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Abstract:

With the aim of targeting sanitization applications, the realization of a 285 nm AIN nanowire-
based light emitting diode is reported, with a focus on the comprehensive study of electro-
optical properties. The active region consists of AlGaN, with a Ga content of at most one
percent, as measured by energy dispersive X-ray spectroscopy. Optical properties were
investigated by means of cathodo- and photoluminescence. They reveal a high degree of
localization of electron-hole pairs on recombination centers behaving as quantum dots. The
AIN pn-junctions show diode-like rectifying behavior with 5 orders of magnitude difference
between +/- 10 V. The main factor limiting the current at larger forward bias is found to be
tunnel-limited injection obeying a Fowler-Nordheim model. Spatially resolved
cathodoluminescence (CL) and electron-beam induced current measurements demonstrate that
the active region overlaps the space charge region. Finally, electroluminescence (EL)
spectroscopy was performed. This methodology allowed us to identify current limitations, the

main one being injection efficiency, opening the path to efficiency improvement solutions.



Introduction

Solid state ultraviolet (UV) emitters draw an increased interest for a wide variety of
applications and particularly for bactericide ones. Compared to the conventional mercury
lamps, UV light emitting diodes (LEDs) exhibit numerous advantages such as a low operation
voltage, longer lifespan, compactness and absence of harmful mercury. However, despite the
demand and research efforts, Al-rich AIGaN thin films LEDs are still lacking efficiency with a
record external quantum efficiency (EQE) of 20% at 275 nm! but drastically decreasing as the
wavelength shortens.?

Reasons for this decrease are manifold. As the AIN molar fraction increases, ionization
energy of n-type and p-type dopants increases, reducing free charge carrier density and the
overall conductivity of the layers.>”’ In addition, the lack of suitable substrate with low
dislocation density,® and the difficult extraction of light’, limit the performances of the device
and increase the complexity of the fabrication process.

To address some of those issues, nanowire (NW) based heterostructures are promising.
Thanks to their growth mechanism and their geometry, the formation of extended defects is
avoided and the extraction of light can be enhanced.!®!! Moreover, the incorporation of dopants
is shown to be eased thanks to nearby free surface allowing elastic strain relaxation.'*'*
However, the growth of controlled AlIGaN NWs is difficult as they are prone to alloy
fluctuations and spontaneous formation of superlattice-like structure.>”!” Leveraging those
advantages, some groups reported the fabrication of UV LEDs in the UV-B and UV-C range
from AIINN'® and AlGaN NWs,!" respectively. In spite of these demonstrations, the
understanding of electrical transport properties of such AlGaN heterostructures were not
discussed or addressed in the scope of giving a picture of the overall properties and
performances. This study presents an AIN nanowire-based LED emitting at 285 nm. Contrary

to the common quantum well structure, the active area consists of an extremely low Ga-content



AlGaN alloy. The sample exhibits a room temperature / 5 K ratio of integrated
cathodoluminescence intensity of ~ 20%, which is assigned to the quantum dot-like behavior
of Ga-related carrier localization centers. AIN p-type doping was achieved by Mg/In co-
doping,'? while Si was used for n-type doping.?*! The resulting device, presented in the present
report, exhibits good electrical properties with a rectifying behavior and high current density.
Finally, we used electron beam induced current technique to assess the position of the electric
field and check the matching with the active area location. However, it is shown that at high
bias, current is limited by tunneling through a potential barrier. Electroluminescence
measurements show a single peak at 285 nm, consistent with cathodoluminescence spectrum,
and an output optical power scaling linearly with current density. All these characterizations
allow one to understand the overall device behavior and unravel the main limitations of the

current NW LED design.

The AIN nanowire LED sample was grown by plasma-assisted MBE on highly conductive
n-type (111)-Si substrate. The heterostructure consists of a 500 nm long highly conductive n-
GaN stem, followed by 150 nm n-type AIN section, a 30 nm Ga-doped AIN active area, a 150
nm long p-type AIN section and a 15 nm p-type GaN cap, measured based on secondary
electron contrast from image acquired by scanning electron microscopy (SEM). The AlGaN
active area section was grown with an extremely low Ga content of at most 1%, as measured
by energy dispersive X-Ray spectroscopy (EDX).?? This value however does not correspond to
the Ga composition of the AlGaN clusters but to an averaged value over the NW diameter.
Figure 1 shows a sketch of the sample structure and SEM images from top and cross-sectional
view. Enlargement of the nanowires due to the smaller Al adatom diffusion length allowed for

the near coalescence of the NW tops, which eased clean room process and contact deposition.



