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ABSTRACT

Deep ultra-violet (DUV) light emitting diodes (LED) are expected to be the next generation of UV sources, offering
significant advantages such as compactness, low consumption and long lifetimes. Yet, improvements of their
performances are still required and the potential of AlyGaiyN quantum dots as DUV emitters is investigated in this study.
Using a stress induced growth mode transition, quantum dots (QD) are spontaneously formed on Alg7GaosN/AIN
heterostructures grown on sapphire substrates by molecular beam epitaxy. By increasing the QD Al composition, a large
shift of the QD photoluminescence in the UV range is observed, going from an emission in the near UV for GaN QD
down to the UVC region for Aly4GagsN QD. A similar behavior is observed for electroluminescence (EL) measurements
performed on LED structures and an emission ranging from the UVA (320-340 nm) down to the UVC (265-280 nm) has
been obtained. The main performances of Alg7GaosN based QD LED are presented in terms of electrical and optical
characteristics. In particular, the emission dependence on the input current density, including the emitted wavelength, the
optical power and the external quantum efficiency are shown and discussed.

Keywords: Nitride semiconductors, LED, AlGaN, Deep UV, Molecular Beam Epitaxy, Quantum Dots, External
Quantum Efficiency.

1. INTRODUCTION

AlyGaiyN quantum dots (QD) are attractive as ultra-violet (UV) emitters for the fabrication of deep ultra-violet (DUV)
light emitting diodes (LED). Due to their dimensions in the nanometer range, AlyGaiyN QD are used to confine
electrons and holes in the LED active region along the three directions of space and consequently favor the radiative
recombination of excitons.! This property is particularly attractive in the case of materials and heterostructures
containing very high defect densities.?® Such a situation occurs in our approach which is based on the use of thin Al\Ga;.
«N / AIN structures (< 1 pm) monolithically grown on sapphire by molecular beam epitaxy (MBE) focusing on simple
LED designs and low-cost fabrication processes. As a consequence, the threading dislocation densities (TDD) are above
10 ¢cm2 in our LED active regions.*> These very high TDD would be detrimental for the LED performances in terms of
internal quantum efficiencies (IQE) which have been measured to be well below 1% in the case of Al,Gai.yN / AlxGai«xN
quantum wells (QW).6 The situation is quite different in the case of Al,Gai.,N QD since temperature dependent
photoluminescence (PL) measurements have shown a weak decrease of the integrated PL intensity from cryogenic
temperatures up to room temperature of one order of magnitude or less,”®® compared to more than two order of
magnitude in the case of QW.X!! In addition, using specific growth conditions and/or surface orientations, a further
improved integrated PL intensity can be obtained by tailoring the QD shape,®!2* which can also be combined with a
modification of the wavelength emission, 141516

The MBE grown Al,Gai.yN QD are spontaneously formed using a Stranski-Krastanov growth mode where a transition
from a 2 dimensional (D) to a 3D layer occurs after the deposition of an amount above a critical thickness (h2p-sp).t” This
specific growth is obtained by taking advantage of the epitaxial stress between AlyGaiyN layer and the AlGaixN
cladding layer (with x >y) and the 3D growth is characterized by the formation of nanometer-sized 3D islands with
lateral dimensions in the 10 nm range and heights in the nm range.®*8
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AlGaixN LED emitting in the UVB (280-320 nm) and in the UVC (below 280 nm) ranges are seen as the next UV
technology for medical (e.g. dermatology) and environmental (e.g. water and air purification) applications in
replacement of mercury-based lamps which uses are being progressively banned. An intense research activity®® aims at
improving their efficiencies which are still limited to external quantum efficiencies (EQE) of a few percents. Higher
internal, injection and/or extraction efficiencies are targeted by developing a wide panel of materials and/or technological
approaches (e.g. bulk AIN substrates, high temperature annealing, tunnel junctions, polarization induced doping, BN and
alloys, etc.).%

In this study, we focus on the properties of AlyGa;,yN QD with y ranging from 10% to 40% embedded in AlyGaixN
cladding layers with x equals to 70%, and discuss their potential as active regions for deep UV LED. The self-assembled
AlyGaiyN QD have very high surface densities in the 10 cm range, lateral dimensions ranging between 5-15 nm and
heights between 1.5-2.5 nm. By varying the Al concentration, photoluminescence spectra show an emission in a broad
range from UVA to UVC regions. LED structures made of three to five AlyGa:yN QD planes have been grown by MBE.
Current — voltage measurements have been performed along with an in-depth investigation of the LED emission
characteristics as a function of the current density. LEDs emitting in the UVB and UVC regions have been fabricated and
the main electro-optical characteristics (optical power, external quantum efficiency) of QD based LED are presented.
The remaining issues to reach higher EQE and ways to solve them are briefly discussed to conclude the study.

