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Abstract. Recent experimental studies indicate the presence of ballistic hole
transport in InGaN multi quantum well structures. Widely used drift-diffusion models
cannot give insight into this question, since quantum mechanical effects, such as
tunneling, are not included in such semi-classical approaches. Also atomistic effects,
e.g. carrier localization effects and built-in field variations due to (random) alloy
fluctuations, are often neglected in ballistic transport calculations on InGaN quantum
well systems. In this work we use atomistic tight-binding theory in conjunction
with a non-equilibrium Green’s function approach to study electron and hole ballistic
transport in InGaN multi quantum well systems. Our results show that for electrons
the alloy microstructure is of secondary importance for their ballistic transport
properties, while for hole transport the situation is different. We observe for narrow
barrier widths in an InGaN multi quantum well system that (random) alloy fluctuations
give rise to extra hole transmission channels when compared to a virtual crystal
description of the same system. We attribute this effect to the situation that in
the random alloy case, kj-vector conservation is broken/relaxed and therefore the
ballistic hole transport is increased. However, for wider barrier width this effect is
strongly reduced, which is consistent with recent experimental studies. Our findings
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also provide a possible explanation for recent experimental results where alloying the

barrier between the wells leads to enhanced ballistic (hole) transport in InGaN multi
quantum well systems.

Keywords: NEGF, Transport, Nitride Submitted to: J. Phys.: Condens. Matter
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1. Introduction

The semiconductor materials InN, GaN, AIN and their corresponding alloys have
attracted strong interest for lighting applications due to their, in principle, flexible band
gap engineering from the infrared to the ultraviolet part of the emission wavelength
spectrum [1]. The alloy InGaN is of particular interest for light emitting diodes (LEDs)
operating in the visible wavelength range. However, fundamental properties of these
materials are not fully understood. For instance, InGaN-based LED structures undergo
a so-called efficiency ‘droop’, which means that with increasing current density the
internal quantum efficiency decreases [2-6].

Therefore, to analyze and guide the design of multi quantum well (MQW) InGaN-
based LED structures with improved capabilities, their transport properties are often
described in the framework of one-dimensional drift-diffusion models [7-9]. However,
it has been highlighted that such an approach does not describe several key features
of InGaN-based LEDs. This is reflected, for instance, in the finding that calculated
[-V curves usually give much larger turn-on voltages when compared to experiment
[10].  Studies have targeted this question by analyzing for instance ballistic carrier
transport in InGaN multi quantum well (MQW) systems [11]. Here, one-dimensional
calculations, assuming that InGaN is a homogenous alloy, that can be described by
averaged parameters, have been performed. However, these studies did not predict any
noticeable effect that would clarify the discrepancy between theory and experiment.
Therefore, an often used approach is to reduce the intrinsic electrostatic built-in fields
in the simulations by reducing the literature piezoelectric coefficients strongly (factor of
order 2), in order to fit I-V curves to experimental data [12,13]. The underlying physical
origin however is not clear for such a drastic assumption. Studies by Li et al. have
shown that the alloy microstructure, namely random alloy fluctuations, significantly
affect the I-V curves of a device [14]. Such approaches require three-dimensional (3-D)
transport models to achieve an improved description of device characteristics. These 3-D
calculations often build on modified continuum-based models for the electronic structure
of the active region [15].

However, even though these models give an improved description of transport
properties, other factors, such as ballistic electron or hole transport, are usually not
well described by standard semi-classical transport models, since they do not account
for quantum mechanical effects, such as tunneling. Recently developed localization
landscape theory based models partly introduce quantum corrections in a drift-diffusion
approach [14].

On the other hand, experimental studies observe significant ballistic hole transport
through InGaN MQWs [16]. Understanding hole transport properties in these structures
is important since ideally the carrier density (electrons and holes) should be evenly
distributed in the wells forming the MQW; this ensures that all wells contribute to
the light emission process. Low hole transport results in the situation that holes
populate wells only close to the p-doped region of the device. Taking all this together,
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the theoretical description of InGaN/GaN MQW systems asks therefore for a full 3-D
model that captures both atomistic alloy induced effects as well as quantum mechanical
contributions such as tunneling.

In this work we address this question in a fully 3-D atomistic and quantum
mechanical frame. On the electronic structure side, an atomistic tight-binding
(TB) model, which includes local strain and intrinsic built-in potential fluctuations
due to random alloy fluctuations, is applied to capture carrier localization effects
on a microscopic level. To achieve a quantum mechanical description of ballistic
transport properties we employ the non-equilibrium Green’s function (NEGF) approach,
implemented in OMEN [17]. Using this framework we study transmission spectra of
electrons and holes through InGaN MQW systems. To investigate the impact of alloy
disorder, results are compared to the outcome of calculations that utilize a virtual crystal
approximation (VCA) for the InGaN MQWs. Our data shows that for electron ballistic
transport the alloy microstructure is of secondary importance for their ballistic transport
properties, while for hole transport the situation is different. We observe that for narrow
barrier width in an InGaN MQW system, the presence of the alloy fluctuations gives
rise to extra hole transmission channels when compared to a virtual crystal description
of the same system. We attribute this effect to the situation that in the random alloy
case, k|-vector conservation is broken/relaxed and therefore the ballistic hole transport
is increased. Thus a VCA description would underestimate the contribution from hole
ballistic transport properties in general. However, for wider barrier width this effect is
strongly reduced. Overall, our theoretical findings of significant ballistic hole transport
for narrower barrier width, which decreases as the barrier width is increased, is consistent
with recent experimental studies [16].

Furthermore, the gained insight indicates also that alloying the barrier region
between the wells with In (e.g. 5%) may be beneficial for carrier transport in InGaN
MQW system. Such an approach results in (i) the breakdown of kj-vector conservation
and (ii) a slight reduction in the barrier height between the wells. As a consequence,
especially the holes may be more evenly distributed between the different wells. Thus,
ideally all wells may be contributing to the light emission process and improve therefore
the efficiency of the corresponding device.

The paper is organized as follows. Section 2 gives a brief overview of the employed
TB model and the NEGF framework. The details and features of the model MQW
systems used in our study are outlined in Sec. 3. The results of our calculations are
presented in Sec. 4. Finally, Section 5 summarizes the results of our work.

