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Electronic and excitonic properties of ultrathin (In,Ga)N layers: The role of alloy and
monolayer width fluctuations

Daniel Tanner1 and Stefan Schulz2

1Laboratoire SPMS , CNRS-Centrale Supelec, Universite Paris-Saclay, 91190 Gif-sur-Yvette, France
2Tyndall National Institute, Lee Maltings, Dyke Parade, Cork T12 R5CP, Ireland

We present an atomistic theoretical analysis of the electronic and excitonic properties of ultra-
thin, monolayer thick wurtzite (In,Ga)N embedded in GaN. Our microscopic investigation reveals
that (i) alloy fluctuations within the monolayer lead to carrier localization effects that dominate
the electronic and optical properties of these ultrathin systems and that (ii) excitonic binding ener-
gies in these structures exceed the thermal energy at room temperature, enabling excitonic effects
persist even at elevated temperatures. Our theoretical findings are consistent with, and provide an
explanation for, literature experimental observations of (i) broad photoluminescence linewidth and
(ii) excitonic effects contributing to the radiative recombination process at elevated temperatures.
When accounting for small structural inhomogeneities, such as local thickness fluctuations of one
monolayer, “indirect” excitons may be found, with electrons and holes independently localized in
different spatial positions. This result also provides further arguments for the experimentally ob-
served effects such as (i) non-exponential decay curves in time dependent photoluminescence spectra
and (ii) the “S”-shape temperature dependence of the photoluminescence peak energies. Overall,
our results provide fundamental understanding, on an atomistic level, of the electronic and optical
properties of ultrathin, quasi 2D (In,Ga)N monolayers embedded in GaN, and offer guidance for the
tailoring of their properties for potential future device applications.

I. INTRODUCTION

Over recent years there has been a strong drive in un-
derstanding and designing novel materials with new and
exciting properties, for both the furtherance of our in-
sight into fundamental physics and also from an applica-
tions point of view.1–4 For instance, 2D materials have
generated great scientific interest due to their potential
for flexible band gap engineering and higher carrier mo-
bilities compared to more conventional systems.5,6 Over
the last few years more and more materials have been
theoretically predicted and found experimentally.1,3

Recently, research focus has also shifted towards re-
alizing monolayer (ML) structures based on more con-
ventional semiconductor materials such as InN, GaN or
AlN.7–11 These III-N materials are key building blocks
for modern light emitting devices.12 In the visible spec-
tral region, (In,Ga)N quantum well (QW) systems have
attracted considerable interest for applications in such
diverse areas as light emitting diodes,13 solar cells14 or
photoelectrochemical water splitting devices15.
By realizing 2D versions of (In,Ga)N or III-N materials

in general, their electronic and optical properties can sig-
nificantly be modified.8 In the case of InN for instance,
2D/ML systems have been targeted experimentally by
embedding them in a host matrix of GaN.7,9,16–18 The
benefits of such an approach are manifold. Firstly, hav-
ing ML thick InN layers embedded in GaN, the spatial
separation of electron and hole wave functions, due to
built-in polarization fields,19 are ideally eliminated. This
is of central importance to enhance the radiative recom-
bination rate in comparison to “conventional” c-plane
(In,Ga)N/GaN systems, and thus efficient light emis-
sion.20 Secondly, given that carrier localization effects
are very pronounced in (In,Ga)N-based structures,21–24

and this feature is widely assumed to be the reason why
these systems emit light efficiently despite their high de-
fect densities,25 even ML (In,Ga)N structures could still
prevent carriers from reaching defects in the material
and thus suppress non-radiative recombination. Addi-
tionally, the carrier confinement in 2D (In,Ga)N systems
is strongly increased compared to “conventional” c-plane
QWs. This is expected to lead to increased excitonic
binding energies, which ideally prevent thermal dissocia-
tion at room temperature. Finally, the increased exciton
binding energies and the reduction of the spatial sepa-
ration of carriers may also reduce the electron phonon
coupling, which in turn may allow to reduce phonon as-
sisted Auger recombination effects.26

