N

N

Theoretical study of the impact of alloy disorder on
carrier transport and recombination processes in deep
UV (Al,Ga)N light emitters
Robert Finn, Michael O’Donovan, Patricio Farrell, Julien Moatti, Timo

Streckenbach, Thomas Koprucki, Stefan Schulz

» To cite this version:

Robert Finn, Michael O’Donovan, Patricio Farrell, Julien Moatti, Timo Streckenbach, et al.. The-
oretical study of the impact of alloy disorder on carrier transport and recombination processes in
deep UV (Al,Ga)N light emitters. Applied Physics Letters, 2023, 122 (24), 10.1063/5.0148168 . hal-
04037215v2

HAL Id: hal-04037215
https://hal.science/hal-04037215v2
Submitted on 20 Jul 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04037215v2
https://hal.archives-ouvertes.fr

Carrier transport and recombination processes in deep-UV (Al,Ga)N light emitters

Theoretical study of the impact of alloy disorder on carrier transport and
recombination processes in deep UV (Al,Ga)N light emitters

R. Finn,! M. O’'Donovan,? P. Farrell,? J. Moatti,3 T. Streckenbach,? T. Koprucki,? and S. Schulz®*
DIyndall National Institute, University College Cork, Cork, T12 R5CP, Ireland

DWeierstrass Institute (WIAS), Mohrenstr. 39, 10117 Berlin, Germany

3)Inria, Univ. Lille, CNRS, UMR 8524 - Laboratoire Paul Painlevé, F-59000 Lille, France

9School of Physics, University College Cork, Cork, T12 YN60, Ireland

(*Electronic mail: robert.finn @tyndall.ie)
(Dated: 20 July 2023)

Aluminium gallium nitride ((Al,Ga)N) has gained significant attention in recent years due to its potential for highly
efficient light emitters operating in the deep ultra-violet (UV) range (< 280 nm). However, given that current devices
exhibit extremely low efficiencies, understanding the fundamental properties of (Al,Ga)N-based systems is of key
importance. Here, using a multi-scale simulation framework, we study the impact of alloy disorder on carrier transport,
radiative and non-radiative recombination processes in a c-plane Alg7Gag3N/Alg gGag N quantum well embedded in
a p-n junction. Our calculations reveal that alloy fluctuations can open "percolative" pathways that promote transport
for the electrons and holes into the quantum well region. Such an effect is neglected in conventional, and widely
used transport simulations. Moreover, we find that the resulting increased carrier density and alloy induced carrier
localization effects significantly increase non-radiative Auger-Meitner recombination in comparison to the radiative
process. Thus, to avoid such non-radiative process and potentially related material degradation, a careful design (wider
well, multi quantum wells) of the active region is required to improve the efficiency of deep UV light emitters.

Light emitters operating in the ultraviolet (UV) spectral
range have received significant attention in recent years due to
their importance for a wide range of applications'' A region
of particular interest is the deep-UV-C wavelength window
(< 280 nm), which enables for instance water purification and
sterilization. Aluminium gallium nitride ((Al,Ga)N) based
light emitting diodes (LEDs) are ideal candidates for such ap-
plications since their emission wavelengths can in principle be
tuned across the entire UV spectrum and they do not require
the use of toxic mercury. Unfortunately, the external quantum
efficiency (EQE) of (Al,Ga)N-based LEDs is very low (<1%)
in the deep UV-C range and multiple factors contribute to this,
e.g. low light extraction efficiencies and poor carrier injection,
high defect densities and thus reduced radiative recombination
in the active region 2