2. METHODOLOGY

The heterostructures have been fabricated by MBE (in a RIBER 32 reactor) on AIN buffer layers (BL) grown on c-plane
sapphire substrates. Ammonia (NHs) was used as the nitrogen source together with solid sources for Ga, Al, Si and Mg.
However, for the AlyGa;yN QD fabrication step, a RF plasma cell with nitrogen (N2) gas was used instead of NHsa.
Sapphire is well adapted to the fabrication of LED in the UV due to its transparency in this spectral region that spans
beyond the AIN band gap (i.e. A ~ 206 nm at room temperature). The AIN buffer is grown in a two step process: at first,
a nucleation layer of 3 nm is deposited at 500°C and then, a 130 nm thick layer is grown at 1000°C, following the
conditions detailed in ref. 4. Next, a 700 nm thick Si-doped Alo7GaosN layer is deposited at 870°C, with a Si
concentration around 10'° cm, followed by the LED active region made of Al,Gai,N QD planes separated by
Alo7GaosN cladding layers. In this study, LED structures (see Figure 3(a) — following a structure design similar to the
ones described in refs. 11, 21, 22) with different Al concentrations for the Al,Ga;yN QD (i.e. with y = 0.1, 0.2, 0.3 or
0.4) were investigated. The QD fabrication process involved a post-growth annealing step after the deposition of an
AlyGaiyN amount of 2 nm, in order to improve the QD shape and size uniformity and avoid the formation of elongated
QD?%121422 Then, a 10 nm thick Mg-doped AlysGao 2N electron blocking layer and a 10 nm thick Mg-doped Aly7GaosN
layer are grown at 820°C and the structure is ended with a 30 nm thick Mg-doped GaN contact layer at a temperature of
780°C, with a Mg concentration around 5x10%° - 1x10% cm3. Reference samples made of one QD plane buried in an
Alo7GaosN cladding layer for PL measurements and a surface QD plane for AFM observations (performed in tapping
mode) have also been studied.

For the different AlyGa;.yN QD active region structures, LED with a squared geometry were fabricated in clean room by
using photolithography and electron cyclotron resonance reactive ion etching processes. The LED mesas, with a size of
310 x 310 um?, are covered by a thin Ni/ Au (5 / 5 nm) semi-transparent current spreading layer plus a Ni / Au (20 / 200
nm) contact as top electrode to p-GaN. The contact on n-Alg7GaosN is a stacking of Ti/ Al / Ni/ Au (30 /180 /40 /200
nm). The LED were studied at room temperature by measuring the current - voltage (I-V) and electroluminescence (EL)
characteristics. The EL was measured from the sapphire side of the LED by collecting the light in an UV-grade optical
fiber connected to a linear CCD spectrometer with a spectral resolution of 2.5 nm. The optical power (Pop) was also
measured from the backside of the devices placed on top of a calibrated UV enhanced Si photodiode.

3. RESULTS

Typical atomic force microscopy (AFM) images of reference samples including an AIN BL, an Alg7GaosN:Si layer and
AlyGaiyN QD are shown in Figure 1. Regarding AIN and Alo7Gao3N:Si, smooth surfaces are observed with root mean
square (RMS) roughnesses of 1.3 nm and 0.3 nm for AIN and of 1.8 nm and 0.4 nm for Alg7Gao3N:Si on (10x10) pum?
and (1x1) um? surface areas, respectively. Whereas no specific feature can be determined on the AIN BL surface, mono-
atomic surface steps oriented along <11 2 0> directions are found for the surfaces of Aly7Gao3sN:Si. In the case of QD,
the image presented in Figure 1(c) concerns AlyGaiyN QD with y = 0.2. From these AFM measurements, QD densities
between (3 — 6) x 10* cm? have been determined. These very high QD densities are attributed to the low growth



temperature of 720°C used during the AlyGa;yN deposition and consequently the low diffusion length of Ga and Al
adatoms.?2* Concerning the QD size distribution, their lateral dimensions are typically ranging between 5 and 15 nm
and their heights between 1.5 and 2.5 nm.
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Figure 1. Atomic force microscopy images of: (a) AIN grown on c- plane sapphlre (b) Si doped Alo 7Gao 3N grown on AIN »
(c) Alo2GaosN quantum dots (QD) grown on Alo7Gao.sN.

