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AlyGaiyN quantum dots (QDs) have been grown by molecular beam epitaxy on AlxGaixN
(0001) using a 2 dimensional — 3 dimensional growth mode transition that leads to the formation
of QDs. QDs have been grown for Al compositions y varying between 10% and 40%. The
influence the active region design (composition y, QD height and band gap difference (AEg)
between the AlxGaixN cladding layer and the AlyGaiyN QDs) is discussed based on
microscopy, continuous wave photoluminescence (PL) and time-resolved PL (TRPL)
measurements. In particular, increasing y leads to a shift of the QD emission towards shorter
wavelengths, allowing covering a spectral range in the UV from 332 nm (UVA) to 276 nm
(UVC) at room temperature (RT). The low temperature (LT) internal quantum efficiency of the
QD ensembles was estimated from TRPL experiments at 8 K, and values between 11 % and 66
% were deduced. The highest IQE-LT are found for the QDs with the higher Al contenty. Then,
the PL spectrally integrated intensity ratios between RT and LT were measured to estimate the
IQE of the samples at RT. The PL ratio is higher for larger AEg, i.e. for QDs with y of 0.1 or

0.2, but high PL intensity ratios up to 30% were also measured for QDs with larger y of 0.3 or
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0.4. RT IQE values between 5% and 20% are deduced for AlyGai-yN QDs emitting in the 276-

308 nm range.

I. INTRODUCTION

AlxGaixN based light emitting diodes (LEDs) can cover the ultra-violet (UV) region over
a broad spectral range from 400 nm (UVA) down to 206 nm (UVC) by adjusting the Al
composition of the active region.! As the replacement of mercury (Hg) lamps by
environmentally safe UV sources is targeted in a near future as stated by the Minamata
Convention on Mercury,”? AlxGaixN LEDs are expected to fulfil this goal and have been
focusing an increased interest. [1I-nitride LEDs are mainly grown on sapphire substrates, which
are well adapted to UV applications due to its large size availability, low cost and transparency.
The research on deep UV LEDs has led to improved performances in the internal and external
quantum efficiencies (IQE and EQE, respectively) during the past few years.’,* 3078710
Indeed, IQE as high as 85% at 280 nm,8 EQE above 20% at 275 nm,4 and optical power above
10 mW at 295 nm and 20 mA9 were reported recently. But there is still room for improvement,
in particular for monolithic growth approaches of high Al content AlxGaixN heterostructures
grown on sapphire which are typically characterized by high threading dislocation densities
(TDDs) in the 10° — 10'%m™ range.!! Such high TDDs lead to low internal quantum efficiencies
(IQE) in AlyGaiyN/AlxGaixN quantum well (QW) active regions,'>!* and to UV LEDs with
limited performances. This is often observed for molecular beam epitaxy (MBE) fabrication
processes from which UV LED performances still lag behind those of metalorganic vapor phase
epitaxy (MOVPE) because of the difficulty to reach TDDs below 10° cm™. Yet, strategies to
improve the radiative efficiency of AlyGai.yN / AlxGaixN heterostructures have recently been
proposed relying on the creation of in-plane confining regions based either on quantum
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engineering at the monolayer (ML) leve or using specific growth conditions to favour



band structure potential fluctuations!” and compositional modulation using misoriented
surfaces.!® In particular, AlyGaiyN based active regions grown by MBE under Ga rich
conditions were introduced to promote potential fluctuations and improve the EQE of UV
LEDs.!” Another possibility is the formation of AlyGai-yN quantum dots (QDs), which is well
mastered using MBE.?2122 Such engineering of the active region may inhibit the transfer
towards non radiative centers of excitons leading to a weak temperature dependence of the
photoluminescence emission and to higher IQE.?** The use of a compressively strained
AlyGaiyN layer on top of AIN has been shown to efficiently lead to the formation of QDs, and
to get an emission in the deep UV, i.e. down to 235 nm.?* Following a similar path and using
AlxGaixN surfaces in order to avoid the difficulty of AIN n- and p-type doping,?® we have
shown the possibility to fabricate AlyGai-yN QDs with a nominal concentration y of 10% on
AlosGao.sN (0001), emitting from 340 down to 314 nm at room temperature, by varying the
AlyGaiyN amount deposited to grow the QDs.?” Furthermore, LED structures based on QDs as
active regions were recently reported using different designs, i.e. tunnel injection,?® polar® or
semi-polar orientations,? varying the QD heights** and compositions,*! and have shown their
potential for UV sources covering a broad wavelength range.

