-250 nm, typically.

4. The Quantitative Evidence of the Influence of the Alloy Disorder on the

Photoluminescence of Quantum Wells and its Interpretation

In figure 2 are plotted a series of PL spectra recorded at low temperature for Al

compositions in the (Al,Ga)N QWs with Al compositions in ranging from 40% up to 90%. The



photo-excitations of the carriers have been realized with two different radiations, namely at 213
nm (corresponding to an excitation energy below the energy of the fundamental gap of the AIN
barrier) and at 196 nm for the four highest compositions (corresponding to an excitation energy
above the energy of the fundamental bandgap of the AIN barrier). The emission wavelengths of
the 78%, 80%, 85% and 90% QWs Al composition are 230 nm, 219 nm, 215 nm and 209 nm
respectively on our AIN templates grown on c-sapphire substrate. The PL spectral intensity from
an (AL,Ga)N-AIN QWs primarily depends on the crystalline quality of the overall MQWs
structure as well as crystal quality of AIN template. The magnification coefficients bridging the
two photo-excitation conditions have been obtained using a complementary PL experiment on
the 75% Al composition QW. The 230 nm to 200 nm region in figure 2 is very crowded. Please
note the PL emission at 205 nm that is identified as the PL related to AIN [66] . We remark a
rapid collapse of the PL linewidth from 40% until 90%. We also remark the asymmetry of the
PL lines towards low energy that is replaced by the clear observation of three (~ 100-110 meV
split) phonon replicas for the 78% , 80% and 85% Al composition QW samples (Huang-Rhys
factors of 0.60, 0.40 and 0.37 respectively) and only two (Huang-Rhys factor of ~ 0.16) for the
90% Al composition QW sample. Observation in accordance with the decreasing of the signal

to noise ratio as visible in figure 2.
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Figure 2: Normalized PL spectra of six QWs for aluminum nominal compositions of the (Al,Ga)N

confining alloys of 40% (blue) , 60% (orange), 70% (green) ,75%, (magenta), 78% (dark grey) , 80% (violet), 85%



(green) and 90% (silver). Note the AIN emission at 205 nm. PL spectra were recorded either in conditions of below

barrier energy photo-excitation at 213 nm, and above barrier photo-excitation at 196 nm, as indicated in the figure.

The line shape fittings of the PL spectra for samples with 80% and 90 % Al composition QWs
are offered in figure 3(a) and 3(b). We interpret the observation of resolved phonon-assisted
overtones , not reported so far, on the one hand to the quality of control of the interfaces during
the MBE growth protocol on an excellent quality substrate, and on the other hand, in terms of
a reduction of alloy broadening effects at high Al composition as will be discussed below.
Gaussian fits of the zero PL (ZPL) features are 38 meV, 29 meV, 24 meV and 20 meV for QW
samples with Al compositions of 78%, 80% , 85% and 90 % respectively. For the lower Al
compositions we have also performed similar Gaussian fits of the zero PL features taking a lot
of care for having a close description of the PL shape at the high energy and adding overtones
at lower energy for describing the low energy PL wing. From these fits, we can propose the

values of the FWHMs of the ZPL for the all compositions that are represented by red spheres

in figure 4(a).
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Figure 3: (a) PL spectrum (violet) of the 80% QW and its line-shape fitting (green) using a gaussian function with
a value of the o parameter of 29 meV and Huang-Rhys factor S = 0.4. (b) PL spectrum (silver) of the 90% QW
with zero-phonon emission at 209 nm and its line-shape fitting (red) using gaussian function with a value of the o

parameter of 20 meV and Huang-Rhys factor S = 0.16. Please note the narrower AIN emission at 205 nm

In equation (1) is reproduced the theoretical expression of the alloy-induced broadening
estimated according to the heuristic method proposed by B.1. Halperin and M. Lax, [67], S.D.
Baranowski and A.L. Efros [68]. This was recently reviewed by S.D.Baranovskii et al. [69] for

formulating the broadening of the excitonic line probing a disordered material.