More details on growth parameters and experimental setup can be found in Supporting

informationsection A.
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Figure 1: SEM image from top view (a) and cross-sectional view (b) of AIN NW sample. Scale

bar stands for both images. (¢) Schematic of a single nanowire structure.

The optical properties of the studied sample were first investigated by cathodoluminescence
(CL). Figure 2.a. shows a CL spectrum of the sample acquired by scanning a 100 pm? area on
top of the NWs array, at room temperature, under an acceleration voltage of 15 kV and a probe
current of 1.4 nA. The main peak centered at 285 nm is attributed to the signal arising from the
active region with contribution from GaN sections at around 360 nm and a blue band at ~ 420
nm. CL spectrum was recorded at various temperatures ranging from 5 K to 315 K (inset of Fig
2.b.) and the integrated signal from the main peak is further plotted as a function of the
temperature in Figure 2.b. A marked thermal stability is observed, namely a ratio between the
CL signal intensity at 300 K and 5 K of around 20 %. The spectrum in Figure 2.c was obtained
by focusing the beam on a single NW, revealing multiple sharp luminescence lines which
appear on top of a broader background. Especially, this fine structure in the CL spectra remains
present up to around 200 K, as a clue of carrier confinement on recombination centers.

Furthermore, Figure 2.d. shows CL spectra at 5 K for different number of NWs probed. The

abundance of emission lines points towards a distribution of strongly confining recombination



centers spanning over a wide energy range. As more and more wires are excited, the overall

emission smoothens revealing a random distribution of emission lines centered at ~ 285 nm. In

addition, photoluminescence (PL) spectra were acquired under a 244 nm excitation at 5 K and

at various powers ranging between 5 to 500 uW, which are shown in Supporting information

(Section B). They exhibit no shift either in peak position or normalized intensity pointing

towards an absence of saturation of the emission centers, discarding the hypothesis that Donor-

Acceptor Pairs (DAP) could be responsible for this luminescence. More details on the optical

properties of Ga-rich AlGaN clusters resulting from Ga doping of AIN NWs can be found in
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Figure 2: a) Room temperature CL spectrum of the sample taken from the top view on a 100
pm? area. b) Integrated CL intensity between 200 nm and 305 nm as function of the temperature

and normalized with respect to the average intensity at temperatures lower than 20 K. Dashed



grey line is a guide to the eye. Inset: CL spectrum as function of the temperature. ¢) CL spectrum
with a beam spot focused on a single nanowire acquired at 5 K, 60 K and 200 K. d) CL spectrum

at 5 K measured for a number of probed NWs ranging from about 1 to 2000.

J-V characteristics of ten diodes are plotted in a semilogarithmic scale in Figure 3.a.

The samples exhibit a rectifying behavior with five orders of magnitude difference between -

10 V and +10 V. Good reproducibility from diode to diode is observed up to at least +/- 30 V

while keeping the same ON/OFF ratio as shown in Figure 3.b. Several models were considered
to account for the transport mechanisms involved in the full structure.

Firstly, at low positive bias, J-V characteristics can be described by the lowering of the pn-

junction barrier resulting in thermoionic regime:

4
J = Jsauexp (1p) = 1) (1)

with k the Boltzmann constant, T the temperature, g the electron charge, Js,; the saturation
current density and 7 the ideality factor. An ideality factor ~13 can be extracted from the
exponential part of the characteristic revealing a non-ideal diode. This huge ideality factor
indicates that the thermoionic regime is not the main charge transport mechanism at the pn-
junction. Alternately, if one assumes trap assisted tunneling (TAT) at the pn-junction under

forward bias, the tunneling current can be defined by?* :
J=Aexp(p) ()
Where A is a pre-exponential factor and E7 is a characteristic tunneling energy, found to be
equal to 340 meV. TAT is a mechanism in which electrons and holes recombine non-radiatively
by tunneling from one band to a defect located in the gap. It is therefore highly detrimental to

radiative recombination in LEDs. Its origin may come from the fact that p-AIN section is indeed

highly doped with [Mg] ~ 10%° cm™ which leads to a short space charge region and ease the



tunnelling of charge carriers. In order to go deeper into this, the tunneling energy can be further
expressed as:

4h N
Er=— |—— ()

T Al M*goey
with 4 being the Planck’s constant, g, the dielectric permittivity of vacuum, &, = 9 the relative
dielectric constant of AIN?*, Ni the concentration of impurities and m * the effective mass of the
tunneling particle?>. The choice of the latter parameter is of importance. By taking into account
only electrons with m} = 0.33 or only holes with m}, = 4 ?*>, N1 takes the values 4 x 10'® cm™
or 5 x 10'7 cm™ respectively. The tunneling occurring in a non-intentionally doped active area,
the favored scenario is a tunneling of electrons on residual impurities present at a concentration
of 4 x 10'® cm™, in agreement with a previous report?.

Secondly, at high positive bias, neither ohmic conduction (J o V') nor space-charge limited
current (SCLC) conduction (J o< V?2) is the mechanism limiting the current once the pn-
junction is fully lowered. Indeed, this later mechanism occurs when charge carriers are directly
injected into the band and has been observed in low conducting AlGaN systems. 20-21:26-28
Instead, J-V measurements fit particularly well to a Fowler-Nordheim (FN) tunneling model,

used to describe the emission of charge carriers through a potential barrier. 2°2° In this model,

current flow is described by the following equation:

3
_ _aE _ Hem(agp)?
J= 16m2hep exp( 3hqe E ) (4)

where E is the electric field and ¢ the barrier height. Then, by plotting the quantity In(J/E?)
with respect to 1/E, one can obtain a so-called FN plot. By assuming that the potential is fully
applied on a triangular shaped barrier, FN plot can be equivalently plotted as In(J/V?) vs 1/V.

Figure 3.c. shows J-V characteristics of the sample in a FN plot for different temperatures
between 6 K and 300 K. The linear part at bias higher than ~ 5 V clearly indicates that the

current follows this model and that current is limited by either electrons or holes having to



tunnel through a barrier in order to reach their respective bands. As the temperature decreases,
one can clearly observe the disappearance of the TAT regime, consistent with the freezing of

carriers in the pn-junction.
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Figure 3: (a) Room temperature Current-voltage (J-V) characteristics of ten AIN NWs LEDs.
Dark red curve is the averaged curve. Upper left inset: J-V characteristics in a lin-lin scale.
Lower right inset: SE image of a contacted device. (b) Room temperature J-V characteristics of
one diode between -30 V and +30 V (open circles) with fits of trap-assisted tunneling (TAT)
(J < exp(V)), Fowler-Nordheim (FN) (] o< VZexp(1/V)) (straight lines). The expected
dependences according to ohmic (J « V), space charge limited current (SCLC) (J « V?2) and

. . v . . .
thermoionic (J « exp (k—T) ) models are also shown, represented with dashed lines. Detection

limit is of 10 A/cm?. (c) Fowler-Nordheim (FN) plot of the J-V characteristics as function of

temperature. Lines represent FN (solid green), TAT (solid blue), ohmic (dash-dot) and SCLC



(dashes) conduction models. (d) Simulated valence band for bias between 0 V and 12.5 V,
zoomed at the p-AIN / p-GaN interface. Energies have been normalized with respect to the

simulated hole Fermi level at the p-contact.