In this work, several parameters have been investigated to design different AlyGaiyN
QDs / AlxGaixN (0001) active regions by changing x and/or y compositions: the effect of the
lattice-mismatch, of the band gap difference between the AlxGaixN cladding layer and the
AlyGaiyN QDs, of the QD Al composition y and/or of the AlyGaiyN deposited amount. In
particular, it is found that for QDs grown on Alo7Gao3N, the emission can be tuned from 332
nm down to 276 nm by increasing the Al composition y from 10% to 40%. Also, the IQE has
been estimated for the different QD active regions by combining temperature dependent
photoluminescence (PL) and time resolved photoluminescence measurements (TRPL) and

temperature dependent photoluminescence (PL) measurements, indicating a strong dependence



with the Al composition of both the QDs and the cladding layer. IQE values varying between
5% and 20% were determined at room temperature for AlyGai-yN QDs emitting in a wavelength

range between 276 and 308 nm.

I1. EXPERIMENTAL METHOD
A. SAMPLE FABRICATION

The samples were grown on (0001) sapphire substrates by molecular beam epitaxy
(MBE) in a RIBER 32 reactor using solid sources for the I11-elements, and ammonia (NH3) as
nitrogen precursor except for the fabrication of the QD layers which were grown using a RIBER
RF nitrogen (N2) plasma source.?® Indeed, the growth of compressively strained (Al,Ga)N
layers with an N2 source leads to a 2 dimensional (D) - 3D growth mode transition and the
formation of 3D islands during the deposition,? contrary to the use of NHs as nitrogen source
for which a 2D growth mode is obtained whatever the deposited thickness.®> However, the
growth of thick (Al,Ga)N templates is performed by using NHs, because the growth conditions
of 2D layers are easier to master.3® The structure layout consists of a low-temperature GaN
buffer layer of 30 nm, followed by the deposition of a 100-150 nm thick AIN layer at 950°C,
and a 800-1000 nm thick AlxGaixN layer with an Al composition of 50% or 70% grown at 850
or 870°C, respectively (figure 1).

Next, the QDs were formed by depositing AlyGai-yN with an Al nominal concentration
y 0of 0.1, 0.2, 0.3 or 0.4. The QD composition was determined by adjusting the AIN over GaN
growth rate ratio, which is equal to the Al over Ga concentration ratio in the QDs. The QDs
were formed on AlosGaosN or Alo7GaosN surfaces following a 2D - 3D growth mode
transition. A growth rate of 0.2+ 0.05 ML/s and a growth temperature of 720°C + 20°C were
used. After the deposition of the AlyGaiyN layer, an annealing step under vacuum of the QD

layer was performed for 6 minutes with a progressive temperature increase up to 820°C + 10°C



as described in ref. 23. The QD layer was then capped with a 30 nm AlxGaixN barrier having
the same composition as the template layer, and was followed by the growth of a surface
uncapped QD layer identical to the buried one.

In order to investigate the influence of the active region design on the structural and
optical properties of AlyGaiyN QDs, a series of samples (labelled from A to G) have been
fabricated (table 1). The QD structures were grown by depositing AlyGaiyN amounts with
thicknesses (corresponding to a 2D layer growth) between 6 and 10 monolayers (MLS), with 1
ML being half the c lattice parameter, i.e. between 0.253 and 0.258 nm considering a variation
of the lattice parameter following a Vegard’s law between GaN and AIN. Samples A to C
consist of Alo.1GaosN QDs: deposited amounts equivalent to 10 MLs were used in samples A
and C, whereas for sample B only 7 MLs were deposited. The QDs were inserted in an AlxGai-
xN cladding layer with x equals to 0.5 for samples A and B and with x equals to 0.7 for sample
C. For the other samples, the active region consists of AlyGai-yN QDs in an Alo.7Gao.7N cladding
layer with y varying from 10% to 40% from samples D to G, respectively. An AlyGaiyN
deposited thickness of 10 MLs was used for sample D, of 8 MLs for sample F, and of 6 MLs

for samples E and G.

B. CHARACTERIZATION METHODS
The heterostructures were characterized by X-ray diffraction (XRD) using a four-circle
diffractometer to study the crystalline quality of the AlxGaixN layers by performing m-scans of
the (0002) symmetric reflection and the (30-32) skew asymmetric reflection. The morphology
of the uncapped QD layer was investigated by ex-situ atomic force microscopy (AFM)
operating in tapping mode. In addition, cross-sectional transmission electron microscopy
(TEM) measurements were performed. The TEM specimens were prepared by mechanical

polishing followed by ion milling. High-angle annular dark-field imaging in scanning