1 a()tm® 12 .
Eo() = oy x2(1-a?) (1)

In this equation, x and 1-x respectively represent the probability for Al and Ga atoms to
randomly occupy one of the site of the metallic sublattice of the AlxGaixN alloy, a(x) represents
the derivative of the composition dependence of the bandgap of the AlxGaxN alloy, M is the

excitonic mass , and N is the density of atomic sites. There are for instance six III-N formulae

in the hexagonal prism of dimensions a and ¢ which leads to the following expression of the
_4
a?¢y3’

In figure 4 (a) we have plotted the evolution of Eg(x) versus x in blue and magenta for different

density of atomic sites N =

conditions that will be detailed below and we have plotted using red spheres the evolution of
the FWHM the high energy part of the PL features of the (ALLGa)N QWs. This method permits
to get rid of uncontrolled deep defects that are created in the alloy and mask the contributions
of the different phonon overtones to the PL in the low energy wing of the PL emission. The
numerical calculation in blue was done with the following parameters: Eg(AlxGaix N) =
6.2x+3.4(1-x) — bx(1-x) with b = 0.8+0.2 eV , which gives a = 2(1+ 0.8x); N = 4.38 10?® m™®
and the value of M was averaged to M = 1.5 in units of the electron mass at rest through the
whole composition range. Calculation in magenta corresponds to a bowing parameter b = 0.9
eV. Red spheres represent the evolution of the FWHM of the high energy part of the PL features
of the different (Al,Ga)N QWs. To obtain a reasonable picture of what happens in the low
aluminum composition range and to get rid of the strong QCSE effect that (ALGa)N QWs
lattice-matched on AIN experience in such case, making the FWHM to have a dominantly
different origin than for the high aluminum composition range [70-71], we have also plotted
the green spheres that correspond to PL emissions recorded on 2um-thick non-intentionally
doped (ALGa)N layers grown by MOVPE on sapphire substrates [72]. This data does not
depend on the strain at first order, it nicely matches with the calculation, and it substantially
enriches the agreement between the experiments and our interpretation below. We remark an
astonishing departure of the maximum broadening from the value of 50% obtained by a
binomial distribution of atoms. It arises from the nonlinear composition dependence of the
bandgap of the GaN and AIN binary compounds and this composition is ruled by the value of
the bowing parameter that describes the composition dependence of the band gap of (Al,Ga)N
alloy[73]. Note that in the case of (In,Ga)N, the different values of the bandgaps of the binaries

and of the bowing parameter locate this maximum at an indium composition of 20% [74].



In figure 4 (b) we plot the evolution of the valence band energies in (Al,Ga)N alloys
lattice-matched to AIN versus the aluminum composition, together with green bars that indicate
the theoretical values of the alloy broadening for each of the different nominal compositions of
our series of samples. It is worthwhile noticing the large value of the alloy-induced broadening
compared to the valence band splitting in the case of lattice-matched (Al,Ga)N QW layers to
AIN have dramatic consequences in the 50% to 75% Al composition range, that is to say in the
emission wavelength range of 280-230 nm. Indeed, within this range, both alloy broadening
effects and built-in strain-induced effects are the most dramatic and act in concert for impacting
the whole lightmatter interaction process. Treating such fluctuations of potential as a
perturbation of the Bloch states, within the framework of a perturbation for getting meaningful
envelope function is not acceptable in the range of compositions when the inter-band splitting

is smaller than the disorder-induced perturbation.

T T T T T T 0.1

100 _

>

©

80 Py

s = o

st T £

é 60 | §
=

z 2

S

o 40p =

£

w

>

20 >

FWHM b=0.8eV, b=0.9 eV E Al Ga, N layer strained on AIN substrate
0 L I I N -0.3 L L L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

Aluminum Composition in the Active Layer Aluminum composition of the substrate

Figure 4: (a) Evolution of the quantity Eo (x), which characterizes the strength of the alloy-induced broadening
obtained using equation 1 (blue). The numerical calculation in blue was done with the following parameters:
Eg(AlGaix N) = 6.2x+3.4(1-x) — bx(1-x) with b = 0.8+0.2 eV , which gives a = 2(1+ 0.8x); N =4.38 10%® m™ and
the value of M was averaged to M = 1.5 in units of the electron mass at rest through the whole composition range.
Calculation in magenta corresponds to a value of b=10.9 eV. The red spheres represent the evolution of the FWHM
of the high energy part of the PL features of the different (Al,Ga)N QWs. The green spheres correspond to PL
emissions recorded on thick non-intentionaly doped AlGaN layers grown by MOVPE on sapphire substrates [72].
(b) Evolution of the valence band energies versus the aluminum composition in case of (Al,Ga)N lattice-matched
to AIN (black, red and blue) together with a representation of the alloy broadening effect (values of Eo) in dark

green.