The origin of this barrier is still unclear. However, since the n-GaN stem is doped up to

a metallic level'*

and no FN tunneling has been observed in n-GaN — n-AIN — n-GaN system
previously studied,?® the remaining interfaces are either the pn-junction, the p-AIN / p-GaN
interface or the p-GaN / metal interface. Changing Pt/Pd/Au metal stack for a Ni/Au one had
no conclusive effect on the high voltage regime, therefore one can assume that this latter
interface is not at the origin of the FN tunneling which limits the current. With a valence band
offset between AIN and GaN of around 1 eV3!"33, in addition to the reduced hole concentrations
in p-section, the p-AIN / p-GaN interface is the most designated candidate to account for this
barrier. This hypothesis is further supported by NextNano simulations as shown in Figure 3.d,
which illustrates the evolution of valence band at the p-AIN / p-GaN interface under different
applied bias. It confirms the shape of the valence band, allowing tunneling through this barrier
which lowers as the bias increases. The identification of this bottleneck is an additional

argument for the replacement of the UV-absorbing p-GaN contact layer by a UV-transparent

hole injector such as h-BN>*, graphene?®> or diamond.>®

Surprisingly, current is flowing even at temperature as low as 6 K at which all carriers should
be frozen in regard of the ionization energies of shallowest Si donor state of 75 meV2° and Mg
of ~550 meV>’ in AIN. To explain this feature, a scenario involving direct injection of carriers
into their respective bands is put forward. On the one hand, holes can be provided to AIN VB
by FN tunneling from p-GaN section. Especially, Figure 3.d. shows that holes are accumulating

at the p-GaN / p-AlIN interface. Direct injection of holes in p-GaN from the contact by SCLC

10



is also plausible especially due to the reduced size of the p-GaN layer of only 15 - 20 nm. SCLC
scaling with the cube of the layer thickness®, a high current can be injected at a low bias. On
the other hand, electrons are provided by the metallic n-GaN stem and are directly injected into
the n-AIN CB by SCLC as reported in a previous study?’. Once injected in the bands, the

electric field is enough to make both charge carriers drift to the active region.

In order to perform further characterizations, the sample was cleaved to access the NWs
array from the side. In this configuration, electron-beam induced current (EBIC) at 0 V and CL
signals were recorded under a 5 keV electron beam excitation. Since EBIC implies the
collection of injected charges, their separation by the internal electric field results in the absence
of recombination in this area and would concomitantly result in the absence of CL signal. To
cope with this issue CL was acquired on contact-free NWs in the vicinity of the contacted ones
used for EBIC measurements. Zero bias EBIC and CL linescans are displayed in Figure 4.a.
and b. From the EBIC signal, the pn-junction can clearly be located at the middle of the AIN
section, with the electric field reaching a plateau corresponding to the space charge region with

a width of around 100 nm. In the case of an abrupt pn-junction, this width w is expressed as:

w = 2e(Vpi—V) (5)
\’ qNefr

-1
! ! ) , Np,a the donor and acceptor concentrations and Vi the built-in

with Neff = (E + N_A
voltage taken as equal to 5.5 V, to account for ionization energy of dopants. With a depletion
width of 100 nm, the equivalent Nefr is 5 x 10'7 ¢m?. This result gives a lower limit for the

dopant concentration, assigned to the n-type one and assesses a significant effective p-type

doping of the AIN section.

X
Away from the depletion region, EBIC signal scales with e ‘»» where L, ,, is the

minority carrier diffusion length. Accordingly, fits were performed and are plotted as black

11



dashed lines on Figure 4.a. Diffusion lengths of ~ 80 + 10 nm for electrons in p-AIN and ~ 205
+ 15 nm for holes in n-AIN are found which are close to the ones found in other AlGaN
systems?63*40_ Furthermore, a shift of the EBIC signal at the top of the wire at the p-AIN / p-
GaN section is measured, revealing the tunnel barrier previously mentioned. CL linescan
centered on 285 nm shows a maximum intensity aligned with the maximum of EBIC signal. In
addition, Figure 4.c. and d. show signals acquired as the electron beam was scanning the
sample. It highlights the good homogeneity from wires to wires of both CL and EBIC signals.
EBIC and CL correlation is favorable to the injection of charge carriers in the active area in
order to make them recombine as efficiently as possible and emit photons at the desired

wavelength.
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Figure 4: (a) Quantitative EBIC signal at zero bias in blue along with exponential fits in orange
solid lines and (b) CL signal recorded along four NWs. Inset in (a) is a zoom showing the EBIC
shift at the p-AIN / p-GAN interface. (¢) Zero bias EBIC mapping. (d) CL mapping at 285 nm