transmission electron microscopy mode (STEM-HAADF) was performed using a Titan 80-300
electron microscope (300 kV), and the images have been taken along the [11-20] zone axis.
Regarding the optical characteristics, continuous wave photoluminescence (PL)
measurements were carried out at room temperature (RT) and low temperature (LT), i.e. at 300
K and 8K, respectively, in a closed cycle He cryostat and using a frequency-doubled Ar laser
at 244 nm (5.08 eV). The excitation power was set to 30 mW, which gives an excitation power
density of 470 W/cm? ). In particular, the ratio of the spectrally integrated PL intensity of the
QD emission was determined between LT and RT. Also, LT time-resolved PL (TRPL)
measurements were performed using a mode-locked frequency-tripled titanium—sapphire laser
with a wavelength of 260 nm (4.77 eV). The laser excitation power was about 200uW, with a
laser spot size of 100um, giving an average excitation power density of about 2-3 W/cm?. The
timescale between two successive laser pulses (with a value of 12 or 250 ns, depending on the
sample) was selected to be longer than the decay times of the samples (ranging between 800
kHz and 82 MHz), i.e. with repetition rates ensuring a complete decay of the PL and adapted
to the decay times of each sample. As detailed in the following section, the combination of
TRPL and RT-LT PL measurements was used to determine and compare the IQE of the

different AlyGai-yN QD active regions.

1. RESULTS AND DISCUSSION

1. Structural properties

Broad XRD peaks with full width at half maximum (FWHM) in the range of 0.4-0.5°
for the (002) reflection and in the range of 0.7-1° for the (302) reflection have been measured
on the sample series. Based on our previous results obtained on AlosGaosN and AIN layers
grown on sapphire,3#3 the TDDs in the heterostructures were estimated from these

measurements (and assessed by TEM measurements performed on reference samples) based on



the model used in ref. 35: screw type dislocation densities are in the 4-7x10° cm2 range (from
the (002) peak FWHM) and mixed plus edge dislocation densities in the 3.5-7x10*° cm2 range
(from the (302) peak FWHM). Therefore, we estimate an average TDD value of 6(+ 2)x10%°
cm? in the samples investigated.

In order to study the influence of the active region design on the structural and optical
properties of the QDs, the samples present differences in either: i) the QD composition, ii) the
band gap energy difference (AEg) between the QD and the cladding layer, determined from the
Al composition difference between the AlyGaiyN QD and the AlxGai-xN cladding layer and
referred as Ax-y = x - y in the following , or iii) the AlyGaiyN deposited amount (see figure 1
and table 1).

Besides giving qualitative information about the QD formation, the RHEED Bragg spot
intensity variation during growth was also investigated to determine the deposited AlyGaiyN
critical thickness for the 2D — 3D growth mode transition (h2p-30).%® In particular, the influence
of the lattice-mismatch & (with € = Aa/aaixcaixn and Aa = aalyGai-yN - aAlxGal-xN) Was studied in
the case of the growth of AlyGaiyN layers on Alo.7GaosN (0001) while changing the QD
composition: it was found that the critical thickness hzp-3p increases from (3 + 0.5) MLs to (4
+0.5) MLs while going from Alo.1GaosN to Alo.4GaosN QDs. The main reason for this increase
is attributed to the in-plane lattice parameter difference between the deposited AlyGaiyN and
the Alo.7GaosN layer, since increasing y from 0.1 to 0.4 induces a decrease of € from 1.5% for
Alo.1Gao.sN down to 0.75% for Alo.4GaosN. Indeed, the value of € has a fundamental influence
on the QD formation mechanisms through the energetic balance between elastic and surface
energy variation as the layer morphology undergoes the 2D — 3D growth transition.3"3® As
expected, the QD average dimensions are also modified by the different sample design and
growth conditions, as summarized in table 1: the average QD heights are found to vary between

1.5 and 2.6 nm and the densities between 1.5 and 5.4x10!* cm. Regarding the QD mean



diameters, a weak variation was observed between 8 and 10 nm. Typical AFM images of the
whole sample series are presented in figure 2. In the case of the four AlyGaiyN QD layers grown
on Alo.7Gao.sN (0001) (corresponding to samples C, D, E, F), STEM characterization was also
done and images are presented in figure 3. Regarding the QD density, no specific trend among
the samples was observed. In fact, high QD densities (above 10 cm) are systematically
observed in the case of AlyGaiyN QDs compared to GaN QDs?® and this characteristic is
attributed to the lower surface mobility of Al adatoms compared to Ga ones. Regarding the QD
average height, it was estimated from the cross-section HAADF-STEM images (figure 3) and
from previously characterized samples of Alo1GaosN QDs grown on AlosGaosN,?? as in the
case of samples A and B. The images show AlyGaiyN QDs for y values of 0.1, 0.2, 0.3 and 0.4
in figures (a) to (d) (corresponding to samples C, D, E and F, respectively). The AlyGaiyN
layer, which is composed of heavier material than the Alo.7GaosN matrix, has a brighter
contrast. A modulation in the AlyGai-yN layer thickness can be observed on the different images
and the maxima are attributed to the presence of QDs. In the cases of Alo3Gao7N and
Alo.sGaosN QDs, the difficulty to define the QD shape is seen as a consequence of the reduced
values of ¢ lower ¢ are leading to an increase of the wetting layer (WL) thickness as observed
in the case of GaN QDs grown on AlosGaosN* compared to GaN QDs grown on AIN.3¢ This
feature, combined with a larger critical thickness h2p-sp when ¢ decreases, then leads to lower
aspect ratio values of the QD heights over the WL thickness as the QD Al composition
increases. As a general trend, it is found that the QD height increases with larger AlyGaiyN
deposited amounts (table 1), as already reported for the cases of AlyGaiyN (y =0.1) QDs grown
on AIN?! and of AlyGaiyN (y= 0.1) QDs grown on AlosGaosN.?