2. Theoretical Framework

To capture the effects of alloy fluctuations on a microscopic level, and its impact on
ballistic transport properties, our electronic structure model is an atomistic nearest
neighbor sp® TB model. The model is described in detail in Refs. [18] and [19] and we
summarize briefly its main ingredients. To obtain the TB parameters of the binary
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materials, the TB bandstructures are fitted to hybrid-functional density functional
theory (DFT) data. To treat InGaN alloys we proceed as follows. The nearest-neighbour
environment for cations (In,Ga) consists always of N atoms. However, N atoms can
have variable numbers of In and Ga atoms as nearest neighbours. In the alloy, weighted
averages of the InN and GaN binary values are used to determine the N onsite energies;
this is a widely used approximation in the literature [20-22]. Given the large lattice
mismatch between InN and GaN (approximately 10%), it is important to describe (local)
strain effects in InGaN/GaN MQWs. To this end we apply a valence-force field model
to calculate the relaxed atomic positions in such a system [18]. In what follows, our
attention is directed towards c-plane InGaN/GaN MQWs. These systems exhibit very
large electrostatic built-in fields, which are taken into account by the local polarization
theory model described and discussed in Ref. [19]. An LED structure exhibits also an
electrostatic built-in field due to n- and p-doped regions of the device. This field modifies
conduction (CBE) and valence band edge (VBE) of the MQWs further. Therefore,
to simulate and analyze transport properties of an LED-relevant active region using
InGaN MQW systems the potential profile from a p — i — n junction is calculated with
NextNano [23] using a mesh size of 0.1 nm. The potential profile is calculated in 1-D
using GaN material parameters from [24] and dielectric constants from [25]. InGaN
QWs are not included at this step of the calculation. Instead, the potential profile from
the p — 7 — n junction is mapped onto the TB mesh, and included as a correction to the
QW region in addition to the built-in field from local polarization theory. To calculate
transport properties in an atomistic and quantum mechanical framework, we use the
TB model as the starting point for NEGF based calculations. More specifically, the
TB Hamiltonian is connected to the NEGF solver OMEN. OMEN takes input of the
TB Hamiltonian, and modifies it to include for open boundary conditions. As electron-
phonon scattering is not considered in ballistic transport, the transport is computed
using the wavefunction formalism (or Quantum Transmitting Boundary Method) [17],
as implemented in OMEN.

Overall, the aim of this study is to gain insight into the impact of alloy fluctuations
on inter-well electron and hole transport properties. Therefore, we are interested in how
carriers tunnel/transmit through an InGaN/GaN MQW with different barrier widths
and with different “levels of randomness” in the wells (see below for details). To do so,
we are focussing on ballistic transport calculations. To this end we start and end the
simulation cell with InGaN regions. A schematic illustration of a typical simulation cell
is given in Fig. 1. The left and right contacts are treated the same way as the MQWs
being considered for transport calculations. This means, in a virtual crystal calculation
(VCA) the contacts are described by a virtual crystal; if random alloy fluctuations are
being considered in the well regions, the contacts are set up as a random alloy. We note
that left and right contact exhibit always the same alloy configuration. In doing so, this
approach ensures that the carriers populate the wells and that transmission properties
can be studied efficiently, without having to include numerically expensive electron-
phonon coupling effects, which can be addressed in future studies. We note that similar
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Figure 1: Schematic illustration of the supercell used in our ballistic transport
calculations. Red indicates regions of Ing12GaggsN and blue indicates regions of GaN.

approaches have been used in the literature to study the ballistic transport properties in
InGaN MQWs, however, without considering the impact of alloy fluctuations and thus
connected carrier localization effects [26-28].

To address the question of the impact of (random) alloy fluctuations on the ballistic
transport properties of InGaN MQWs in detail, we proceed in the following way. As a
starting point we describe the MQW system within VCA. Such an approach is similar to
a three-dimensional continuum based model, where alloy fluctuations are not captured.
Thus the assumption is that InGaN is a homogenous alloy that can be described by
position independent averaged parameters. The results from the VCA calculations are
then compared to an equivalent structure (e.g. same In content, same barrier width
etc.) in which random alloy fluctuations are taken into account on a microscopic level.

We note that both VCA and calculations accounting for alloy fluctuations are
performed on three-dimensional supercells. Such a set up leads to band folding effects.
In the following we focus our attention on K| = 0 states, where K is the supercell in-
plane k-vector. In the case of our VCA calculations where k|, the in-plane wave function
of the primitive cell, is a good quantum number, several states with different in-plane
wavevectors are folded back to K = 0. In the (random) alloy case, due to the breaking
of the translational invariance, the states can no longer be classified with a unique k. In
principle band structures as a function of K| can be derived, but alloy fluctuations will
again affect the band structure and thus the transport properties. By band unfolding
methods, effective band structures for the “primitive” cell can be obtained. Previous
theoretical studies on SiGe and AlGaAs systems have used effective band structures for
random alloy supercells and compared the calculated transmission properties of these
systems with VCA results [29,30]. These data show that random alloy fluctuations
affect the transmission properties, but that this is a general feature and applicable to all
considered K- or kj-states in a similar fashion. Therefore, to study the impact of alloy
fluctuations on electron and hole ballistic transport in c-plane InGaN/GaN MQWs in
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general, we consider in the following the situation of K = 0. To flesh out the influence
of alloy fluctuations in detail, we vary also the “level of randomness” in the wells. How
this is done is described in the following section, where the MQW model systems are
introduced.

3. Model Systems

To study the impact of alloy fluctuations on electron and hole ballistic transport
properties, we investigate different structures. First we focus our attention on
fundamental aspects such as how the “level of randomness” in an InGaN MQW system
affects the results. The supercells that underlie these studies are described in Sec. 3.1.
In a second step, Sec 3.2, we turn our attention to systems that in terms of the number
of QWs, well width and the presence of a p—¢ —n junction induced electrostatic built-in
field better resemble a device structure. Here, structures with the barrier widths L, are
considered, allowing us to analyze the impact of L; on the ballistic carrier properties.