However, it has already been highlighted that there are
fundamental limitations to growing such a 2D system.27

These studies show that a maximum of 25% In can be
incorporated in an ML that ideally should be 100% In
coherently grown on GaN.27 Also, while recent exper-
imental investigations9,28 on these“quasi 2D” (In,Ga)N
layers reveal effects which are consistent with the ideally
expected properties of a 2D (In,Ga)N system (e.g. exci-
tonic recombination at elevated temperatures), there are
also findings that are more consistent with “standard” c-
plane (In,Ga)N/GaN QW systems (e.g. non-exponential
decay transients in time resolved PL spectra). While ex-
periments have started to shed light onto the properties
of these ultrathin heterostructures, far less attention has
been directed towards the theoretical description of the
electronic and optical properties of these novel systems.
The theoretical description is very challenging given that
one is (i) not dealing with pure InN or GaN and that (ii)
the (In,Ga)N MLs are embedded in GaN and not in vac-
uum. Thus large supercells are required to account the
GaN barrier and alloy fluctuations within an (In,Ga)N
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ML. Additionally, due to the strong carrier confinement,
excitonic effects have to be considered. Therefore, stan-
dard first-principle studies, which capture all the above
discussed factors to achieve a detailed description of the
electronic and optical properties are basically impossible,
given the large supercell size required.
In this work, we address the electron and excitonic

properties of ultrathin (In,Ga)N layers embedded in GaN
in the combined framework of atomistic tight-binding
theory and configuration interaction calculations. The
results from our atomistic many-body analysis show that
(i) carrier localization effects are very important to de-
scribe the electronic and optical properties of these ul-
trathin systems and that (ii) excitonic effects are very
pronounced in this quasi 2D material. Our theoretical
findings are in line with and provide further insight into
the experimental observations of broad PL spectra and
pronounced excitonic effects contributing to the radiative
recombination process at elevated temperatures in ML
thick (In,Ga)N systems. Our calculations also demon-
strate that small structural inhomogeneities can signifi-
cantly affect their optical properties and may lead to the
appearance of “indirect” excitons,29,30 meaning that the
Coulomb correlated electrons and holes are localized in
different spatial regions of the ML system. This situation
of “independently” localized carriers31 is consistent with
the experimental observation of non-exponential decay
transients in quasi 2D (In,Ga)N MLs.9,28 Also, our theo-
retical findings, given the strong variation in the ground
state transition energies and the appearance of indirect
excitons are in line with the experimental observation of
an ”S”-shape temperature dependence of the PL peak
energies.9,28 Overall, our results provide on an atomistic
level fundamental understanding of the electronic and op-
tical properties of ultrathin, quasi 2D (In,Ga)N MLs em-
bedded in GaN, and thus provide guidance to tailor their
properties for potential future device applications.

II. RESULTS

In this section we present the results of our theoretical
study. All calculations have been performed on supercells
with a size of approximately 20×18×10 nm3 (≈ 328, 000
atoms), allowing therefore to study in-plane carrier lo-
calization due to alloy fluctuations in an In0.25Ga0.75N
ML. To rigorously analyze the impact of the alloy mi-
crostructure on the results, 20 different microscopic con-
figurations have been generated. Bearing in mind the
fundamental limit of In content in a single ML embed-
ded in GaN,27 we focus our attention on systems with
25% In. Furthermore, for all structures a random al-
loy assumption has been made. More information about
this assumption and the supercells used in our study are
given in the Section “Methods: Model geometry” further
below.
Before studying In0.25Ga0.75N ML systems, we first

discuss In0.25Ga0.75N bulk systems. This provides gen-
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FIG. 1. Schematic illustration of ultrathin (In,Ga)N layers
studied in this work. (a) Quasi-2D atomically “flat” (In,Ga)N
monolayer embedded in GaN. (b) Same as in (a) but with
In atom penetration into the GaN barrier in a small spatial
region of the supercell. Here, penetration into only one addi-
tional monolayer is allowed.