For lower aluminum compositions, the lattice mismatch and the chemical contrasts
between (ALGa)N and AIN are strong and the huge QCSE combined with unavoidable
fluctuations of the thicknesses of the QWs dominate the physics of the FWHM][70,71]. Potential
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screening effects may blur the contribution of the alloy disorder. For such compositions time-
resolved spectroscopy is much more adapted than cw PL for measuring the actual value of the
FWHM. For that reason we used when it was possible below barrier energy photo-excitation
(213 nm) to limit the absorption of light and the density of photo-created carriers susceptible to
diffuse from the barrier layers to the QWs. Quantum wells with lower Al contents, i.e. below

40%, that emit at longer emission wavelengths were thus not studied here.
5. Edge Anisotropy of the Emission Diagrams of these Quantum Wells

A series of emission diagrams recorded the eight (Al,Ga)N QWs samples is offered in
figure 5(a), which shows the evolution of the distortion from an Al composition of 40% to an

Al composition 0f90%. The degree of polarization is defined as the fraction:

pop = 2= ()

ILy+1,
where I, and I, are the PL intensities measured under on-side collection, in the in-plane (y) and
on-axis (z) conditions of polarization of the incident photon. It is worthwhile noticing that
introducing the half-wave plate and polarizers in MgF> (for 78%, 80%, 85% and 90% Al
composition QW samples) reduces the PL intensity for intrinsic geometrical reasons and we
only obtained the DOP with a large signal to noise ratio that prevents us to accurately measure
1,,. Thus, as the -71% value of the DOP measured for the 80% sample is robust [see the spectra
in figure 5(b)], the DOP value we propose for the 90% is -68%, but it is probably not
consolidated due to the low  signal to noise ratio [see figure 5(c)] specifically for the
measurement of y-polarized PL. This statement also holds for the DOP of the sample emitting
at 215 nm (-56%). Noteworthy, the anisotropy of the PL emission of AIN follows the predictions
of the selection rules with a PL intensity that cannot be extracted from the experimental noise

in the case of forbidden polarization emission.
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polarization and under y (black plot) polarization conditions. The black feature is magnified by a factor 5.2 which

corresponds to a DOP of -68 percent.

In figure 6 is reported the experimental evolution of the DOP reported for our series of (AlLGa)N
QW samples, which are compared to samples grown by MOCVD [29], and by MBE, and MBE-
grown QDs [26]. The consolidated measurement of the DOP at 219 nm indicates a value of -71%.
It means that a substantial amount of the total light emitted on-side with an in-plane polarization
of the photon is not emitted as a TE-polarized one in the growth plane [75]. The crossover from
positive to negative values of the DOP obtained for a well width of 2 nm occurs for a nominal
aluminum composition of (Al,Ga)N of about 72% and at a wavelength of 234 nm. This value of
the nominal Al composition is the well compatible with what was reported in the pioneering work
of Banal et al. [S0]. They proposed its occurrence for an (Al,Ga)N aluminum composition of 77-
78 % in case of a well width of 2 nm (see figure 5 of ref. [50]). The dependence they predict for
this composition cross-over with well width is evidence of QCSE and is also compatible with the
theoretical calculation of Yamaguchi [24]. We note an intriguing discrepancy between the degree
of polarization reported reference 50 (and represented by purple pentagons in figure 6), and both

the works of reference 29 and the present one. In reference 50, two different series of samples are
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used. In a first case, the aluminum composition of (Al,Ga)N QWs is fixed at 0.82 and three
samples are grown with well widths of thicknesses of 1.3 nm, 8 nm and 13 nm, giving DOPs of
3%, -12% and -17 % respectively (these pentagons are connected by a grey dotted line in Figure
6). It is reasonable to argue that the decrease in the algebraic value of the DOP as the QW
thickness increases is related to the Quantum Confined Stark Effect. In the second set of samples,
QWs with a similar thickness (about 1.5 nm) and (Al,Ga)N confining layers with aluminum
compositions of 0.69, 0.82 and 0.91 are grown, giving DOPs of 7%, 3% and -4 % respectively
(these pentagons are connected by a purple dotted line in Figure 6). We note that a reasonable
fluctuation of the well width of about 0.2 nm is allowed by the authors, and that the algebraic
value of DOP decreases when increasing the aluminum composition in the series of (Al,Ga)N
QWs,, which corresponds to a decrease of the value of the internal electric field in the active layer.
100 —r—v———p——r——p————p———————————
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Figure 6: Degree of polarization measured in our AliGa;xN QD and QW samples [body-
centered spotted open circles for QDs , reference 26, red ones for QWs, this work]. Experimental results
recorded on samples grown by MOCVD (blue body-centered spotted open diamonds) taken from
reference 29. Data reported in the pioneering work of reference 50 are represented using purple
pentagons. The pentagons are bound by a grey (respectively purple) dotted line for (Al,Ga)N QWs
grown with similar aluminum composition (respectively well width) and varying well width