3.1. Varying levels of disorder in InGaN multi quantum well systems

We will first look at an Ing12GaggsN/GaN MQW system with two wells. The well width
L,, and barrier width L; are L,, = L, = 2.6 nm. For our full 3-D calculation, a supercell
with an in-plane area A of A ~ 3.2 x 2.8 nm? and a height of h ~ 18.1 nm along
the c-direction is generated; the cell contains 14,000 atoms. We have recently shown
that the (in-plane) hole localization length in InGaN QWs with 10% is of the order of
2 nm [31]. Thus, the chosen in-plane dimensions are large enough to capture the (in-
plane) localization length of holes; the out-of plane (along the c-axis) hole localization
lengths are of similar length but are mainly determined by the built-in field along the
growth direction, which is taken into account in our calculations.

In order to investigate the impact of (random) alloy fluctuations on inter-well
transport in general, three different situations, in terms of how the QW region is
described in the TB model, will be discussed. The aim is to compare results from
calculations in which the “level of disorder” within the QWSs varies. More specifically,
the Ing12GaggsN QWs will be described by

(i) a VCA - Any variation in local alloy composition is neglected.

(ii) arandom distribution of In atoms in the InGaN well, but both Q) Ws exhibit the same
In atom distributions (same microscopic configuration). This system is labeled as
“Random I”.

(iii) arandom distribution of In atoms in the InGaN well, but the QWs exhibit different

In atom distributions (different microscopic configurations). This system is labeled
as “Random II”.
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3.2. Interplay of barrier width and p-i-n junction field

While the supercells discussed above are designed to shed light on the impact of alloy
disorder on ballistic transport properties in general, it is also important to analyze the
impact of the barrier width and the electrostatic built-in field due to the presence of
a p — ¢ — n junction on the results. Here, we consider an Ing12GaggsN MQW system,
embedded in a p—i—n junction, with well widths of L,, = 2.6 nm. As already mentioned
above, the field due to a p — i — n junction is calculated within NextNano. [23] To do
so, in NextNano the intrinsic region is set to a width of 55 nm and n- and p-contacts
are modeled with constant doping density profiles of 5 x 10!® ecm™ and 2 x 10! cm™
respectively; similar doping concentrations have for instance been used in Ref. [32]. In
the following we focus our attention on the equilibrium solution, meaning that no bias
is applied. This set up is sufficient for our aim to gain first insight into the interplay
of alloy fluctuations, barrier width and combined electrostatic field originating from
intrinsic spontaneous, piezoelectric and p — 7 — n-junction induced fields.

Building on this framework, the transportcalculations are performed on supercells
with an in-plane area A of A = 4.5 x 3.9 nm?, which again is large enough to capture
hole localization effects. To study the impact of the barrier width L, on the results,
MQWs with two different barrier widths have been studied, namely L, = 3.1 nm and
Ly = 5.2 nm. The overall system size is therefore 4.5 x 3.9 x 28.8 nm? (43,904 atoms)
and 4.5 x 3.9 x 34.6 nm? (59,584 atoms), respectively. While the approximation Random
I is useful to establish general aspects, we do not study this situation here, since it is
unlikely to be found in structures grown epitaxially. Thus we consider a VCA description
of the wells and different random microscopic configurations in the wells (Random II, see
above). To analyze the impact of the alloy microstructure in more detail, the calculations
have been repeated five times, thus five different microscopic alloy configurations have
been generated.

4. Results

Having discussed the theoretical framework and the model systems under consideration,
we present here the results of our calculations. Before turning to transport results, in
Sec. 4.1, we initially discuss general aspects of the electronic structure of InGaN/GaN
MQWs and how it is affected by alloy fluctuations and electrostatic built-in fields. This
information is important for understanding the observed transmission spectra of the
different model systems. In Sec. 4.2 we present results on the impact of different levels
of disorder on electron and hole ballistic transport. The impact of barrier width, alloy
fluctuations and built-in field due to a p—i—n junction on electron and hole transmission
spectra are discussed in Section 4.3.
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Figure 2: Conduction and valence band edges for a two Ing 10Gag gsN/GaN quantum well
system described in a virtual crystal approximation. (a) Band edges in the absence of
spontaneous and piezoelectric polarization induced built-in potentials. (b) Band edges
in the presence of these built-in potentials.

4.1. Electronic structure of an InGaN/GaN MQW: VCA vs. Random Alloy

To establish general aspects of the impact of alloy fluctuations on the electronic structure
in MQW systems, we study in the following the structures discussed in Sec. 3.1. The
CBE and VBE profiles within VCA in the absence and the presence of the built-in
field are shown in Fig. 2 (a) and (b) respectively. Comparing Fig. 2 (a) and (b) clearly
shows that the built-in field breaks the symmetry of the otherwise identical wells. In the
following, to disentangle effects stemming from the electrostatic built-in potentials (due
to the spontaneous and piezoelectric polarization fields) and effects originating from the
alloy microstructure, we first analyze results in the absence of the built-in field. Figure 3
shows isosurfaces of the electron (blue) and hole (red) ground state charge densities for
(i) VCA, (ii) Random I and (iii) Random II systems viewed along the c-axis. This
“top view” gives information about the charge density distribution within the c-plane.
The isosurface corresponds to 40% of the respective maximum charge density values.
Figure 3 also shows the planar-integrated charge density, P(zy), which is defined by

P(z) =D > el (1)
ij o«
given that the TB (electron or hole) wave function, W, is expressed as:
\I’:ZZc%k ik - (2)
ijk o
Here, 7,7 and k denote the z, y and z coordinates, respectively, of the N lattice sites
in the supercell. The basis states of our sp® TB model are denoted by Piig, With
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a € {S,ps,py.p-}. The expansion coeflicient at each lattice site is given by ik

These coefficients are obtained by solving the eigenvalue problem for the Hamiltonian
describing the MQW system, HU = E.

While the isosurface plots of the charge densities viewed along the c-axis provide
insight into in-plane carrier localization effects, the planar-integrated probability density
P(zx), Eq. (1), gives insight into carrier localization along the c-axis, e.g., in which QW
the carriers are localized.