eral insight into the combined impact of alloy fluctuations
and Coulomb effects on the electronic and optical prop-
erties of (In,Ga)N systems. In a second step we analyze
the electronic properties of an atomically “flat” ML of
In0.25Ga0.75N embedded in GaN. Thirdly, we study the
impact of structural inhomogeneities, where we consider
In atoms “bleeding” into a small spatial region of the
GaN barrier material. Such a penetration of In atoms is
only allowed for a second ML of In0.25Ga0.75N and in a
disk-like area with a radius of approximately 2.5 nm. A
schematic illustration of the situations studied is given
Fig. 1, where Fig. 1 (a) shows the atomically “flat” layer
and (b) the system in which the In atoms are allowed to
penetrate into the GaN barrier. For the sake of simpli-
fying, for instance, the visualization of charge densities,
the ML fluctuations are always placed near the (in-plane)
center of the simulation cell. More detailed discussions
on these small thickness fluctuations are given below in
the Section “Methods: Model geometry”.

The electronic and excitonic properties of the systems
have been calculated in the combined framework of atom-
istic tight-binding (TB) theory and configuration interac-
tion (CI) calculations. This allows us to study excitonic
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FIG. 2. Emission energies for bulk wurtzite In0.25Ga0.75N.
The data are displayed as a function of the index of the su-
percell configurations (microscopic alloy configurations). The
single-particle transition energies are given by the black cir-
cles; the excitonic ground state emission energies are denoted
by the red circles. The average energies are given by the
dashed horizontal lines. Inset: Exciton binding energy Eb

X

for bulk wurtzite In0.25Ga0.75N. The data are again displayed
as a function of the index of the supercell configurations (mi-
croscopic alloy configurations). The average binding energy,

Ẽ
b,bulk

X , is given by the horizontal dashed line.

properties through an increasingly more complex many-
body treatment, where we start from the single-particle
approach and finally culminate in the CI method that
goes beyond ground state properties of the disordered en-
ergy landscape in terms of a single-particle description.
More details on the theoretical framework are given in
the Section “Methods: Theoretical Framework”.

A. Electronic and optical properties of (In,Ga)N
bulk systems

Starting with bulk systems, we first analyze the im-
pact of the alloy microstructure on the emission wave-
length and the exciton binding energy. Figure 2 displays
the single-particle (no Coulomb effects included) and ex-
citonic ground state transition energies as a function of
the index of the supercell configurations (microscopic al-
loy configurations). As this figure reveals, the alloy mi-
crostructure significantly affects the transition energies,
given that the transition energy varies significantly with
configuration number. Including excitonic effects in the
calculations, the attractive Coulomb interaction between

FIG. 3. (a) Isosurface plots of the electron |ψe
GS|

2 (blue)
and hole |ψh

GS|
2 (red) ground state charge densities in a bulk

(In,Ga)N system with 25% In; (b) shows results when ex-
citonic effects are taken into account. The isosurface plots
are depicted at 10% of respective maximum charge density
values. The data are displayed for and arbitrarily selected
microscopic alloy configuration (Config), here Config 2.

electron and hole leads to a red-shift of the transition en-
ergy. The excitonic binding energy, calculated as the dif-
ference between the single-particle and excitonic ground
state transition energy, is depicted in the inset of Fig. 2.
The data shows that the excitonic binding energy also
noticeably depends on the alloy microstructure. On av-

erage we find an excitonic binding energy Ẽb,bulk
X of 20

meV, which is lower than the binding energy reported

for pure GaN (Eb,GaN
X =23-28 meV),32 but significantly

larger when compared to values reported for pure InN

(Eb,InN
X =5-6 meV).33,34

To shed more light onto the question of why the al-
loy microstructure affects the transition energies, Fig. 3
(a) depicts isosurface plots of electron |ψe