(respectively aluminum composition).
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We then plot in figure 7 the cumulative series of PL energies measured on our series of (Al,Ga)N
QWs (purple spheres) and the fluorescence energies reported in ref. 50 (red spheres) versus the
nominal aluminum composition of the (Al,Ga)N active regions that are investigated in both
works. For comparison, the evolution of the bandgap of the AlxGaixN alloy lattice-matched to
AIN is plotted in violet. For the thin confinement layers, i.e. for thicknesses between 1.3 nm and
2 nm, all experimental energies grossly follow the evolution of the bandgap within the possible
deviation between the value of the alloy composition where the photons are detected and the
nominal value targeted when starting the growth protocols.

This indicates that the contributions of direct and exchange Coulomb effects compensate the
confinements or slightly compensate them through this whole series of sample. In the case of
reference 50, the observation of QCSE using wider wells and x = 0.82 allows to demonstrate
QCSE in agreement with an average experimental value of the energy gradient with the well
width of about 720 keV.cm™! through these three samples. For the samples with aluminum
compositions greater than 0.6, the optical properties differ only in the broadening of the PL lines,
the possibility of observing or not phonon overtones, and the degree of polarization of the edge
emissions. Careful examination of the PL spectra in figures 1 and 2 of reference 50 does not reveal
any phonon-assisted features at energies lower than the main PL emission, although the aluminum
composition of the (Al,Ga)N QWs reaches high enough values to expect them to be observable
in accordance with the alloy-induced broadening effects, as we have demonstrated above.
Therefore we conclude that alloy broadening effects, which were ignored in the pioneering work
of reference 50, may alter its conclusions. Clearly, the complementary mixing of valence band
states by local fluctuations of the alloy potential affects the expansion of the excitonic wave
functions along the crystalline states to an extent that is different in the two works. Such localized
fluctuations of the potential can be correlated either to random distributions of metallic atoms in
their sublattice or alternatively to topological defects and nucleation centers (such as threading
screw, mixed, edge dislocations, ...), or both. In particular, gallium-enriched regions in spirally
grown regions of Al-rich (Al,Ga)N alloys have been found to act as carrier localization centers

efficiency enhancing the radiative recombination rate [75].
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Figure 7: Plot of the PL energies measured on our series of QWs (purple spheres) and the fluorescence energies
reported in ref. 50 (red spheres) versus the nominal aluminum composition of the (Al,Ga)N QWs heterostructures
that are investigated in both works. The evolution of the bandgap of the AlxGai1xN alloy lattice-matched to AIN is
plotted in violet. For confining layers with thicknesses ranging between 1.3 nm and 2 nm, the experimental energies
grossly follow the evolution of the bandgap. QCSE has been reported for an (Al,Ga)N QWs composition of 0.82
that permits us to estimate an average value of the energy gradient of about 720 keV.cm™ with the well width through

these three samples.

Since the early days of quantum mechanics, variational approaches have been used for
framing eigen values of complex problems using trial functions, with the following teaching
relevant for us here: eigen energies can be obtained with rather close values -although trial
functions are dramatically (but reasonably) different. In figure 8 have been reported the relative
intensities of the edge emitted PL-emission (a signature of the excitonic wave functions), recorded
under the y and z polarization conditions. Once again, the distribution of data through the different
series of samples, obtained using different growth protocols, indicates the untrivial interplay
between quantum confined stark effects, well-width, direct and exchange coulombic effects and
mixings of the traditional Bloch states by the localized fluctuations of the confining potential
produced by the (Al,Ga)N alloy disorder. The experimental results dramatically depart from the