In a first step we turn our attention to the VCA results. Since in this case alloy
fluctuations within the QW region are not captured, the electron and hole charge
densities are distributed across the entire two QWs. This is clearly reflected in P(zy)
shown in Fig. 3 (i). Turning to the system labeled as Random I, Fig. 3 (ii), in which
case the alloy fluctuations are identical in both wells, the electron charge density is still
well distributed across the two QWs, as P(z;) shows. However, some alloy fluctuation
induced localization effects are visible in the different plots. Looking at the electron
ground state first, we find an almost equal distribution of charge density in both wells.
Due to the low effective electron mass, at least when compared to the holes, the electron
wave functions of the two wells couple similar to the bonding and anti-bonding states
in a homonuclear molecule. We find that this is also reflected in the calculated energy
spectrum (not shown) where the first two electron states are energetically split and that
this splitting is reduced with increasing barrier width between wells. Turning to the hole
ground state, we find that alloy fluctuations lead to strong wave function localization
effects. While we still observe significant charge densities in both wells, the ground state
wave function is preferentially localized in QW 1. However, we note also that, as the
wells contain the same microscopic configuration, there is a second hole state which is
almost energetically degenerate with the state presented in Fig. 3 (ii); this second state
has a slightly higher probability density in QW 2 (not shown). We attribute the smaller
energetic separation of the first two hole states, when compared to the electrons, to
a reduced electronic coupling between the two wells due to the larger hole mass and
stronger hole localization effects when compared to electrons.

In Random II the picture changes noticeably. Now that the two wells differ in their
microscopic alloy configuration, the symmetry of the system is broken and the ground
state for electrons and holes are localized entirely within one well, as P(zy) clearly shows.

Having discussed the electronic structure of the three different systems in the
absence of the electrostatic built-in field, Fig. 4 displays isosurface plots of the electron
(red) and hole (blue) ground state charge densities along with planar integrated
probability density, P(zx), in the presence of the field. The corresponding CBE and
VBE profiles, within VCA, are shown in Fig. 2 (b). As Fig. 2 (b) reveals, the polarization
potential leads to a significant tilt in the band edges; thus already in VCA the symmetry
between the wells is broken by the built-in field. As a consequence the ground state for
the electrons is always found in QW 2, while the hole ground states is found in QW
1. Comparing the electron and hole ground state charge densities from VCA, Random
I and Random II, cf. Fig. 4, at least in terms of localization of these states along
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Figure 3: Top view (along the c-axis) of isosurface plots of (left) electron and (middle)
hole charge densities for a (i) VCA, (ii) Random I and (iii) Random II system without
the inclusion of the built-in polarization field. The isosurfaces correspond to 40% of
the respective maximum charge density values. The right panel of the figure shows the
planar integrated charge density, P(z), along the supercell for both electrons and holes.
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Figure 4: Top view (along the c-axis) of isosurface plots of (left) electron and (middle)
hole charge densities for a (i) VCA, (ii) Random I and (iii) Random II system with
the built-in polarization field included. The isosurfaces correspond to 40% of the

respective maximum charge density values. The right panel of the figure shows the

planar integrated charge density, P(z), along the supercell for both electrons and holes.
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Figure 5: Conduction and valence band edges, in virtual crystal approximation, for the
four Ing 12Gag.gsN multi quantum well system including a built-in field duetoap—i—n
junction, spontaneous and piezoelectric polarization effects. Band edge profile for a
barrier width (a) of Ly = 3.1 nm and (b) of L, = 5.2 nm.

the growth direction, the systems are not very different. However, it is important to
highlight that in-plane localization effects are not captured in VCA and that the alloy
microstructure will still affect carrier localization effects within the plane.

Having seen the impact of the spontaneous and piezoelectric polarization field
induced built-in potential on the carrier confinement, we briefly discuss how the band
edge profile is modified when the field of the p — i — n junction is also present and
the barrier width, L, between the wells is changed. Figure 5 shows the CBE and VBE
profile of the four QW system discussed in Sec. 3.2 for the barrier width L; of (a) L,=3.1
nm and (b) L, = 5.2 nm. The horizontal lines indicate the CBE minimum and the VBE
maximum in the systems. In the system with L, = 3.1 nm there is a clear difference in
the CBE of the first (most left) QW and the last (most right) QW, thus a symmetry
breaking between the wells in the MQW system is observed. In the case of L, = 5.2 nm,
the field of the p — ¢ — n junction “realigns” the CBEs of the four QWs. We note that
these calculations are carried out for the same doping profiles; changes in the band edge
profile arise entirely from changes in the barrier width. Below we discuss the effect of
these changes in the band edge profile for transport properties. However, first, we focus
our attention on the impact of the different levels of randomness on the transmission
properties of the two QW systems discussed above.
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4.2. Impact of alloy fluctuations on transmission properties of InGaN MQWs

In order to understand the impact of the underlying alloy microstructure on ballistic
electron and hole transport, we start with the 2 QW system discussed above. Since
we have already seen that the intrinsic built-in field significantly affects the electronic
structure of this system, we follow the same procedure as above and neglect this potential
initially; its impact on the results will be discussed in a second step.

4.2.1. Absence of built-in field Focusing on electrons/conduction band first, Fig. 6
(a) depicts the transmission spectrum of the two QW system in the absence of the
built-in field when calculated within VCA (black) and Random I (blue). The results
for Random I are averaged over 5 different random alloy configurations. In case of
the VCA description (black), the transmission spectrum shows a doublet of peaks with
transmission close to 1 below the GaN CBE of 3.45 eV. This doublet stems from the
bonding/anti-bonding electron states in two QWs (see above). A similar situation is
found for transmission peaks near the CBE of GaN (=~ 3.45 e¢V). The larger splitting
in energetically higher lying peaks stems from the effect that near the GaN CBE the
electronic states from the two QW interact more strongly, resulting in a larger splitting of
bonding and anti-boding states when compared to the energetically lower lying (more
strongly bound) electron states. Also, the broadening of the peaks is related to the
confinement of the states. Above the GaN CBE (> 3.45 eV) there is a continuum of
states which facilitate transmission. Turning to the results from the calculation within
the Random I frame (blue), the spectrum is very similar to the VCA result. Figure 6 (a)
also reveals that each microscopic configuration leads to transmission peaks at slightly
different energetic positions. In general, this effect gives rise to a broadening of the
energetic range over which transmission may be expected. Several things are important
to note. First, the low transmission peak values at an energy of 3.2 eV in the Random
I case result from averaging over the 5 different microscopic configurations and are not
a result of the random alloy fluctuations in the well. For an individual configuration
these peaks are sharp and they exhibit a transmission value of close to 1. This can
be seen in Fig. 7 where the electron transmission spectrum of an arbitrary microscopic
configuration is shown for Random I (blue). The same effect is seen at the energetically
higher lying peaks, and the continuum above the GaN CBE. However, given that the
peaks are sharp and their energies differ (slightly) between configurations, the averaging
process reduces the heights of the peaks. This effect is less pronounced for higher lying
peaks since these are broader and the variation in energy between different configurations
is smaller. This analysis shows that, for electrons, the alloy fluctuations in the well do
not lead to a (strong) reduction in the ballistic transport properties.