Understanding the fundamental material and device prop-
erties is of central importance in improving the efficiency of
such devices. Theory and simulation plays an important role
for guiding the device design. However, III-N systems and al-
loys, such as (In,Ga)N, (Al,In)N but also (Al,Ga)N, exhibit in
general very different properties when compared to other III-
V materials, e.g. (In,Ga)As. For instance, experimental and
theoretical studies reveal strong alloy fluctuation induced car-
rier localization effects in ITI-N alloys and heterostructures >
Accounting for such effects present a significant challenge
for an accurate theoretical and numerical description, since a
three-dimensional (3D) treatment of, for instance, a quantum
well (QW), is required ideally on an atomistic level. Numer-
ical challenges are further amplified when it comes to simu-
lating LED structures, which require not only large 3D super-
cells but also self-consistent calculations. Significant progress
has been made to address these questions ®“! But, in com-
parison to (In,Ga)N-based systems, understanding the funda-
mental impact of alloy fluctuations on electronic, optical and
carrier transport properties in (Al,Ga)N-based QW systems is

sparse.

Here, we  target these questions for an
Alg7Gag 3N/AlysGagoN QW embedded in p- and n-doped
regions, thus a system relevant for deep UV (Al,Ga)N-based
LEDs. The calculations build on our recently established
quantum corrected multi-scale simulation framework that
connects atomistic electronic structure theory with a drift-
diffusion scheme to analyze carrier transport. To target
recombination processes, the model is coupled with the
widely used ABC modelY, where empirical A, B and C
coefficients from the literature are employed. Our results
indicate that alloy fluctuations can promote carrier transport
through the intrinsic barriers by opening up percolative
paths that are lower in energy. These pathways appear to
improve the carrier injection into the QW active region —
a feature that is neglected in ‘conventional’ calculations
utilizing a virtual crystal approximation (VCA). Moreover,
while we find that alloy disorder and carrier localization
effects enhance radiative recombination, we find also that
non-radiative Auger-Meitner recombination processes are
strongly increased. The resulting increase in high energy
carriers via non-radiative Auger-Meitner recombination may
also lead to a degradation of the material as indicated in
experimental studies 1% As a consequence, our results suggest
that alloy disorder can have a detrimental effect on the
device efficiency. To reduce Auger-Meitner related processes,
increasing the well width or employing multi QW (MQW)
active regions to reduce the carrier density may be a way to
improve quantum efficiencies in UV emitters, as the above
discussed percolation paths may be exploited to distribute the
carriers more evenly between MQWs.

In order to investigate the impact alloy disorder has on car-
rier transport and recombination processes in (Al,Ga)N-based
LEDs, we describe the electronic structure of the active region
by means of a empirical nearest neighbour sp? tight-binding
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FIG. 1. Schematic illustration of the (Al,Ga)N-based p-i-n system
underlying the simulations. The intrinsic barriers plus quantum well
region is denoted as the "atomistic" mesh in the main text, while the
n- and p-regions are described by a sparser device mesh.

(TB) model. We note that while we treat the TB matrix
elements as free parameters to reproduce hybrid-functional
DFT band structures, the TB matrix could also be constructed
from maximally localized Wannier functions generated from
DFT3. This would thus provide an avenue to extend our
method towards a DFT-based TB Hamiltonian. In general, our
employed TB framework treats strain and polarization field
fluctuations due to random alloy fluctuations with an atom-
istic resolution. We have recently employed the TB model to
study the influence of alloy fluctuations on the electronic and
optical properties of (Al,Ga)N/AIN QWs. Our work revealed
that random alloy fluctuations are sufficient to lead to carrier
localization effects in such systems. A detailed description of
the model and electronic structure results is given in Ref. [8

To connect our TB model to drift-diffusion (DD) simula-
tions we have recently developed the following procedure.
As a first step a "local" TB Hamiltonian is constructed. By
diagonalising this local Hamiltonian an energy landscape that
accounts for alloy induced fluctuations in the conduction and
valence band profile is obtained. This energy landscape with
an atomistic resolution is mapped onto a finite element mesh
using the software library pdelib.rEI The underlying finite el-
ement mesh has as many nodes as the atoms in the system. To
target LED device simulations, the "atomistic" mesh is con-
nected to a sparser device mesh representing p- and n-doped
regions. Using localization landscape theory (LLT)? in con-
junction with the software package ddf ermi/® quantum cor-
rected DD simulations are performed. More details about the
carrier transport calculations, the mesh generation and numer-
ical aspects can be found in Refs.[10/and