GS|
2 (blue) and

hole |ψh
GS|

2 (red) ground state (GS) single-particle (no
excitonic effects) charge densities for a sideview perpen-
dicular to the wurtzite c-axis (upper row), and a topview
parallel to the c-axis (lower row) for an arbitrarily chosen
microscopic alloy configuration (Config), here Config 2.
These isosurfaces are visualized at 10% of the respective
maximum charge density values. As Fig. 3 clearly reveals,
random alloy fluctuations in (In,Ga)N bulk systems are
sufficient to strongly localize the hole wave functions.
The electron ground state is more delocalized, but also re-
veals perturbations to the otherwise expected delocalized
Bloch wave function nature. Overall, the arbitrarily cho-
sen alloy configuration reflects the behavior also found in
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the remaining 19 microscopic configurations. The result
of a strong hole and less pronounced electron localization
effect due to alloy fluctuations is consistent with density
functional theory (DFT) and empirical pseudopotential
studies on bulk (In,Ga)N systems.21,23

When including excitonic effects in the calculation, we
find that the electron wave function starts to localizes
about the hole, which remains localized in the same posi-
tion, as Fig. 3 (b) shows. Similar situations are observed
in the other alloy configurations studied. This result is in
agreement with the widely accepted explanation of why
III-nitride based materials can be used as efficient light
emitters despite their large defect densities:25 localization
effects prevent the carriers from reaching defects where
they would recombine non-radiatively.
Having discussed general aspects of carrier localiza-

tion effects in (In,Ga)N materials, we turn now and
study the impact of alloy fluctuations and Coulomb ef-
fects on the electronic and optical properties of quasi 2D
(In,Ga)N/GaN MLs. In a first step, Sec. II B, we ana-
lyze the electronic and excitonic properties of atomically
“flat” ML systems, cf. Fig. 1 (a). In Sec. II C, we focus
our attention on the system with small structural inho-
mogeneities, cf. Fig. 1 (b).

B. Electronic and optical properties of monolayer
thick (In,Ga)N

The single-particle ground state transition energy
(black circles) of an In0.25Ga0.75N ML embedded in GaN
is displayed in Fig. 4 as a function of the index of the su-
percell configurations (microscopic alloy configurations);
the black dashed line gives the average transition energy.
Similarly to the bulk system discussed above, we find
that for the ML system the ground state transition en-
ergy varies strongly with microscopic alloy configuration.
Thus even for the ML thick In0.25Ga0.75N/GaN system,
the alloy microstructure of the layer strongly affects the
electronic and optical properties. We also find that com-
pared to the bulk system, cf. Fig. 2, the single-particle
transition energies are shifted to larger energies, due to
carrier confinement. We will come back to this aspect
further below.
Turning to the excitonic ground state emission energy

(red squares), our calculations show that this quantity
also depends on the alloy microstructure in the layer as
it varies noticeably with configuration number. Over-
all, this strong dependence of the emission energy on the
alloy microstructure is commensurate with a broad PL
linewidth.35 The experimental studies of Ma et al.9 and
Anikeeva et al.28 on quasi 2D In0.25Ga0.75N layers re-
veal such broad PL linewidth. We note that in “conven-
tional/standard” c-plane (In,Ga)N/GaN QWs, the broad
PL linewidth is usually attributed to strong hole localiza-
tion effects due to (random) alloy fluctuations, while the
electron wave function exhibits a more delocalized char-
acter and is less affected by the alloy microstructure.22,35
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FIG. 4. Emission energies of a monolayer thick wurtzite
In0.25Ga0.75N layer embedded in GaN. The data are displayed
as a function of the index of the supercell configurations (mi-
croscopic alloy configurations). The single-particle transition
energies are given by the black circles; the excitonic ground
state emission energies are denoted by the red squares. The
average energies are given by the dashed horizontal lines. In-
set: Exciton binding energy Eb

X as a function of the index
of the supercell configurations (microscopic alloy configura-

tions). The average binding energy, Ẽb
X , is given by the hori-

zontal dashed line.