We note also that for the VCA description, assumptions about the parameter
averaging procedure (e.g. bowing parameters) has to be made. Therefore, usually a
reference/benchmark system is required. Having now the random alloy system as a
reference, by adjusting the VCA further, a good agreement between VCA and Random
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Figure 6: Electron transmission spectra through a two Ing 1oGag ggsN/GaN MQW system
with well width of L,, = 2.6 nm and barrier width of L, = 2.6 nm. The results are shown
in absence of the built-in field. Virtual crystal approximation (VCA) results are given
in black; random alloy system in blue and red, respectively, averaged over 5 microscopic
configurations.

I may be achieved, given that the overall features of the transmission spectra are very
similar.

So far we have assumed that the alloy microstructure in the two wells is the same.
The question remains how the different random alloy configurations within the two wells
will affect the transmission properties. Thus in the following we focus on the comparison
between VCA and Random II.

Figure 6 (b) shows the transmission spectrum for the VCA (black) and the Random
IT (red) system. Overall, the spectrum within Random II is at, first glance, not very
different from the spectrum calculated within Random I (c¢f. 6 (a)). Therefore the
VCA spectrum also gives a good approximation of the Random II spectrum. However,
now that the microscopic configuration differs between the two QWs, the symmetry
between the wells is broken and the electronic states between the wells do not necessarily
align energetically. As a result, the transmission of the lowest lying states is now
indeed reduced. To see this clearly, Fig. 7 shows the transmission spectrum of an
arbitrarily chosen microscopic configuration in Random II in comparison to the spectrum
of Random I. While above the GaN CBE the two structures give basically the same
spectrum, the transmission via bound QW states is noticeably reduced in the Random
IT case when compared to Random I. But, overall the electron transmission spectrum
does not change dramatically between the two different random alloy assumptions and
VCA gives a good description of the general features of the spectrum.
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Figure 7: Comparison of the transmission properties of electrons for an arbitrary
microscopic alloy configuration for Random I (blue) and Random II (red) in the
Ing10GaggsN/GaN MQW system with two wells; the well width L,, = 2.6 nm and
the barrier width L, = 2.6 nm. The calculations are performed in the absence of the
built-in field. Random II differs from Random I by having a different microscopic alloy
configuration in the second well, the alloy microstructure in the first well is identical in
the two systems.

We now analyze the same situations for ballistic hole transport. Figure 8 (a) shows
a comparison of the hole transmission spectra in VCA and Random I systems. The
latter is again averaged over 5 different microscopic configurations. While for electrons,
Random I and VCA gave very similar results, the hole spectra reveal a drastically
different picture. Since the VBE of the unstrained GaN barrier is chosen as the zero
of energy for the considered structures, cf. Fig. 2 (a), the VCA calculation shows
one doublet of transmission peaks stemming from bound hole states in the well. As
in the electron calculation, this doublet originates from the bonding and anti-bonding
states of the two QWs within VCA. By comparison, the Random I case reveals a high
density of transmission channels close to the GaN band edge, which are not present
in the VCA result. We note also that Random I gives rise to new transmission peaks
energetically above the VCA QW related transmission peaks. As a result, a continuum
based calculation neglecting alloy fluctuations would underestimate the ballistic hole
transport.

We attribute the appearance of extra transmission channels in the Random I case to
the alloy induced symmetry breaking effects. Given the strong hole localization discussed
in the literature [18,31,33] and also above, a significant deviation from an ideal QW
picture may already be expected. While in the VCA /ideal QW case all well states can be
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classified according to their in-plane k-vector, kj, this classification is no longer possible
for the random alloy case. So, kj-vector conservation for transmission is no longer
required in the random alloy case. As a consequence, the random alloy calculations
include extra channels which are available to contribute to transmission. A similar
argument has recently been put forward for optical properties, where it has been argued
that the absence of k|| as a good quantum number results in more optically allowed
transitions when compared to a VCA description of an InGaN QW [34]. Overall, our
analysis shows that the VCA gives a poor estimate of hole ballistic transport properties,
in contrast to electrons.

The question remains how the result is changed when the randomness is different
in the two wells, which is reflected in our system labeled as Random II. The outcome of
this analysis is shown in Fig. 8 (b). For Random II the transmission close to the GaN
VBE is very similar to the Random I case and therefore noticeably different from the
VCA results. However, the transmission peaks at energies higher then the energetically
highest doublet in VCA are basically missing in Random II, which presents a difference
to the Random I data (cf. Fig. 8 (a)). We relate this effect to the symmetry breaking
between the wells. Even though the average In content is the same, the difference in
the alloy microstructure leads to different electronic structures in the wells, given the
pronounced hole localization effects. As a consequence, the transmission probability
involving energetically higher lying (more strongly bound QW) states is reduced in the
Random II case when compared to its Random I counterpart. This can be seen in
Fig. 9 where the transmission spectrum of Random I (blue) and Random II (red) of an
arbitrarily chosen configuration is shown. Above 0.015 eV, most peaks in Random IT are
smaller when compared to Random I. By contrast, the states closer to 0 eV (unstrained
GaN VBE) are more delocalized wave functions so that the electronic coupling between
the wells is stronger and in turn a higher transmission probability is observed. Along
with the breakdown of k| as a good quantum number, a larger number of transmission
peaks is observed in Random I and II when compared to VCA.