The above outlined quantum corrected multi-scale simula-
tion framework is here applied to a p-i-n system where the in-
trinsic (i) region contains a 2.3 nm wide Alg7Gag 3N QW em-
bedded into approximately 10 nm wide intrinsic AlpgGag2N
barriers, following the UV-C device design in Ref. The
atomistic mesh region describing the active region of the de-
vice has the dimensions of roughly 17.4 x 15.1 x 22.2 nm?,
corresponding to ~ 560,000 atoms, and is coupled with a
sparser device mesh by adding 40 nm of n- and p-doped re-
gions, respectively. The doping density is 5 x 10! cm~3 fol-
lowing the set-up described in Ref. A schematic illustra-
tion of the structure is given in Fig.[T] To connect the con-
duction band and valence band edges between the atomistic
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FIG. 2. (a) Current-voltage curves, on a log-scale, for an

Al 7Gag3N/Aly §Gag o N quantum well embedded in a p-n junction.
The data are shown for simulations that (i) account for random al-
loy (RA) fluctuations in the well and barriers (blue), (ii) account for
RA fluctuations in the well but treat the barrier in a virtual crystal
approximation (VCA) (red), and (iii) use a VCA in the entire p-i-n
structure (pink). The inset shows the I-V curves on a linear scale.

and the sparser mesh, we use a blend of Gaussian softening
and LLT to avoid discontinuities at such an interface. Details
on the Gaussian softening and the effect of LLT on the en-
ergy landscape can be found elsewhere 19 To test the impact
of the in-plane dimensions of the simulation cell and thus also
the influence of the alloy microstructure on the results, the
calculations have been repeated for different cell sizes (not
shown). These different calculations revealed in general the
same trends as reported below, so that the above detailed sim-
ulation set up gives a representative picture of the impact of
alloy disorder on the carrier transport in the discussed device.

To investigate the impact alloy fluctuations have on the car-
rier transport and the recombination process we proceed as
follows: Our starting point is a fully atomistic description,
meaning that alloy fluctuations in both the intrinsic (Al,Ga)N
QW and (Al,Ga)N barriers are accounted for (cf. Fig. m)
To study the impact of alloy disorder on the carrier injec-
tion, we investigate a second set-up in which alloy fluctua-
tions in the (Al,Ga)N QW are treated on an atomistic level,
however the intrinsic (Al,Ga)N barriers are described in a
VCA. Finally, we employ a VCA description of the entire
QW plus barrier system. This last setting is basically equiv-
alent to one-dimensional carrier transport simulations widely
employed in commercially available software packages. In
order to establish a comparable VCA description of the tar-
geted system, without introducing additional free parameters
(e.g. alloy dependence and or bowing parameters of mate-
rial parameters), the atomistic energy landscape is averaged
over the corresponding areas (e.g. well or barrier). To achieve
this averaging procedure, the QW was treated initially with
Dirichlet boundary conditions so that, except from alloy fluc-
tuation induced variations, the conduction and valence band
edges are flat. A VCA description of the barriers is then
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FIG. 3. 3D isosurface plot of the current density in the intrinsic
(ALLGa)N quantum well and barrier regions at a bias of 5.5 V, us-
ing the fully atomistic description. The current density for the holes
(blue) and electrons (red) are plotted at 700 A cm™2, reflecting lo-
cally high current densities due to alloy fluctuations; dashed black
lines indicate well boundaries.

straightforward and achieved by averaging the atomistic en-
ergy landscape over the entire barrier volume. However, the
QW VCA description is slightly more complicated as piezo-
electric and spontaneous polarization induced built-in fields
across the QW cause the band edges to slope. Thus, a volume
average over the QW region is not possible. In this case, the
atomistic energy landscape is averaged across each c-plane
along the growth direction (c-axis). While this can lead to
slight fluctuations in the energy landscape, the approach cho-
sen here is better suited to compare the different calculations,
since it avoids constructing a VCA that requires specific in-
formation on how to average e.g. material and TB parameters
with composition, or to perform a separate VCA built-in field
calculation.