We will further discuss these aspects in the context of ul-
trathin (In,Ga)N layers below. But before this, we turn
to analyze excitonic effects in more detail.
Comparing the single-particle and excitonic transition

energies, we find that Coulomb effects give rise to a sig-
nificant red-shift in the transition energies, thus large
excitonic binding energies. Following our approach for
the bulk system, the exciton binding Eb

X energy is cal-
culated as the difference between the single-particle and
the excitonic ground state transition energies. The re-
sulting binding energies are given in the inset of Fig. 4
as a function of the index of the supercell configurations
(microscopic alloy configurations); the dashed line de-

notes the average excitonic binding energy Ẽb
X ; we find

a value of Ẽb
X ≈ 35 meV. The inset also clearly reveals

that the magnitude of Eb
X depends on the microscopic

alloy configuration. Values exceeding 50 meV (e.g. Con-
fig 9) as well as below 25 meV (e.g. Config 3) are found.
Overall, we observe that compared to the bulk system,
excitonic effects are significantly increased. We attribute
this again to the increased carrier confinement in the ML
case. It is also important to note that the calculated av-
erage binding energy, Ẽb

X ≈ 35 meV, is larger than the
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FIG. 5. Isosurface plots of the electron |ψe
GS|

2 (blue) and hole |ψh
GS|

2 (red) ground state charge densities for the alloy config-
uration (Config) 15 and Config 17. The data are shown for the atomically “flat” (no width fluctuations) (In,Ga)N monolayer
system with 25% In. The isosurfaces correspond to 10% of respective maximum charge density values (Note that the different
shades in the isosurface plots of the charge densities originate from overlapping isosurfaces stemming from different planes in
c-direction). (a) and (c) depict the single-particle results for Config 15 and Config 17, while (b) and (d) display the data for
Config 15 and Config 17 when including excitonic effects in the calculations. The dashed lines in the sideview are placed slightly
above/below the InGaN ML region to indicate the region where In atoms are present. In the topview the dashed lines indicate
supercell boundary.

thermal energy at room temperature; therefore, excitonic
recombination at elevated temperature can be expected.
This conclusion is supported by the experimental studies
on quasi 2-D (In,Ga)N/GaN ML systems.9

In order to analyze carrier confinement effects in more
detail and to study the interplay of carrier localization ef-
fects and Coulomb interaction in quasi 2D In0.25Ga0.75N
ML systems further, we look at the electron and hole
ground state charge densities. Similarly to Fig. 3, Fig. 5
displays isosurface plots of the single-particle electron
|ψe

GS|
2 (blue) and hole |ψh

GS|
2 (red) ground state charge

densities for (a) the alloy configuration (Config) 15 and
(c) Config 17. The isosurfaces are plotted at 10% of
the respective maximum charge density values. The up-
per panel in Fig. 5 always shows the results for a side-
view perpendicular to the wurtzite c-axis, while the lower
panel depicts the data for a topview parallel to the c-axis.
These two configurations have been selected on the ba-
sis that they represent situations below (Config 15) or
close (Config 17) to the average exciton binding energy

of Ẽb
X ≈ 35 meV.

Before turning to the impact of the Coulomb interac-
tion on the results, several features of the single-particle
charge densities are already of interest. Firstly, the side-
view (upper row in Fig. 5) clearly indicates that the
(In,Ga)N ML leads to a strong localization of electrons
and holes in and around this layer. These results are con-
sistent with the DFT calculations in Ref.28, which also
indicate strong carrier localization effects as the barrier
width between (In,Ga)N MLs increases. Secondly, when
looking at the topview (lower row in Fig. 5) we find that
the hole is much more strongly localized than the electron