Overall, our analysis shows that changing the randomness between the wells has a
slight impact on the hole transmission spectrum. Introducing random alloy fluctuations
in general is the dominant effect as seen above. But, in addition to the symmetry
breaking of the random alloy fluctuations, the presence of the electrostatic built-in field
will also have a strong impact. We study its impact on the electron and hole ballistic
transport properties in the following section.

4.2.2. Impact of the Built-in field Including the polarization field results in a potential
step across the QWs (cf Fig. 2 (b)), which modifies the GaN CBE and VBE profiles.
Therefore, the energy at which states are present to contribute to the transmission
through the two QWs is changed.

Before looking at the fine details, Fig. 10 (a) shows that for electrons the
transmission spectrum obtained within VCA reflects the same behavior as the spectrum
obtained from Random I. Also, when comparing the Random II result with the VCA
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Figure 8: Hole transmission spectra through a two Ing10GaggsN/GaN MQW system
with well width of L,, = 2.6 nm and barrier width of L, = 2.6 nm. The results are
shown in the absence of the built-in field. Virtual crystal approximation (VCA) results
are given in black; random alloy system in blue and red, respectively, averaged over 5
microscopic configurations.

data, as displayed in Fig. 10 (b), the spectra are very similar. We do not see a reduction
in transmission peaks when the microscopic configurations are varied between the wells.
Thus the transmission properties in this case are basically dominated by the electrostatic
built-in field and not the random alloy fluctuations.

The same is true for holes, as the calculated transmission spectra depicted in
Fig. 11 reveal. Thus, when taking the electrostatic built-in field into account, the
VCA provides a good description of ballistic transport properties for both electrons and
holes. However, it is important to note that in the flat band condition (no field), as
discussed in the previous section, the situation especially for the holes is different. As
we have seen in Sec. 3, the symmetry breaking between the wells due to the built-in field
also depends on the barrier width between the wells and the presence of the p — 7 —n
junction induced field. Thus, we study in the following section how the presence of this
external field in a device and changes in the barrier width affect the ballistic transport
of electrons and holes in an InGaN MQW system.

4.8. Multi-quantum well system in a p-i-n junction

As already highlighted in Sec. 3, the built-in potential originating from the p — i —n
junction affects the CBE and VBE profile of a InGaN/GaN MQW system. Also we
have discussed that the barrier width L, in conjunction with this field will affect the
band edge profiles. In the following sections we analyze their combined impact on the
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Figure 9: Comparison of the transmission properties of holes for an arbitrary microscopic
alloy configuration for Random I (blue) and Random II (red) in the Ing12GaggsN/GaN
MQW system with two wells; the well width L,, = 2.6 nm and the barrier width L, = 2.6
nm. The calculations are performed in the absence of the built-in field. Random II differs
from Random I by having a different microscopic alloy configuration in the second well;
the alloy microstructure in the first well is identical in the two systems.

ballistic transport properties of the MQW system introduced in Sec. 4.3.1. We start
in Sec. 4.3.1 with the system with a barrier width of L, = 3.1 nm before turning to
the structure with L, = 5.2 nm in Sec. 4.3.2. The width of the individual wells is kept
constant at L,, = 2.6 nm.

4.8.1. Barrier width L, = 3.1 nm The transmission spectrum calculated within VCA
(black) and the Random II assumption (red) is shown in Fig. 12 for (a) electrons and
(b) holes for the four Ing12GaggsN/GaN MQW system with a barrier width of L, = 3.1
nm. The random alloy data is obtained as an average over the transmission spectra
of 5 different random alloy configurations. Looking at the VCA results for electrons
first, Fig. 12 (a), transmission is mainly found at higher energies (> 3.5 eV). Below 3.5
eV the VCA transmission probability is low. Examining the CBE profile depicted in
Fig. 5 (a) indicates that in the VCA case, bound QW states do not contribute to the
transmission through the MQW system. In VCA, a similar situation is found for the
holes, as Fig. 12 (b) reveals. Here, the first peak in the VCA hole transmission spectrum
is found at around -0.13 eV. Looking at the VBE profile depicted in Fig. 5 (a), in terms
of the energy, mainly the fourth well (last well on the right in Fig. 5 (a)) presents a
potential barrier for the transmission process. Energetically higher lying valence states
(bound hole states) do not contribute to the transmission, given that due to their high
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Figure 10: Electron transmission spectra through a two Ingi2GagssN/GaN MQW
system with well width of L, = 2.6 nm and barrier width of L, = 2.6 nm. The
electrostatic built-in field is included in the calculations. Virtual crystal approximation
(VCA) results are given in black, random alloy system in blue and red, respectively,
averaged over 5 microscopic configurations.

effective mass, these wave functions are strongly localized within individual wells.

Turning to the random alloy case, and focussing initially on the electron
transmission spectrum (cf. Fig. 12 (a)), the calculated spectrum is very similar to the
VCA case. This means one is also left with very low transmission probabilities below
3.5 eV; only for energies larger than 3.5 eV significant transmission is observed. The
difference between the random alloy case (red) and the VCA result in this energy range
is the spectral broadening of the transmission. The VCA transmission is described
by 2 distinct peaks before the onset of a continuum. By contrast, the random alloy
calculation results in many peaks distributed across the same energy range (between 3.5
eV and 3.7 eV), before the continuum onset. These result from the differing microscopic
configurations providing higher-probability transmission channels at different energies.

The situation is different for the holes. Figure 12 (b) shows, in addition to the VCA
spectrum (black), also the hole transmission spectrum (red) of the Random IT case. The
comparison between VCA and Random II data reveal clearly that in the random alloy
case an earlier onset (higher energies) of the transmission occurs. More specifically,
we observe strong transmission peaks in the energy range from -0.1 eV to 0 eV in the
random alloy calculation; VCA basically shows no peaks in this energy range. We again
note that due to the averaging process, and the sharpness of the peaks, these peaks are
a lower bound of the transmission in this energy range. In other words, a noticeable
effect is observed due to the presence of random alloy fluctuations.
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Figure 11: Hole transmission spectra through a two Ing12GaggsN/GaN MQW system
with well width of L,, = 2.6 nm and barrier width of L, = 2.6 nm. The electrostatic
built-in field is included in the calculations. Virtual crystal approximation (VCA) results
are given in black, random alloy system in blue and red, respectively, averaged over 5
microscopic configurations.