+ 3 nm.
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Electroluminescence of the LED was recorded by applying a DC voltage on circular
pads displayed on Figure 5.a. in order to collect light from the top. Figure 5.b. shows
electroluminescence spectra as a function of the applied bias. One single peak at 285 nm can
be seen, which increases with voltage and current. Furthermore, the onset of the EL signal
starting at 6 V (inset of Figure 5.b) is consistent with the bandgap of AIN and the LED band
structure (see Supporting informationsection C). CL spectrum acquired from top view with a
15 kV acceleration voltage on a 10 x 10 pm? region at the center of the pad, and EL spectrum
at + 20 V are compared on Figure 5.c. Besides a good agreement of the main peak wavelength
position, no significant contribution of GaN or defect related luminescence at higher
wavelength is present in EL with respect to CL. This feature points toward recombination of
carriers mainly in the active area, even at bias as high as 20 V. To go one step further, EL
intensities were integrated, divided by the current density and plotted as function of the current
density on Figure 5.d. This plot allows one to identify a plateau for current density lower than
0.2 A/cm? meaning that optical power scales linearly with the current density. This is typically
expected for LEDs as the optical power is the product of current density and external quantum
efficiency. At injection higher than 0.2 A/cm?, a drop is measured indicating the apparition of
losses.

The device efficiency was measured using another top pad design, different from the
one in Figure 5.a. It consisted of a 15 nm thick Pt/Pd/Au top metallic layer acting as a semi-
transparent electrode. This new pad design and the corresponding EL spectrum are shown in
Figures S6 and S7 of the Supporting information. The absorption of this layer is estimated to
40 % from CL measurements. The resulting increase in light collection compared to the ring-
shaped pad is however accompanied by a reduction of current density by a factor of 10 due to
higher contact resistance. Despite this, optical power could be measured using a power-meter

facing the sample top surface. Wall plug efficiency (WPE) and external quantum efficiency

13



(EQE) of around 2x107 % and 5x10~ % are measured. Limitations are attributed to a rather low

injection efficiency due to TAT non-radiative recombination and hole injection limited by FN

tunneling.
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Figure 5: (a) SE image of the contacted pad. Red: tungsten tip. Yellow: metal pad. (b)
Electroluminescence spectra peaking at 285 nm. Inset: same data plotted in a logarithmic scale.
(c) Comparison between normalized electroluminescence and cathodoluminescence spectra.

(d) Ratio of optical power over current density as a function of current density.

Conclusion

To summarize, the realization of an AIN LED emitting at 285 nm grown by MBE was
achieved and a methodology was developed in order to investigate its properties and limitations.
Optical and structural characterization of the emitting region point toward an original system
in which a small amount of Ga is unevenly distributed in AIN. This situation differs from
standard short-range composition fluctuations in the Ga content of AlGaN quantum wells,
which results in quantum dot (QD)-like behavior and strong exciton localization. Although, the
nature of localization centers in Ga-doped AIN is basically different, the random distribution

of Ga atoms in the AIN matrix is leading to a similar QD-like behavior at the scale probed by

14



the AIN exciton. The pn-junction shows good reproducibility and performances although
limited by the presence of a tunnel barrier assumed to be at the p-AIN / p-GaN interface. By
modeling of I-V and EBIC, a high effective n-type doping of 5 x 10'7 cm™ was extracted as
well as diffusion lengths of around 80 nm and 200 nm for electrons and holes in p-AIN and n-
AIN respectively. Electroluminescence was successfully obtained, consistent with optical
measurements. Devices behavior is in line with standard LEDs and an EQE of around 2 x 1073
% 1s measured. Using several characterization techniques specific to such nanoscale devices,
injection efficiency is identified as the main limiting factor because of TAT mechanisms
favored by the large acceptor concentration in the p-AIN section. Further development will rely
on the improvement of the pn-junction electrostatics and investigation of better top contact to
replace p-GaN. This work provides a route for understanding limitations and bottlenecks of

nanowire optoelectronic device to further improve their design and performances.

Supporting Information

Experimental details of the sample’s growth, TEM and EDX measurements, CL and PL
measurements, clean room process and electrical characterization. Power-dependent PL
measurement of the sample. NextNano simulation of the band structure under various applied

bias and mobility. Details on the optical power measurement.
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