2. Optical properties

In order to investigate the efficiency of Al,GaiyN QDs grown on AlxGaixN as emitters

in the UV range, PL and TRPL measurements have been performed, with the objective to give



an estimation of the QD IQE. In the section below, the main results obtained by PL are
presented, followed by the TRPL results in the following section. Finally, the analysis of these

measurements to estimate the AlyGaiyN QD IQE is done in a third section.

2.1. Continuous wave photoluminescence

The optical properties of the samples were investigated by PL as presented in figures 4
and 5. The normalized PL spectra of the complete sample series measured at RT are presented
in figure 4: they show the possibility to tune the emission of AlyGaiyN QDs from the UVA
down to the UVC, with a maximum peak intensity decreasing from around 332 nm (for samples
A and C), down to 276 nm (for sample G) by increasing the QD Al composition y from 10% to
40%. A comparison of the RT PL intensity between the samples has shown a decrease of the
intensity by a factor of 3 to 4 from 332 nm to 301 nm. A decrease by a factor of 4 to 5 was also
observed in the PL intensity from 301 nm to 276 nm. The QD peak emission wavelengths (and
corresponding energies) at maximum intensity for the complete sample series are summarized
in table 1. Precisely, AlyGai-yN QDs with y equals to 0.1 enable to reach the short wavelength
region in the UVA and the long wavelength region in the UVB, between 314 and 332 nm,
whereas GaN QD emission was previously shown to be limited to the UVA with shortest
wavelengths around 360-370 nm.2° Further increasing the QD Al concentration y to 0.2-0.3
leads to an emission at shorter wavelengths between 297 and 308 nm. Finally, in the case of a
QD composition y of 0.4, the UVC region is reached at 276 nm. Benefiting from the quantum
confinement effect, a reduction of the deposited amount leads to a blue shift of the wavelength
emission into the deeper UV range, as observed for samples B vs. A and G vs. F (table 1). These
measurements allow determining that the main parameters influencing the AlyGaiyN QD
properties in terms of wavelength spectral range are the Al QD composition y, and the AlyGai-
yN deposited amount. In fact, the PL properties of QDs can be deduced from the QD height as

a first approximation since the QD base to height ratio is around 4 (see table 1) : in this case,



due to the high effective mass in nitrides, lateral confinement effects are minimized compared
to confinement effects along the growth direction, in agreement with the original work on GaN
QDs grown on AIN reported by T. Bretagnon et al.*

PL measurements at LT and RT were performed on the whole sample series and the
results are presented in figure 5. For all the samples, two broad peaks are observed at LT. The
peak at higher energy, and with the lowest intensity, corresponds to the emission from the
cladding layer, and is found at around 4.6 (x 0.05) eV for AlosGaosN and 4.9 (£ 0.1) eV for
Alo7GaosN in agreement with the energy variation trend of localized band edge excitons
reported for AlxGaixN alloys up to x equals 70%.** Regarding the second peak, which is the
most intense one, it originates from the exciton radiative recombination in the AlyGai-yN QDs.
As shown in the figures, only a weak decrease of the PL intensity is found for the QD PL peak
from LT to RT, whereas the PL signal of the cladding layer vanishes completely. These results
confirm the strong carrier confinement in the AlyGai-yN QDs (with y ranging from 0.1 to 0.4)
favouring radiative carrier recombination mechanisms despite the very high TDDs. The
spectrally integrated PL intensity ratio (ReL) of the QD emission peak between RT and LT has
been determined and is given in table 2. Although the TDD in the samples is above 10*° cm?,
Rec values from 0.1 up to 0.3 have been measured in the whole wavelength range. In the case
of MBE grown QWs, Ry ratios of 0.01 or below have been reported.>?® Noteworthy, values
of ReL are observed to vary for QDs emitting in a similar energy range (i.e. samples Avs. C, B
vs. D and E vs. F) within a factor up to 3. A comparison of the different sample designs indicates
that:

i) ReL tend to increase with an increase in Ax-y from 0.4 to 0.5-0.6 (i.e. with an

increase of the band gap energy difference between the QD and the cladding
layer) in the case of AlyGaiyN QDs with y = 0.1 —0.2. Although increasing Ax-

y leads to an increase of the polarization-induced electric field, i.e. to lower
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radiative transition rates, this effect is limited in the present case since the
heights of the QDs are small (< 3 nm), similarly to the case of GaN QDs
discussed in ref. 29;

i) Highest ReL ratios are found at higher energies in the 4 — 4.5 eV range, i.e. for
QD Al compositions y between 0.2 and 0.4 ;

iii) The QD height, determined by the AlyGaiyN deposited amount, has no
significant impact on the ReL value for y ranging between 0.1 and 0.3 ;

iv) ReL ratios do not show a dependence on the QD density in the investigated range
of 1.5x10%- 5.4x10% cm™?;

V) In the case of QDs with higher Al compositions, i.e. fory = 0.3 — 0.4, a specific
behaviour is observed with: 1) a strong variation of the Re. ratio as a function of
the AlyGaiyN deposited amount, and 2) a value of Re. up to 0.3 although the
band gap energy difference between the QD and the cladding layer is relatively
low, i.e. Ax-y is equal to 0.3 or 0.4.

Noteworthy, the QD densities are found within a magnitude of 3 to 10 higher than the
average TDDs in our samples. Consequently, even if dislocations could potentially penetrate
into the QDs, the majority of QDs would not be affected by dislocations: this is the main reason
why the QD density does not play a role on the PL intensity ratios in our experiments. The
situation could eventually be different in the case of QD densities similar or lower than the
TDDs: in such a case, the penetration of dislocations into the QDs could significantly reduce
the PL efficiency. Indeed, it was shown in TEM studies that GaN QDs can nucleate next to
threading edge dislocations,*? and we have also observed such features in low GaN QD density
samples. However, the penetration of a dislocation into a QD is rarely observed since they are

nucleating in the vicinity of a dislocation. Indeed, while looking at the PL results in the case of

11



GaN QDs on AlxGaixN for which densities in the 101° cm range have been obtained, we have

observed that the integrated PL ratio Rp. remains above 0.1 and can even reach 0.6.%3

2.2. Time-Resolved Photoluminescence

To further investigate the QD optical characteristics and to estimate the internal
quantum efficiency (IQE), we have also performed TRPL measurements at LT, as presented in
figure 6. For all the samples, it is found that the PL transients exhibit a two-exponential decay
behaviour, which is attributed to the presence of non-radiative recombination channels
unsaturated in the photo-injection conditions.*® As described in refs. 22 and 23, the time
dependence can be fitted by considering fast (trst) and long (tsiow) decay times using the

following equation:

(8) = A 0XD(———) + Ay eXD(—— ) )

fast Tslow
where | represents the PL intensity as a function of time(t), and Afast, Aslow correspond to fast
(non radiative) and slow (radiative) decay coefficients, respectively. The A and t values of
each sample are summarized in table 2. According to Iwata’s model,* this bi-exponential
behaviour is attributed to two different types of regions within the QD plane, i.e. regions with
purely radiative channels and other ones with additional and competing non-radiative
recombination centers. tsiow defines the radiative lifetime, while trast is a combination of both
radiative and non-radiative lifetimes.** Decay times within a few tens of ns down to the sub-ns
range have been measured (after deconvoluting from the width of the laser pulse) which are
much shorter than typical times found for GaN QDs.?2%® A main reason is that shorter trst and
Tslow are observed when the QD heights get smaller, i.e. GaN QDs present heights around 4-5
nm compared to 1.5-2.6 nm in the case of the present AlyGai-yN QDs. This is confirmed in the

case of samples A, C and D which have the highest average QD heights (i.e. ~ 2.5-2.6 nm) and
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present the longest trast and tsiow Values. On the contrary, samples E and G, for which the QDs
show the smallest average heights (i.e. 1.5 nm) give the shortest lifetimes. In the cases of
samples B and F, which present intermediate average QD heights (i.e. between 1.8-2.2 nm),
decay time values contained between the two previous cases are found. It is known that the
presence of an internal electric field in polar QD-based nitride heterostructures leads to a
decrease of the electron and hole wavefunction overlap and a reduction of the oscillator strength
with increasing QD heights, leading to longer PL intensity decay times.* In addition, a low
level of surface recombination centers in the QDs would also lead to shorter trast and tsiow Values,
and could be due to the smaller available surface area of QDs presenting lower average QD
heights.