Building on these different simulation set-ups, Fig. 2] dis-
plays the calculated current-voltage (I-V) curves of the above
described (AL,Ga)N p-i-n structure using (i) the fully atom-
istic approach (RA), (ii) accounting for alloy fluctuations in
the well but not the barrier (RA QW/VCA Barriers) and (iii)
a VCA of the entire system. One can infer from this figure
that the fully atomistic treatment gives independent of the ap-
plied voltage the highest current density, while the full VCA
description of the system (well and barriers) results in the low-
est density. Figure 2] also reveals that the current density, es-
pecially at lower bias values, is increased when accounting for
alloy fluctuations in the barrier; this can be seen from the com-
parison of the I-V curves for the fully atomistic and ‘partial’
VCA (RA QW, VCA Barriers) treatment. Thus, our results
indicate that alloy fluctuations are beneficial for the carrier in-
jection into the QW region.

To visualise this aspect further, Fig. B depicts an isosurface
plot of the current density in the intrinsic (Al,Ga)N QW and
barrier regions, cf. Fig.[I] at a fixed bias point of 5.5 V ob-
tained from the fully atomistic description of the system. One
can infer that alloy fluctuation induced band edge energy fluc-
tuations lead to regions of higher and lower current densities.
Thus, the fluctuations in the band edge energies enable perco-
lation paths into the active region; such pathways are absent
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FIG. 4. Electron (red) and hole (blue) density along the c-axis of a
Alp7Gag3N/Aly gGag,N quantum well embedded in a p-i-n junc-
tion at a bias of 5.5 V; data are shown for the intrinsic regions of the
device. (a) Averaged carrier distribution of the fully atomistic calcu-
lation over each c-plane along the c-axis (solid lines), and the carrier
distribution for the virtual crystal approximation (dashed lines); (b)
Scatter plot of the carrier distribution in the fully atomistic calcula-
tion. The vertical dashed black lines indicate well boundaries. Note
(b) is an order of magnitude larger than (a) on the y-axis.

in a VCA description of the system. We note that this perco-
lation path effect has also be observed in (In,Ga)N QWs and
(AL,Ga)N barriers'®22. We note that both electron and hole
transport are affected by these percolation paths. However,
due to the lower effective electron mass, the electron charge
density is more smeared out, and compared to the holes, fewer
regions reach the isosurface value at which the current den-
sity is plotted in Fig. 3] As a consequence of these perco-
lation paths one expects higher carrier densities in the active
region in comparison to a simulation that neglects alloy dis-
order. Also, as we will see below, the percolation paths can
lead to an increased hole density in the intrinsic barrier on the
n-side of the studied system. Such a situation may be benefi-
cial for inter-well transport in (AL,Ga)N multi-QW systems as
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recently reported in (In,Ga)N-based LEDs /%