result of a band-to-band K.p calculation of the relative PL intensities in terms of y polarization
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(green) and z-polarization (red line) of the emitted photon and cross-over of their contributions
for x=0.6. Details in the values of the input parameters (effective masses, bowing parameters, ...)
cannot be invoked to explain this discrepancy. Experimental results measured on our series of
quantum wells (green and red spheres) give a crossover of the intensities for an aluminum
composition of (Al,Ga)N of about 0.72% for QW-widths of 2nm in agreement with ref. 50 and
compatible with the heuristic theoretical calculation of ref.24. The experimental data of reference
50 (full circles for y-polarization and open ones for z-polarization) evidences a contribution of
the well-width (series of (ALLGa)N QWs grown with an Al composition x = 0.82), and a valence
band ordering in the alloy (compare data at x=0.69 and x = 0.91). The puzzling lack of global
coherence between the different experiments (our work and the pioneering investigation of ref.
50) is from bona fide attributed to different morphologies of the interfaces, alloy textures and
alloy broadening effects. In the perspective of a future unambiguous theoretical disentanglement
of the internal quantum efficiency of (Al,Ga)N- based DUV emitting LEDs, this loudly pleads
for the need of an accurate, sophisticated calculation of the confined excitonic states through the
whole aluminum composition range. The result of such a calculation should be combined with
structural investigations of the distributions of the fluctuations of alloy compositions substantially

beyond the scope of what has been done hitherto.
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Figure 8: The result of the band-to-band k.p calculation of the relative PL intensities in terms of y polarization
(green) and z-polarization (red line) of the emitted photon and cross-over of their contributions for x=0.6.
Experimental results measured on our series of QWs (green and red spheres) giving a crossover at an aluminum
composition of about 0.72% for quantum wells of withs 2nm. The experimental data of reference 50 ( full circles for
y-polarization and open ones for z-polarization) indicates a contribution of the well width ( series of QWs grown

with an Al composition of 0.82), and valence band ordering in the alloy (compare data at x=0.69 and x = 0.91).

5. Conclusion and Perspectives.

In conclusion, we have reported the experimental evidence of a substantial loss of TE
polarized light emission in the growth plane of UVC emitting LEDs for which the active part
of the device is an aluminum-rich (Al,Ga)N-based QW. The evolution of the degree of
polarization (here the anisotropy of the amount of light emitted on the edge of the samples)
with the shortening of the emission wavelength is similar for these samples grown by MBE to
what has been reported for equivalent samples grown by MOCVD, which indicates a maturity
of the interface qualities of QWs emitting light in the UVC region. What remains to be done is
a comparative measurement of the internal quantum efficiencies in samples grown by both
methods. This is tricky, but the recent method proposed by T. Nakano, K. Kawakami, A. A.

Yamaguchi [76] offers some interesting perspectives. Although the interpretation of the
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emission wavelength varies according to the theoretical predictions of a k.p calculation, neither
the experimental FWHM nor the shapes of the emission diagrams cannot be described. The
interpretation of the experimental observations can be explained by taking into account the alloy
disorder in (Al,Ga)N and the scattering of carrier through the confined levels of the complex
valence sub-band structure of the QWs. A substantial amount of light is emitted in-plane
polarized in the on-side growth plane, orthogonally to the growth direction even when forbidden
by the k.p calculation, for high aluminum compositions of (ALGa)N. Based on a
phenomenological modelling of the multi-band dispersion relations at the center of the first
Brillouin zone, the k.p description which follows the predictions of the theory of invariants for
wave functions of p and s types (including spin) in case of anions and cations coherently
arranged to form a crystal invariant under the full set of the Cey* is no longer appropriate for
describing the eigenstates and eigenvalues of a disordered system when the disorder cannot be
treated as a perturbation of the host Hamiltonian, which is the case here for (Al,Ga)N-AIN QWs.
Thanks to the very modest performance of QW LEDs emitting at these very short wavelengths,
as the interface morphology is very well-controlled, as indicated by the observation of phonon
replica overtones, fully numerical solutions of the kind of those recently proposed for
interpreting the performances of (In,Ga)N-based devices [59,60,77] are very likely to be
explored for improving the light-extraction in UVC light emitting optoelectronic devices.
However it is mandatory to develop a holistic many band-approach beyond the scope of the
one-band method of reference [78], which probably demands some tedious and cumbersome

mathematical efforts.
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FIGURE CAPTIONS

Figure 1: (a) and (b) : AFM images of the surface morphology of AIN template on c-

plane sapphire substrate with (a) 5 umx5 pm and (b) 1 pumx1 pm scan areas. (¢) AFM image

of the surface after the growth of an (Al,Ga)N QW with an aluminum composition of 70%. The

scale of the insert of figure 1-(c) is 1 umx1 pm. The value of the root mean square (RMS)

roughness is 0.2 nm with an average terrace width of 70£20 nm.The step height is 1

monolayer.