wave function. Overall, the behavior of very strongly lo-
calized hole states and a more delocalized electron state
seen in the chosen alloy configuration reflects the behav-
ior also found in the remaining supercell configurations.
This is consistent with theoretical results on conventional
polar and also non-polar (In,Ga)N/GaN QWs.22,36 More-
over, we note that previous calculations have already re-
vealed that a single In-N-In chain in a GaN matrix is
sufficient to localize hole wave functions.21,23,37 So even
a ML of In0.25Ga075N leads to the presence of such chains
and therefore one expects strong hole localization effects
in such a system, consistent with our presented results.
To shed further light on the localization effects, Fig. 6
displays the contour-plot of the built-in potential of such
a ML thick (In,Ga)N system. As Fig. 6 clearly reveals,
while the potential drop “across” the structure is very
small, locally strong fluctuations in the built-in potential
are observed. These local potential “pockets”, in con-
junction with the large effective hole mass,38,39 can then
lead to strong hole localization effects. The combination
of negligible potential drop, Fig. 6, and ML thickness
has the desired effect on the electronic structure that in
contrast to a conventional c-plane (In,Ga)N/GaN QW
system, the spatial separation along the c-axis to due
to intrinsic built-in fields has been removed in the ML
(In,Ga)N/GaN structure. However, when looking at the
topview of the charge densities (lower row in Fig. 5) it
also becomes clear why (i) the transition energy and (ii)
the exciton binding energy is strongly configuration de-
pendent. While for Config. 15 electron and hole local-
ize in different spatial in-plane regions, in Config. 17
electron and hole basically “co-localize” in the same po-
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sition. Thus one can expect that Config. 17 exhibits a
larger exciton binding energyEb

X when compared to Con-
fig. 15. This exactly is the result we observe in Fig. 4
when comparing the calculated exciton binding energies
of the two alloy configurations studied in Fig. 5. We also
note that to capture the effect of in-plane carrier separa-
tion, large supercells are required to avoid artifacts from
periodic boundary conditions; therefore calculations per-
formed on smaller supercells may not properly account
for the impact of alloy fluctuations and thus the alloy
microstructure on the transition/binding energies.

To deduce the impact of excitonic effects on the optical
properties, we turn to Fig. 5 (b) and (d) which reveal lo-
calization of the electron about the hole for both Config
15 and 17. Thus in the case of the considered atomi-
cally “flat” system, one is left with exciton localization
effects; we find that this is characteristic for all consid-
ered 20 configurations. Experimentally, such an exci-
ton localization should manifest itself in, for instance,
single-exponential decay transients in time-resolved PL
measurements. Such a characteristic has been observed
and discussed in nonpolar (In,Ga)N/GaN QW systems,
where the macroscopic electrostatic built-in field is ab-
sent.40,41 However, the experimental studies reported in
Ref.9,28 on ultrathin (In,Ga)N/GaN layers show non-
single-exponential decay transients. In fact the observed
non-exponential decay transients are similar to standard
c-plane (In,Ga)N/GaN QW systems with strong built-
in fields.31,41 In such a standard c-plane (In,Ga)N/GaN
QW system the often used explanation is that electrons
and hole are independently localized in different spatial
positions in the QW due to the combined effect of electro-
static built-in field along the c-axis and alloy fluctuations.
Building on this idea and using a donor-acceptor pair
model, Morel et al.31 obtained very good agreement be-
tween theoretical predictions and measured time-resolved
PL data in c-plane (In,Ga)N/GaN QWs. Our calcula-
tions on quasi 2D (In,Ga)N layers indicate however a
co-localization of electron and hole due to random alloy
fluctuations and the attractive Coulomb interaction be-
tween electron and hole. This raises the question about
other factors affecting the electronic and optical proper-
ties of ML thick (In,Ga)N systems embedded in GaN.
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FIG. 6. Contour plot of the built-in potential φ in the x− z-
plane (z-axis parallel to to wurtzite c-axis) for y = 8.7 nm.
The data is shown for alloy configuration 15 for the atomically
“flat” In0.25Ga0.75N monolayer system. The (blue) dashed
line indicates the monolayer region in which In atoms are
present.
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FIG. 7. Emission energies for a monolayer thick wurtzite
In0.25Ga0.75N layer embedded in GaN. In the present case
In atoms are allowed to “bleed” into the GaN barrier of the
(In,Ga)N monolayer system with 25% In. The data are dis-
played as a function of the index of supercell configurations
(microscopic alloy configurations). The single-particle transi-
tion energies are given by the black circles; excitonic ground
state emission energies are denoted by the red squares. The
average energies are given by the dashed horizontal lines. In-
set: Exciton binding energy Eb

X as a function of the index
of the supercell configurations (microscopic alloy configura-

tions). The average binding energy, Ẽb,F

X , is denoted by the
horizontal dashed line.