To study the impact of alloy fluctuations on the carrier
transport and recombination in (Al,Ga)N-based LED struc-
tures in further detail, Fig. [4| depicts electron and hole carrier
densities above the turn-on voltage of the device, at a bias of
5.5 V. Figure [ (a) displays the averaged carrier density, over
each c-plane, for the random alloy system along the c-axis
(growth direction) together with the VCA data which neglects
alloy disorder. When comparing the averaged random alloy
data with the VCA results, it becomes clear that (on average)
both electron and hole carrier densities are increased in the
well when taking alloy fluctuations into account. Figure [ (a)
indicates that the average hole charge density does not leak
as much into the intrinsic (Al,Ga)N barrier material on the n-
side of system (region below 10.7 nm), when compared to the
hole density profile in VCA; one may attribute this to alloy in-
duced hole localization effects which are not accounted for by
the VCA description. The average electron density extends
further into the (Al,Ga)N barrier region on the p-side (region
above 13 nm) when compared to the VCA data; we relate this
to the effect that alloy disorder and quantum corrections effec-
tively reduce the quantum confinement between well and bar-
rier and that the electrons are less strongly affected by alloy in-
duced carrier localization effects as already seen in (In,Ga)N-
based systems.10 Howeyver, it must be noted that the random
alloy data in Fig. 4] (a) are averaged over each c-plane. Thus,
while on average the hole density may be smaller in e.g. the
intrinsic barrier of the n-region when compared to VCA, local
alloy regions may have high hole densities. To shed light onto
this behavior, Fig. 4] (b) displays a scatter plot of the carrier
densities along the c-axis in the intrinsic (Al,Ga)N regions.
The symbols give the carrier density at each lattice site within
the respective c-planes. Figure H](b) reveals strong fluctua-
tions in the local densities which may be an order of magni-
tude higher than the average densities displayed in Fig. |4|(a).
The local hole carrier density is also noticeably higher when
compared to the electrons. In general, due to the higher effec-
tive mass, carrier localization for holes is more pronounced
when compared to electrons.® Therefore, we conclude that
percolative pathways, can promote easier transport of the car-
riers through the barriers. Thus, holes may transport to the n-
side of the system more easily when compared to predictions
from a VCA model. This aspect is of interest when design-
ing multi-QW-based (AL,Ga)N LEDs, since it can help with a
more equal distribution of holes between the wells, and thus
be important for recombination processes.

Equipped with this information we turn our attention now
to the recombination process in the system. To do so we em-
ploy the widely used ABC model. In the following we mainly
focus our attention on the radiative and Auger-Meitner (non-
radiative) processes; with increased current densities radia-
tive and non-radiative Auger-Meitner processes become dom-
inant over Shockley-Read-Hall (SRH) recombination as these
contributions scale with carrier density 7 as o< n” (radiative)
and o< 13 (Auger-Meitner) compared to « n (SRH). We note
that defect related non-radiative processes, such as SRH and
trap assisted tunnelling (TAT) processes can also affect the
device performance of UV-C (Al,Ga)N-based LEDs signifi-
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FIG. 5. Radiative and Auger-Meitner non-radiative recombination
rates along the c-axis of the Aly7Gag3N/AlygGag N p-i-n system
at a bias of 5.5 V; the data are shown for the intrinsic regions of the
device. Solid lines: results from the atomistic calculations taking
alloy fluctuations into account (averaged over each c-plane). Dashed
lines: data obtained from a virtual crystal approximation of the same
system; vertical dashed black lines indicate well boundaries.