Overall, this investigation reveals that (i) the energetic alignment of the different
wells in a MQW system becomes important for the transmission probability of the
carriers, (ii) VCA gives a good description of the electron ballistic transport properties
of the MQW system and (iii) that VCA underestimates the hole ballistic transport
noticeably. Especially the last point is important. For efficient radiative recombination
in an InGaN/GaN MQW system, the carriers ideally transfer easily between the wells so
that when electrons are injected from the n-side and holes from the p-side of the device,
all QWs in the MQW structure contribute to the light emission process. Therefore,
the finding that the random alloy fluctuations introduce additional channels at lower
energies would then facilitate a more efficient distribution of holes between the MQW
system than expected from a VCA type calculation.

Overall alloying the GaN barrier with a small portion of In (e.g. 5%) could provide
a pathway for improving hole transport in InGaN MQW systems and thus the carrier
distribution in the different wells. Firstly, such an approach would reduce the effective
barrier height, which results in weaker confinement of bound states and an increased
leakage of carrier wave functions into the barrier. Secondly, InGaN barriers with low
In content could also facilitate percolation transport between the wells. Here carriers
can take a path through regions where the potential barrier is locally low. Similar
effects have been observed for n — ¢ — n transport studies containing AlGaN electron
blocking layers [35]. However, the impact of alloying the barrier with small fractions
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Figure 12: Transmission spectra of the four Ing19GaggsN/GaN MQW with well width
of L, = 2.6 nm and barrier width I, = 3.1 nm calculated within virtual crystal
approximation (black) and a random alloy description (Random II; red, averaged
over 5 configurations). The calculations include spontaneous and piezoelectric built-
in potentials as well as a field originating from a p — ¢ — n junction.

of In on the ballistic hole transport between wells may be more subtle. In the absence
of alloy disorder, k is a good quantum number in the GaN barrier, so that there is
no scattering once the carrier enters the barrier. In the presence of alloy fluctuations,
scattering is possible and the transmission probability should be reduced. However,
while this may be true for individual transmission peaks, a large number of additional
channels may be made available. This is also reflected in our results above, which
indicate that transmission above the GaN band edge is increased by alloy fluctuations.
A similar feature has been observed in recent studies on the radiative recombination
rates in InGaN/GaN QWs, where alloy fluctuations reduce the oscillator strength of
individual transitions when compared to a VCA calculation. However, due to the
breaking of the k-selection rules, the number of allowed transitions is increased, leading
to an overall increase in the radiative recombination rate when compared to the VCA
calculations [34]. We revisit the discussion of the potential impact of alloying the barrier
material with In further below and present initial results in an appendix.

Here, we have discussed the ballistic transport properties for a barrier width of
Ly, = 3.1 nm. As we have seen above, cf. Fig. 5, the barrier width will also affect
the VBE and CBE profile. Additionally the electronic coupling between the wells, and
therefore the ballistic transport, should also be affected by the barrier width. In the
next section we analyze the impact of L; on the transmission properties in more detail.



Impact of Random Alloy fluctuations on inter-well transport 21

(a) Electrons (b) Holes
1.0f 1.0{
0.8] VCA 0.8] VCA
S S
206! 206l
IS IS
2 2
S 5]
= 04 Random Alloy = 04
Random Alloy
0.2 0.2{
0.0 0.0 |
3.2 3.4 3.6 3.8 -0.25 -02 -0.15 -0.1 -0.05 0 0.05
Energy (eV) Energy (eV)

Figure 13: Transmission spectra of the four Ing19GaggsN/GaN MQW with well width
of L, = 2.6 nm and barrier width I, = 5.2 nm calculated within virtual crystal
approximation (black) and a random alloy description (Random II; red, averaged
over 5 configurations). The calculations include spontaneous and piezoelectric built-
in potentials as well as a field originating from a p — ¢ — n junction.

4.3.2. Barrier width Ly, = 5.2 nm  Figure 13 (a) shows the electron transmission spectra
in VCA (black) for the Ing10GaggsN/GaN MQW system introduced in Sec. 3.2 with a
barrier width of L, = 5.2 nm; the spectrum obtained within the random alloy description
Random 1II is given in red. The depicted data for Random II is the average over 5
different random alloy configurations. Bearing in mind the band edges in Fig. 5 (b),
and looking first at the VCA data, we mainly observe transmission peaks above 3.6 eV,
which is the CBE of the barrier material. Basically the same behavior is observed in
the random alloy case. Thus, similar to the smaller barrier width discussed above, for
electron ballistic transport, VCA yields a good description of the system.

Figure 13 (b) depicts the transmission spectrum for holes in VCA (black) and
Random II (red). When comparing the calculated spectra for VCA and random alloy
description, we find that the random alloy fluctuations introduce “extra” transmission
channels when compared to VCA data. We note also that for the chosen barrier
width, the CBE and VBE of the different wells are almost perfectly aligned in the
VCA case. This is obviously the best case scenario, but is probably not the norm
when e.g. changing doping profile or the barrier width further. Even a slight shift in the
energies between neighboring wells results in a sharp reduction of the VCA transmission
peaks (not shown). For the random alloy system the situation is different. Here, alloy
fluctuations already break the symmetry between wells intrinsically, thus aligning or
not aligning the band edges is of secondary importance for the random alloy case.
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Bearing in mind the strong dependence of the VCA transmission on the alignment of
the band edges, the random alloy fluctuations should still open additional transmission
channels, given that k-conservation breaks down, and thus lead to an enhancement of the
transmission. However, overall we can conclude that the wider barrier width suppresses
ballistic transport compared to the narrower barrier width, given that electronic coupling
between the QWs is reduced.

But, as discussed already above, alloying the barrier with In could provide a way
forward to increase the transmission probability. Our calculations have shown that the
hole transmission through the “extra” channels is sensitive to the state confinement,
and the coupling between states in neighboring wells. Including In in the barrier would
reduce the confinement of states within the wells, and could lead to a situation where
hole ballistic transport is improved at wider barrier widths. In a recent experimental
study, Marcinkevic¢ius et al. analyzed such a situation [36]. Their data reveal indeed
an increased hole transmission through an InGaN MQW system when 5% In was
introduced in the GaN barrier. Our analysis indicates a potential mechanism underlying
the experimentally observed increase in ballistic hole transport, which is supported by
initial results presented in an appendix. Further studies are required to shed more
light on this question; this is beyond the scope of the present study, which is aimed at
providing insight into the impact of alloy fluctuations within the well and how the level
of randomness affects the carrier transport in InGaN/GaN MQW systems.