PL measurements, using a frequency-doubled Ar laser excitation source at 244 nm, of reference AlyGai.yN QD samples
are shown in Figure 2 and compared with GaN QD. A strong shift in the UV range is obtained for the emission of
AlyGaiyN QD with an emission at shorter wavelengths as the Al concentration y is increased. Typically, Alg1GaosN QD
emit in the 320-340 nm range, Alp2GagsN QD between 310-330 nm, Alo3Gao7N QD in the 290-320 nm range and
Alo4GaosN QD between 260-290 nm. In the case of GaN QD, an emission in the near UV range between 370-400 nm
and up to the visible blue range from 400 to 480 nm can be observed.®?* Clearly, the influence of the internal electric
field (Finr) and the associated quantum confined Stark effect (QCSE) is enhanced in the case of GaN QD. This is a
consequence of the larger lattice-mismatch with the AlyGai;«N cladding layer leading to an increase of Fiy; and a strong
red-shift of the PL emission reaching much longer wavelengths compared to the GaN band gap one (i.e. A ~ 360 hm at
room temperature).?® This characteristic also lead to a much larger PL peak broadening for GaN QD with full width at
half maximum (FWHM) values that are typically in the order of 300-400 meV compared to 150-200 meV in the case of
AlyGaiyN QD. Yet, even in this latter case, the FWHM are still high and reflect alloy disorder during AlyGaiyN
growth?®?” along with QD sizes (heights) inhomogeneity, leading to variations in the QD band structure and
consequently in the confinement energies and Stark effect. Time-resolved PL measurements at low temperature (8K)
combined with temperature dependent PL measurements (between 8K and 300K) have then been used to determine the
QD internal quantum efficiencies (not shown): importantly, values above 10% have been obtained despite the very high
TDD in the heterostructures (of the order of 5x10%° cm?).28
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Figure 2. Photoluminescence spectra of GaN and AlyGai-yN quantum dots (QD), with y varying from 0.1 to 0.4, grown on
Alo7GaosN (0001) cladding layers. The sharp peak emission at 488 nm is the excitation laser (frequency-doubled Ar) second
order line emission.



As presented below, LED structures designed with Al,GaiyN QD were then fabricated, processed and their electro-
optical properties were investigated. A current — voltage characteristic is shown in Figure 3(b): a diode behavior is
observed with an operating voltage of 13 V at 20 mA and a series resistance value of 50 Q. In average, voltages between
10 and 15 V at 20 mA have been found in most of the LED and series resistances between 40 and 60 Q. The EL spectra
of three devices with different QD active regions are reported in Figure 3 (c). The EL spectra are all characterized by a
single peak which originates from the QD emission; the maximum EL intensities are measured at 326, 306 and 269 nm
for LED with QD (nominal) composition of Aly1GaosN, Alo2GaosN and AlgsGaosN, respectively. As expected, the
emission in the deeper UV range is found for QD with the higher Al concentration. Yet, the emission from the
Aly3Gao 7N QD is found at a much shorter wavelength then expected from the PL measurements performed on reference
structures (as described in the previous paragraph). This point will be further discussed in the following section.

(a) 17

100+ =

p-type Alp,GaosN:Mg [N z |
p-type Al 5Gao N:Mg EBL k3 £
Aly ;Gag 3N / = 60/ E
§ 40!} E
n-type Al, ;Ga, ;N:Si 8 20+ ‘g

AIN o o o
-10 -5 0 5 10 15 20 200 250 300 350 400
Voltage (V) Wavelength (nm)

Figure 3. (a) Schematics of the AlyGaiyN quantum dots (QD) based light emitting diode (LED) structures grown on
sapphire substrates. (b) Typical I-V characteristic of an Alo.7GaosN based QD-LED showing a rectifying behavior with a
voltage at around 13 V at 20 mA. (c) Electroluminescence spectra (normalized intensity) at an input current of 20 mA of 3
different LED emitting in the UVA, UVB and UVC regions between 340 nm and 265 nm.

The main characteristics of our QD-based UV LED have been summarized in Figures 4 and 5 for the specific case of an
active region made of Alyo2GagsN QD since similar trends are observed for all the devices as described
elsewhere. 1121222429 The LED emission is strongly shifting into the UV at shorter wavelengths (from 349 nm down to
318 nm) as the input current density (J) increases (Figure 4(a)) and at the same time the EL spectra FWHM is strongly
reduced from 63 nm down to 31 nm. In the measurements, the wavelength has been calculated as the arithmetic mean
between the two wavelength values measured at full width at half maximum of each EL spectrum.
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Figure 4. Alo2GaosN QD-based LED electroluminescence (EL) characteristics of: (a) the variation of the wavelength
emission as a function of the current density. The black squares are experimental measurements and the line represents a
linear fit of the wavelength variation; (b) the variation of the full width at half maximum (FWHM) of the EL peak as a
function of the current density.