Figure 2: Normalized PL spectra of six QWs for aluminum nominal compositions of

the (ALLGa)N confining alloys of 40% (blue) , 60% (orange), 70% (green) ,75%, (magenta),
78% (dark grey) , 80% (violet), 85% (green) and 90% (silver). Note the AIN emission at 205

nm. PL spectra were recorded either in conditions of below barrier energy photo-excitation at

213 nm, and above barrier photo-excitation at 196 nm, as indicated in the figure.
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Figure 3: (a) PL spectrum (violet) of the 80% QW and its line-shape fitting (green) using
a gaussian function with a value of the o parameter of 29 meV and Huang-Rhys factor S = 0.4.
(b) PL spectrum (silver) of the 90% QW with zero-phonon emission at 209 nm and its line-
shape fitting (red) using gaussian function with a value of the o parameter of 20 meV and
Huang-Rhys factor S = 0.16. Please note the narrower AIN emission at 205 nm.

Figure 4: (a) Evolution of the quantity Eo (x), which characterizes the strength of the
alloy-induced broadening obtained using equation 1 (blue). The numerical calculation in blue
was done with the following parameters: Eq(AliGaix N) = 6.2x+3.4(1-x) — bx(1-x) with b =
0.8+0.2 eV, which gives a = 2(1+ 0.8x); N = 4.38 10?® m™ and the value of M was averaged
to M = 1.5 in units of the electron mass at rest through the whole composition range. Calculation
in magenta corresponds to a value of b =0.9 eV. The red spheres represent the evolution of the
FWHM of the high energy part of the PL features of the different (Al,Ga)N QWs. The green
spheres correspond to PL emissions recorded on thick non-intentionaly doped AlGaN layers
grown by MOVPE on sapphire substrates [72]. (b) Evolution of the valence band energies
versus the aluminum composition in case of (Al,Ga)N lattice-matched to AIN (black, red and

blue) together with a representation of the alloy broadening effect (values of Eo) in dark green.

FIGURE 5: (a) Emission diagrams of the QWs with different Al compositions. A
similar color code is associated to the different samples in figure 2 and figure 5(a). The directions
of the y and z axis are indicated in the left-hand bottom corner. (b) Plot of the PL spectra
recorded for the 80% Al composition (AL,Ga)N QW sample for the y (green plot) and z (red
plot) polarizations of the on-side emission. (¢) PL emitted under z (red plot) polarization and
under y (black plot) polarization conditions. The black feature is magnified by a factor 5.2 which
corresponds to a DOP of -68 percent.

Figure 6: Degree of polarization measured in our AlxGaixXN QD and QW samples
[body-centered spotted open circles for QDs , reference 26, red ones for QWs, this work].
Experimental results recorded on samples grown by MOCVD (blue body-centered spotted open
diamonds) taken from reference 29. Data reported in the pioneering work of reference 50 are
represented using purple pentagons. The pentagons are bound by a grey (respectively purple)
dotted line for (Al,Ga)N QWs grown with similar aluminum composition (respectively well

width) and varying well width (respectively aluminum composition).
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Figure 7: Plot of the PL energies measured on our series of QWs (purple spheres) and
the fluorescence energies reported in ref. 50 (red spheres) versus the nominal aluminum
composition of the (AL,Ga)N QWs heterostructures that are investigated in both works. The
evolution of the bandgap of the AlxGai.xN alloy lattice-matched to AIN is plotted in violet. For
confining layers with thicknesses ranging between 1.3 nm and 2 nm, the experimental energies
grossly follow the evolution of the bandgap. QCSE has been reported for an (ALLGa)N QWs
composition of 0.82 that permits us to estimate an average value of the energy gradient of about

720 keV.cm™! with the well width through these three samples.

Figure 8: The result of the band-to-band k.p calculation of the relative PL intensities in terms
of y polarization (green) and z-polarization (red line) of the emitted photon and cross-over of
their contributions for x=0.6. Experimental results measured on our series of QWs (green and red
spheres) giving a crossover at an aluminum composition of about 0.72% for quantum wells of
withs 2nm. The experimental data of reference 50 ( full circles for y-polarization and open ones
for z-polarization) indicates a contribution of the well width ( series of QWs grown with an Al

composition of 0.82), and valence band ordering in the alloy (compare data at x=0.69 and x =

0.91).
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