5. Conclusion

In this work we have presented an analysis of the ballistic transport properties of
InGaN/GaN MQW systems by means of a combined atomistic tight-binding non-
equilibrium Green’s function approach. We have paid special attention to the impact of
(random) alloy fluctuations on both electron and hole ballistic transport. To investigate
the impact of alloy disorder, results are compared to the outcome of calculations that
utilize a virtual crystal approximation of the InGaN MQWs. Our data shows that
for electrons the alloy microstructure is of secondary importance for their ballistic
transport, while for hole transport the situation is different. We observe that for
narrow GaN barrier width in an InGaN/GaN MQW system, the presence of the alloy
fluctuations give rise to extra hole transmission channels when compared to a virtual
crystal description of the same system. We attribute this effect to the situation that
in the random alloy case, kj-vector conservation is broken/relaxed and therefore the
ballistic hole transport increases. Thus, a VCA description would underestimate the
contribution from hole ballistic transport in general. However, for wider barrier width
this effect is strongly reduced. Overall, our theoretical findings of significant ballistic
hole transport for narrower barrier width, which decreases with increasing barrier width,
is consistent with recent experimental studies [16].

Furthermore, the gained insight indicates a potential explanation for the recent
experimental observation that alloying the GaN barrier region between the wells with
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small fractions of In (e.g. 5%) is beneficial for hole ballistic transport in InGaN MQW
system. Based on our results, such an approach results in (i) the breakdown of k-
vector conservation and (ii) a slight reduction in the barrier height between the wells.
As a consequence, especially the holes may become more evenly distributed between
the different wells. Thus a larger number of wells can contribute to the light emission
process and improve therefore the efficiency of the corresponding device.
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Appendix: Alloyed Barrier Material

As discussed above, alloying the barrier material could provide a pathway to enhance
the ballistic transport in InGaN MQW systems. To analyze the potential impact of
In in the barrier on the transmission spectrum for electrons and holes, we focus in the
following on a 2 QW Ing12GaggsN system. The system is generated in the Random II
setting, where the microscopic configuration between the QWs differs.

We compare an Ing 10Gag gsN/GaN system to an Ing 19Gag gsN/Ing 05 Gag.gsN system.
The barrier is also treated as a random alloy which differs between each region
of Ingg5GaggsN. Here the barrier and the well width are both 2.6 nm. The QW
configuration is kept fixed, so only the barrier material is changed for this comparison.
We only consider one microscopic configuration in each case, so no averaging is done to
obtain the results.

For the sake of simplified discussion, we neglect strain and polarization fields. When
alloying the GaN barrier with 5% In, the CBE is shifted downwards from 3.45 eV
(pure GaN) to approximately 3.36 eV (Ing ¢5GagosN) in the barrier region of the MQW
system. Also the VBE of the barrier material changes: for pure GaN barriers, the VBE
is chosen to be at 0 eV; in the case of 5% In in the barrier region, the VBE then shifts
to approximately 0.03 eV.

Figure 14 (a) shows the electron transmission spectrum of the system with the pure
GaN barrier (black) along with the spectrum obtained for an Ing 10Gag gsN /Ing o5 Gag 5N
MQW structure (blue). With pure GaN barriers, transmission through the electron
ground states (transmission peaks around 3 eV) is weak, while in case of the Ing g5Gag 95N
barrier, the ground state transmission is strongly enhanced. The effect of enhanced
QW ground state transmission is accompanied by a slight red shift of the transmission
peaks. We attribute both effects (red shift, enhanced transmission) to changes in carrier
confinement in case of the alloyed barrier when compared to the pure GaN system.
Similar effects are observed for the excited QW states at approximately 3.2 eV.

Figure 14 (b) depicts the results for the hole transmission. Our calculations show
that the Ing o5Gagg5N barrier significantly increase the ballistic hole transport facilitated
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Figure 14: Transmission spectra of a 2 Ing19GagssN QW system with GaN (black)
and IngsGagesN (blue) barriers for (a) electrons and (b) holes. The microscopic
configuration differs between the QWs but is kept the same for the pure GaN and the
InGaN barrier. Thus only the barrier material differs between the two systems. Strain
and built-in fields are not considered. The barrier and well width are L, = L,, = 2.6
nm.

by QW confined states near energies of 0.06 eV. Also, and in comparison with the pure
GaN barriers, transmission in the energy range of 0.03 eV to 0.05 eV is also increased
significantly. We attribute this effect again to the reduction in the carrier confinement
when comparing pure GaN and Ingg5GaggsN barriers.

Overall, these initial studies indicate that using InGaN barriers with low In content
are beneficial for increasing the ballistic transport in InGaN MQW systems, and thus
potentially enabling an improved distribution of carriers between the different QWs
in a MQW structure. This finding may explain the experimental observation made
in the work by Marcinkevicius et al. [16]. To shed further light on the influence of
InGaN barriers on the transport properties of InGaN MQWs, future studies may target
a variety of different questions. For instance, the question remains if there is a critical
barrier In content at which alloy scattering will have a detrimental effect on the ballistic
transport. Furthermore, we have followed here the experimental work of Ref. [16] and
kept the In content in the well constant while increasing the In content in the barrier.
As discussed above, this will reduce the carrier confinement. To disentangle effects
arising from alloy fluctuations in the barrier and the barrier height (carrier confinement),
investigations may be performed in which the relative band offset difference is kept
constant, e.g. comparing transport properties of an Ing12GaggsN/GaN MQW system
to the properties of an Ing17GagesN/IngosGagosN MQW structure. Such a detailed
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and extensive analysis can be targeted in future investigations, which may focus on the
impact of alloy fluctuations in the barrier material on the ballistic carrier transport.
However, this is beyond of the scope of the present study, where our main aim is to
understand the impact of alloy fluctuations within the well on transport properties.
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