The EQE and optical power of the LED as a function of J have been further investigated as shown in Figure 5. Maximum
EQE close to 0.08% have been found at around 10 A.cm™. Below and above this maximum, the EQE is found to
decrease progressively down to a minimum value of around 0.04% found at the minimum and maximum current
densities of 0.1 and 100 A.cm, respectively. The decrease at high current densities is commonly observed in LED and
known as the “efficiency droop” characterized by non radiative processes attributed to Auger recombination and electron
leakage contribution.®® Regarding the optical power (Pop), Values in the sub-uW range for current densities up to 0.5
A.cm? are found, then increasing at 55 pW at 20 A.cm™, and reaching a maximum value of 155 uW at 100 A.cm™. Yet,
the optical power increase is not constant and varies as a function of J at a constant power m. The value of m depends on
the current density range and is found to be close to 1 between 0.1 and 20 A.cm?, and below 1 for higher current
densities. A value of 0.75 is found for J between 20 and 70 A.cm and for J above 70 A.cm? it is found to be reduced to
a value of 0.4.
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Figure 5. Alp2GaosN QD-based LED characteristics of: (a) the variation of the external quantum efficiency (EQE) as a
function of the current density (J); (b) the variation of the optical power (Popt) as a function of J. The segments represent fits
of the variation of Popt With a power law J™, where m is a coefficient determined by the fit.

4. DISCUSSION

The PL measurements clearly point out a significant influence of the internal electric field (Fix) and the QCSE on the QD
emission. Due to the smaller Fiy of AlyGaiyN QD (with 0.1 <y <0.4), a reduction in the FWHM is observed (Figure 2)
and the red-shift in the QD emission is also limited compared to the extreme case of GaN QD. However, when
comparing the PL emission with the EL of QD-based LED (Figure 3(c)), an increase in the FWHM of the spectra is
observed for the LED: 1) in the case of Alg1GaosN QD active region, the PL FWHM is ~ 16 nm (180 meV) while it is ~
21 nm (250 meV) in the case of the EL ; 2) for Alyo2GagsN QD, a value of ~12 nm (150 meV) and ~ 30 nm (400 meV)
for PL and EL FWHM, respectively; and finally 3) for Aly3GaosN QD, a value of ~8 nm (115 meV) for the PL FWHM
and ~ 34 nm (580 meV) for the EL FWHM are measured. Although the injection conditions (i.e. the carrier densities) in
the QD differ between the LED and the reference PL structures for the measurements presented here, which has an
inpact on the EL FWHM as shown in Figure 4(b), some tendencies can still be given: i) a decrease of the FWHM of the
PL spectra is observed as the Al concentration in the QD increases which is attributed to the reduction of Fiy as the Al
concentration between the cladding layer (Alp7GaosN) and the QD decreases; ii) an increase of the FWHM s
systematically observed for LED compared to the reference sample. This characteristic is due to the multi-QD planes in
the LED structure compared to the single QD plane in the reference one. It indicates that the QD composition and size
(height) fluctuations increase when piling up the QD layers; iii) an opposite behavior is observed regarding the FWHM
dependence on the QD Al concentration between the LED and the reference sample: the FWHM decreases in the latter
case whereas it increases in the case of the LED. The FWHM reduction with the Al concentration increase for the
reference samples can be seen as the direct consequence of the reduction of Fixx whereas its increase in the LED
structures is due to an enhancement of the QD composition and size fluctuations as already discussed. It is worth noting
that the FWHM broadening becomes extreme as the nominal Al concentration of the QD increases to 30%, going from
250 meV up to 580 meV for Alp1GagsN QD and AlgsGag7N QD active regions, respectively. This result is attributed to
an increase of the AlyGa;.yN material intrinsic composition fluctuations as Al increases,??” adding to the broadening