cantly. While we take SRH into account, TAT processes have
not been considered here but could be accounted for as a SRH-
like process with different capture rates as detailed in Ref. [24.
Turning to radiative and Auger-Meitner (non-radiative) re-
combination rates, Fig. [5] depicts these rates calculated (i) in-
cluding random alloy fluctuations and thus carrier localization
effects and (ii) using VCA for the entire system, consequently
excluding alloy disorder. Figure [5 displays the random al-
loy (RA) data averaged over each c-plane. We stress that the
recombination rates are calculated using the local carrier den-
sity data, thus accounting for the effect that locally one may
encounter both high electron and hole densities. The required
radiative (B) and Auger-Meitner (Cy,p and Cpp) recombina-
tion coefficients are taken from Ref. 18l We note that build-
ing on this often used carrier density dependent recombina-
tion model, the wave function character of electrons and holes
is not taken into account. While the symmetry of the wave
functions can affect radiative and non-radiative recombina-
tion rates, analyzing the spatial overlap of electron and hole
charge density provides first insight into the impact of alloy
disorder on the recombination rates. Comparing the atomistic
calculation with the VCA data it becomes clear that both ra-
diative and non-radiative contributions are enhanced by alloy
disorder since this can improve the carrier injection but also
induce carrier localization in the wells. But, upon further in-
spection, Fig. [5] reveals that the non-radiative rate increases
more strongly when compared to the radiative. In the VCA
the ratio of radiative to non-radiative peak values is 7V ~ 19
while in the atomistic simulation it is /R4 ~ 2 at a bias of
5.5 V. In general, and using the ABC model'!' here as a start-
ing point, the radiative recombination contributes with Bn?
while the Auger-Meitner non-radiative rate with Cn®, where
n is the carrier density. Thus, when alloy disorder increases
the carrier density in local regions of the well, the Auger-
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Meitner rate is expected to increase more quickly than the
radiative rate. Moreover, the Auger-Meitner rate is a three-
particle process and has basically two contributions, namely
an electron-electron-hole and a hole-hole-electron process.%>
Given that alloy induced carrier localization effects are sig-
nificant for holes, locally the hole-hole wave function overlap
is (strongly) increased. In turn this can result in increased
Auger-Meitner rates 2% Taking all this together, alloy disorder
and related carrier localization effects are expected to lead to
a significant increase of the non-radiative Auger-Meitner ef-
fect and thus have a detrimental effect on the performance of
(deep) UV LEDs; a similar effect has been seen (In,Ga)N-
base LEDs*?. Moreover, strong Auger-Meitner non-radiative
recombination may also lead to material degradation effects
in deep-UV LEDs, as recently indicated in experiments 1224

In summary, using a quantum corrected multi-scale simu-
lation framework, we presented a detailed analysis of the im-
pact of alloy fluctuations on carrier transport and recombina-
tion processes in an Aly7Gag3N/AlysGag N single quantum
well system embedded in a p-n junction. Understanding the
fundamental properties of such systems provides useful in-
sight into the physics of deep UV light emitters. Our results
show that alloy disorder can lead to improved carrier injection
into the active region, i.e. quantum well, through percolative
pathways. Also, these pathways can give rise to higher hole
densities in the intrinsic region near the n-side of a device,
an aspect of potential interest for tailoring inter-well trans-
port in (Al,Ga)N-based multi quantum well systems. In gen-
eral, these percolation effects are not captured by standard vir-
tual crystal approximations employed in many commercially
available carrier transport simulation packages. Moreover, we
find an increase in the carrier density in the well which is ac-
companied by alloy induced carrier localization effects. In
comparison to virtual crystal simulations, both radiative and
non-radiative Auger-Meitner recombination processes are in-
creased. We attribute this to alloy induced carrier localiza-
tion effects, resulting in high local carrier densities which af-
fect the Auger-Meitner effect more strongly than the radiative
process. Moreover, the high energy of such Auger-Meitner
generated carriers may lead to a degradation of the material
and thus an enhancement of Shockley-Read Hall recombina-
tion. Overall, our results indicate that alloy disorder opens
up percolative pathways improving carrier transport, but the
enhanced Auger effect can have a detrimental effect on the
efficiency of the device. While we have focused here on rela-
tively high Al contents in the well and barrier, the above drawn
conclusions are also expected to hold for systems with lower
Al contents, given that our recent atomistic studies reveal that
even at only 10% Al in (Al,Ga)N hole localization effects are
observed. Thus, in general a careful design of the active re-
gion of an UV LED, e.g. by using wider wells as discussed in
recent literature?22% or multi quantum wells by exploiting per-
colation pawthways to improve the interwell transport, is nec-
essary to reduce non-radiative recombination processes and
prevent material damage.

This work received funding from the Sustainable Energy
Authority of Ireland and the Science Foundation Ireland
(Nos. 17/CDA/4789, 12/RC/2276 P2 and 21/FFP-A/9014),

the Leibniz competition 2020, Leibniz competition 2022
(UVSimTec, K415/2021) as well as the Labex CEMPI (ANR-
11-LABX-0007-01).

The data that support the findings of this study are available
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