From the exponential fits of the PL decay times (figure 6), Afst and Asiow coefficients
have been determined according to equation (1). It appears that the ratios of Arast Over Asiow tend
to decrease for increasing QD emission energies (table 2), similarly to the behaviour already
observed when going from GaN to Alo.1GaosN QDs.?? From these parameters, the IQE at LT

of the sample series have been calculated (table 2) according to the relation:*®

fastr fast + Aslow‘[slow

A
IQE — LT = 2
(Afast + Aslow)z-slow ( )

IQE-LT values between 11% and 66% have been obtained. In the series of samples with
Alo1GaosN QDs, a larger IQE-LT is found for higher QDs and larger Ax-y (sample C). IQE-
LT values are similar when going from Alo.1Gao.oN to Alo.2Gao.sN QDs with similar heights and
maintaining a large Ax-y (0.5-0.6) (samples C and D, respectively). Such results indicate that a
larger confining potential is more efficient than a stronger wave function overlap in AlyGaiyN
QDs with y values of 0.1 or 0.2. However, it clearly appears that the largest IQE-LT values are
obtained for QDs with larger Al composition vy, i.e. for samples E to G, for which Ax-y is

moderate (0.3-0.4).
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2.3. PL radiative efficiency and 1QE

From the PL and TRPL measurements, it is shown that the PL efficiency at RT and the
IQE-LT are larger when Ax-y is increased in the case of QDs with lower y (10 - 20%) or when
the QDs have larger y compositions (30 - 40%). By combining these results, the IQE of the
different AlyGai-yN QD active regions at RT have been calculated. At this stage, it is important
to note that the determination of an absolute value of IQE in QD-based nitride materials is very
difficult and precautions should be taken. From the literature, it has been shown that the
determination of the IQE in QWSs by temperature dependent PL measurements depends on the
excitation power density.***° In our experiments, we have chosen an excitation power density
of 470 W/cm?. As for QWs, we found out the IQE is strongly dependent on the excitation power
density even at LT, which indicates that non-radiative recombination processes are active. A
similar behavior was reported in our group in the case of GaN QDs grown on AlosGaosN.*® In
addition, the situation in the case of QDs is even more complex than for QWs due to the
fluctuations in the QDs sizes (height and diameter) and compositions, as discussed in the case
of Alo.1GaosN QDs grown on AlosGaosN.?” This is the reason why we have determined the IQE
of the QDs at LT by performing TRPL measurements which are more adapted to the study of
active regions made of QDs. Indeed, since we are dealing with samples presenting
inhomogeneous distributions of defects and QDs at the scale of the laser spot, it appears that
the situation is analogous of the situation in the samples described by Iwata et al.:*® at LT, the
laser spot shines two kinds of regions of the sample. In the first one, with a high densities of
non radiative centers, the recombination dynamics are ruled by a typical decay time trst while
in the second one (of crystalline quality weakly affected or almost non-affected by such defects)
the recombination dynamics are ruled by a decay time tsiow. The resulting PL intensity decay is
ruled by a two-component Kinetics with proportions Arast and its complementary Asiow. Iwata et

al. suggested identifying tsiow as the value of the radiative decay time (or to a close
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representative of its value) while both radiative and non-radiative recombinations contribute to
Trast. 1he interpretation of the value of tr.st is then made within the context of a prey-predator
description where the predators are the non-radiative recombination centers and the relative
population of preys (radiatively recombining electron-hole pairs) and predators (electron-hole
pairs trapped by non-radiative recombination centers) vary according to Lotka-Volterra coupled
equations. This model is valid when clear and unambiguous fitting of the decay time is
achievable, which is the case here and the values of IQEs framed by this determination match
very well with the time-integrated PL features. Consequently, this model appears to be well
adapted to our QD based active regions. However, the major drawback of the model is its
limitation to the LT range so that cross talking between both regions is not active. Therefore,
we cannot use it without including complementary interactions for the high temperature range
and this is the reason why we have chosen to use the temperature dependent PL measurements
as a complementary method to determine the IQE of the QDs at RT.

Given the approximations made and the complexity of the QD samples, the important
point of the discussion here is the comparison of the IQE as a function of the QD designs and
active region characteristics, i.e. the QD composition y and the QD height along with the Al
composition difference between the QDs and the cladding layer (Ax-y). Therefore, in order to
be able to compare the QD PL characteristics as much as possible, we have chosen to keep
constant the PL excitation intensity at a moderate and constant continuous wave PL excitation
power density to prevent as much as possible to be in potential situations where the IQE would
be decreasing due to strong non radiative recombination processes or to an important saturation
of states.*® As a result, by calculating the product of the IQE-LT value determined by TRPL
with the Rev ratio between LT and RT measured by PL, we have estimated the IQE at RT of
the complete sample series as reported in table 2, following the relation:

IQE = IQE-LT X IpL(RT) / Ip(LT) (3)
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Comparing the IQE values, it is then possible to put into evidence some specific trends
on the design of QD active regions for UV emission, as highlighted in figure 7: in this figure,
the IQE at RT has been plotted as a function of the QD PL energy at 300K and AXx-y.
Importantly, the largest IQE (i.e. corresponding to the largest dots in the figure which sizes are
proportional to the square root of the IQE value) are found for QDs emitting at shorter
wavelengths, i.e. in the UVB and UVC ranges for which the EQE values of LEDs are strongly
decreasing. IQE values between 5% and 20% are found, as indicated by a grey line in figure 7.
Specifically, in the case of QDs emitting below 300 nm (i.e. between 4.18 and 4.49 eV), the
IQE is reaching 10% at 297 nm and 19.8% at 276 nm. These values are obtained despite the
very large dislocation densities (> 10 cm™) in our structures, confirming the strong
confinement of carriers, which increases their radiative recombination.

Our results also indicate that a larger confining potential is more efficient than a stronger
wave function overlap (i.e. QDs with smaller heights) in AlyGai-yN QDs with y values of 0.1
or 0.2 (for samples A to D). However, it clearly appears that the largest IQE values are obtained
for QDs with a larger Al composition y (for samples E to G). Obviously, in these cases, the
radiative efficiency of the QDs does not obey the same rules than in the previous ones since
they present smaller average heights and reduced chemical contrasts (Ax-y = 0.3-0.4). This
behavior seems to indicate that the growth mechanisms of strained nanometer thick layers are
influenced by the alloy Al composition, considering that the same growth conditions (growth
rates, 111 / V ratio and temperature) have been used to fabricate the samples. Actually, it has
been reported that thick AlxGaixN layers grown by plasma assisted MBE present composition
fluctuations for growth temperatures above 670°C,*” and for Al composition of 50% or below.*®
Indeed, such growth temperatures and Al compositions correspond to the ones used for the

fabrication of the AlyGaiyN QDs. Furthermore, these growth mechanisms are at the origin of
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localization at the nanometer scale, i.e. at the scale of a QD, and therefore could modify the QD

confining potential and associated carrier confinement, leading to an improvement of the 1QE.

V. CONCLUSION

In summary, AlyGaiyN QDs with a nominal composition y varying from 10% to 40%
have been grown by MBE in AlxGaixN (0001) cladding layers with x equals to 0.5 or 0.7. Their
morphological and optical properties have been investigated as a function of different growth
parameters including the AlyGai-yN deposited amount, the QD Al composition y and Ax-y (i.e.
the Al composition difference between the QDs and the cladding layer related to the band gap
difference AEg). It is observed that the average QD height is proportional to the deposited
amount, and that high QD densities above 10* cm are obtained whatever the QD growth
procedure details. Regarding the photoluminescence (PL) characteristics, it is shown that the
integrated PL intensity temperature dependence is minimized in the case of a higher Ax-y (0.5
- 0.6) for low y values (0.1 — 0.2) and for QDs with high y values (0.3 — 0.4). In addition, time-
resolved PL measurements (TRPL) performed at low temperature (LT) have evidenced a two-
decay behaviour of the PL intensity, which is attributed to the presence of non-radiative
recombination channels. Performing a fit of the different TRPL spectra, the IQE of the different
QD designs have been determined at LT (8K) and show a strong variation from 11% to 66%
among the samples. Importantly, larger IQE values have been obtained for QDs emitting at
higher energies, i.e. in the UVB and UVC spectral regions. Combined with the PL intensity
ratios determined between LT and RT (300K), IQE values between 5 and 20% at RT have been
estimated for QDs emitting in the 276-308 nm range: as a trend, larger IQE values were found
for QDs emitting at shorter wavelengths (i.e. QDs with a higher Al composition y), and for QDs
capped in a cladding layer with a higher Al composition X in the case of QDs emitting at larger

wavelengths (i.e. QDs with a lower Al composition y). In conclusion, this study shows the
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potential of AlyGai-yN QDs as efficient UV emitters using a single step growth process and a
basic heterostructure design with dislocation densities above 10'° cm. Furthermore, the QD
IQE was found to be higher in the deeper UV region, where improvements in the IQE of LEDs

are mostly desirable.
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Figure captions:

FIG. 1. Schematics of the QD sample structure including the initial growth of a 30 nm-thick
GaN buffer layer on sapphire, followed by the growth of a 100-150 nm-thick AIN layer and a
800-1000 nm-thick AlxGaixN cladding layer. The active region is made of an AlyGaiyN QD
plane (capped by a 30 nm-thick AlxGai-xN layer) and a final AlyGai-yN QD plane at the surface.
Depending on the sample, the Al concentration x is equal to 0.5 or 0.7 and to 0.1, 0.2, 0.3 or

0.4 for the Al QD composition y.