which comes for Fiy.?? In addition, the emission from the Alg3Gap 7N QD (nominal composition) based LED is found at a
much shorter wavelength then expected from the PL measurements performed on reference structures (cf. Figure 2 and
Figure 3(c)), which gives another hint about the AlyGa;.yN composition fluctuations for larger Al concentrations.
Looking now at the EL evolution as a function of the input current (density) presented in Figure 4(a), spectra for
different current values have been extracted and are shown in Figure 6. Although the EL spectra shape is influenced by
Fabry-Perot interferences resulting from the refractive index contrasts at the AlGaN/sapphire and the air/AlGaN
interfaces and the maximum intensity peak wavelength remains fairly constant (between 318 and 324 nm), a dependence
of the EL as a function of the current is still observed: whereas at lower currents the broadening is mainly observed
towards longer wavelengths (up to 380 nm), an opposite feature is seen at larger currents with an increase of the EL at
around 300-305 nm. This is a typical feature found in our LED: at lower J, carriers are preferentially injected in QD with
lower Al concentrations (i.e. in deeper localization potentials) whereas a progressive injection into higher Al
concentration Al,Gai.yN QD occurs at larger J leading to an LED operation at shorter wavelengths.?®
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Figure 6. Electroluminescence spectra of a QD-based LED measured at different input currents (between 1 and 90 mA).

The LED EQE and Pgy are also dependent on the current density (Figure 5). The EQE is the product of the internal
quantum efficiency (IQE), the injection efficiency (IE) and the extraction efficiency (EE). In our characterizations, the
EE is constant and the variation of the EQE as a function of J point out a variation of the IQE and/or the IE. Combining
the EQE measurements with the evolution of Pqy, it is then possible to conclude that: 1) at lower J, the IQE is constant
(between 0.1 and 20 A.cm™) as evidenced by a (quasi-)linear variation of Poy (i.€. the coefficient m is close to 1), which
means that the IE increases; 2) at higher J, m is found below 1 (m ~ 0.75) and Pt increases sub-linearly as a function of
J, leading to a decrease of the EQE; 3) a more pronounced decrease of m down to 0.4 is determined at largest J, i.e. Pout
starts to saturate, along with a strong drop in the EQE which is divided by 2 compared to its maximum value found at 8
A.cm, The reduction in the optical power increase above 20 A.cm is related to thermal effects caused by a decrease of
the (hole) injection efficiency into the QD active region (associated to Auger effects and/or electron overflow).*°
Considering the typical operating voltages of the LED in the 10-15V range, heating effect at the LED junction is seen as
the main reason for the EQE decrease observed in our LED. Indeed, it the extreme case of highly resistive contacts
and/or doped layers leading to even larger operating voltages as shown in the LED current — voltage measurements
presented in Figure 7(a), the impact of the injection efficiency on the LED performances is even more obvious: in this
example, the LED turn-on voltage is 11 V and it increases to 27 V at 20 mA.cm™. The optical power variation reported
in Figure 7(b) is found to be linear as a function of the input current below 2 A.cm2 only and then increases sub-linearly.
At 20 A.cm only, Poy saturates and even severely decreases at larger current densities leading to irreversible damages
on the LED working operation.
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Figure 7. Performances of a QD-based LED with degraded electric properties: (a) I-V characteristic showing high voltages
in operating conditions; (b) variation of the optical power (Popt) as a function of the current density. A strong decrease of Popt
is observed for current densities above 20 A.cm.

5. CONCLUSION

In this study, the performances of AlyGai.,N QD-based UV LED emitting in a broad wavelength range, from 340 nm to
265 nm, have been investigated and correlated with the QD structural and optical properties. In particular, important
differences between the electroluminescence (EL) and the photoluminescence (PL) properties have been observed and
attributed to an increase in the QD composition and size (height) inhomogeneities in the LED active regions due to the
use of multiple QD planes compared to a single one for the reference samples used in the PL measurements. Concerning
the LED characteristics, an analysis of the EQE and optical power dependence on the current density shows that a
reduction in their values at higher J is mainly related to a decrease in the injection efficiency and associated to a heating
effect. In addition, an important dependence on the EL wavelength as a function of J has been observed and attributed to
injection into different QD populations related to a preferential carrier injection in deeper localization potentials (i.e.
lower Al concentration and/or larger QD sizes (higher heights)) at lower J. To reduce the EL wavelength dependence on
the current density as well as the EL peak broadening of the QD LED, non or semi polar orientations could be an
attractive alternative,?* although improvements in the material crystalline quality of heterostructures grown on high index
Miller planes are still required to reach the level of c-oriented heterostructures. In addition, an optimization of the surface
morphology and/or cladding layer thickness between the AlyGai.yN QD planes could also lead to a specific and improved
vertical organization and size uniformity of the nanostructures as shown in GaN and other semiconductor
systems.31:323334 To improve the injection efficiency, tunnel junctions for non-equilibrium hole injection appears to be an
attractive approach®>2¢ and will be investigated in a near future.
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