FIG. 2. Atomic force microscopy images (500x500 nm?) of AlyGaiyN QDs for the complete
sample series from (a) sample A to (g) sample G.

FIG. 3. High-angle annular dark-field imaging in scanning transmission electron microscopy
mode images of AlyGaiyN QDs grown in an Alo7GaosN (0001) cladding layer for an Al
composition y equals to: a) 0.1 (sample C), b) 0.2 (sample D), c) 0.3 (sample E) and d) 0.4

(sample F).

FIG. 4. Normalized photoluminescence spectra measured at RT of AlyGai-yN QDs for the whole

sample series.

FIG. 5. Photoluminescence spectra measured at LT (thin lines) and RT (bold lines) of the

AlyGaiyN QD sample series for (a) samples A to D and (b) samples E to G.

FIG. 6. Time-resolved photoluminescence spectra (diamonds) recorded at LT of the AlyGai-yN
QDs sample series for (a) samples A to D and (b) samples E to G. The bold lines in the figures

are fits using equation (1).
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FIG. 7. (a) Internal quantum efficiency at RT (IQE) of the QD sample series (from A to G) as
a function of the photoluminescence energy and the Al composition difference between the
QDs and the cladding layer (Ax-y). The size of each dot is proportional to the square root of the
IQE of each QD sample. The vertical and horizontal lines are connecting the dots to the values
referring to the PL energy and Ax-y associated to each sample. The grey line is a guide for the
eyes. (b) Variation of the PL emission energy as a function of QD height and the composition

difference Ax-y.
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Table 1. Description of the QD sample series: aluminum composition in the AlkGaixN

cladding layer and AlyGaiyN QDs, deposited amount of AlyGayN, structural properties

of the QDs (average dimensions and densities determined by combining AFM and TEM

measurements) and photoluminescence emission energy and corresponding wavelength

measured at room temperature (RT).

AlxGaixN AlyGaiyN QDs QD structural properties Photoluminescence
cladding N Deposited QD QD :
Sampl
ample layer AI Gl el amount height |diameter Q[z C‘:ﬁ_’;;'w E?ee\;gy Wa\(lﬁlrﬁ?gth'
composition y (monolayers) | (nm) (nm)

A 0.5 0.1 10  |25+05] 10+5 |50(+ 1)x10"| 3.73 332

B 0.5 0.1 7 18+05| 8+4 |15 1)x10"| 3.95 314

C 07 01 10 26+03| 10£3 |2.4(x 1)x10"| 3.73 332

D 07 0.2 10 [26+0.3| 103 [54(x 1)x10"| 4.02 308

E 07 0.3 6 15403 8+4 |2.2(x1)x10"| 4.18 297

F 07 0.4 8 22+04] 104 |2.6(x 1)x10"| 4.12 301

G 0.7 0.4 6 15+04] 8+4 |48(x1)x10"| 4.49 276
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Table 2. Summary of the main optical characteristics of the AlyGa1yN QD sample series
determined by PL and TRPL: the PL spectrally integrated intensity ratio (RpL) between
LT and RT, the slow (tsiow) and fast (Trs) decay times and Agse and Agow coefficients
deduced from the TRPL decay times, the low temperature (LT) internal quantum
efficiency (IQELt) deduced from ref. 44 and the IQE of the QDs determined by the
product of IQEL1 by Rpi. The theoretical band gap energy difference between the QD and

the cladding layer (AEy) given in the table has been determined from ref. 50.

Active region design ReL =
Samples lee/lip | st | Soow | A | A | IQELT | TQE
QD/cladding layer AE, %) | (9) | (ns) (%) | (%)

A |Al, Ga N/AlpsGagsN| 0.87€V | 10+1 | 22 |18.3|929.6| 60.6 | 17 | 17

B |Al Ga, N/ALsGapsN| 087eV | 10%1 | 1.1 |14.4(13936| 630 | 11 | 1.1

C  |al,,Ga N/Al:GagsN| 143eV | 15%1| 3.7 |18.6(19434(2753| 30 | 45

D |l ,Ga, N/AL:GaosN| 124eV [ 30+2| 21 |16.8 9729 [1829| 26 | 7.8

E AI03Ga07N/A|o_7Gao,3N 1.03 eV 20+2 1087 | 2.3 | 4876 |111.7| 50 10

F A|04G806N/A|o.7Gao.3N 0.80 eV 10+1 | 0.82| 4.0 | 346.7|228.7| 52 5.2

G AIMGaOGN/AIojGao,gN 0.80 eV 302 (011|060 | 76.9 | 55.2 66 19.8
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