A feature that has been observed in standard c-plane
(In,Ga)N/GaN QWs is that In atoms penetrate into the
GaN barrier.42 This penetration may also be spatially
dependent so that the well width fluctuates locally.43,44

These fluctuations in well width have been reported to be
of the order of 1-2 MLs in “conventional” c-plane QWs.
In the following section we discuss the impact of such
inhomogeneities on the electronic and optical properties
of In0.25Ga0.75N/GaN quasi 2D systems.

C. Electronic and optical properties of monolayer
thick (In,Ga)N layers with structural

inhomogeneities

In this section we study the electronic and excitonic
properties of the In0.25Ga0.75N ML system schematically
depicted in Fig. 1 (b), where in a 1 ML thick and disk-
shaped (approximately 2.5 nm radius) region above the
In0.25Ga0.75N ML In atoms can “bleed” into the GaN
barrier. Two aspects of these structural inhomogeneities
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are important to note. First, they reflect a very small de-
viation from the In0.25Ga0.75NML considered so far, tak-
ing into account that the in-plane dimensions of the simu-
lation cell are 20 nm× 18 nm. Secondly, since we assume
random alloy fluctuations, the number of In atoms in the
barrier and their spatial arrangement vary from configu-
ration to configuration. Thus the resultant width fluctu-
ation is not a perfectly disk-shaped object; we only allow
for the presence of In atoms in a disk-like region in the
GaN barrier material, with the alloy fluctuations charac-
teristic of this In content producing a variety of shapes.
Further discussions are given in the Section “Methods:
Model geometry”.
Figure 7 shows the single-particle ground state transi-

tion energy (black circles) for the system with structural
inhomogeneities as a function of the index of the supercell
configurations (microscopic alloy configurations). Over-
all, when comparing the single-particle energy gaps de-
picted in Fig. 4 (no ML fluctuations) and Fig. 7 (with
ML fluctuations), we observe that the transition energies
are shifted to smaller energies when ML fluctuations are
present. We attribute this behavior to the slight increase
in the “volume” of the ML system. However, compared
to bulk systems, Fig. 2, the strong carrier confinement
along the c-axis still leads to much larger transition en-
ergies in the ML system. Overall, and similar to the
structure without width fluctuations, Fig. 7 clearly shows
a strong dependence of the single-particle transition en-
ergy on the configuration number and thus the alloy mi-
crostructure. The same behavior is reflected in the ex-
citonic ground state transition energy, given in Fig. 7
by the red squares. Thus, as already discussed above,
these fluctuations in the transition energy will manifest
in broad PL spectra, consistent with the measurements
on quasi 2D (In,Ga)N/GaN MLs.9,28 Compared to the
atomically “flat” structures, we observe that excitonic
effects are enhanced when introducing thickness fluctua-
tions. This is reflected in the average excitonic binding

energy Ẽ
b,F
X depicted in the inset of Fig. 7, and when

compared to the binding energy Ẽb
X obtained in the ab-

sence of width fluctuations. In the absence of width
fluctuations Ẽb

X ≈ 35 meV, while when these fluctua-
tions are present an average excitonic binding energy of

Ẽ
b,F
X ≈ 51 meV is found. Although the average excitonic

binding energy in the system with ML width fluctuations
is larger, we also find configurations (e.g. Config 17 in
Fig. 7) with exciton binding energies below the values
observed in the atomically flat In0.25Ga0.75N ML system
(cf. Fig. 4).
To further investigate the question of why in general

excitonic effects are enhanced in the system with ML
width fluctuations, we study electron |ψe

GS|
2 and hole

|ψh
GS|

2 single-particle ground state charge densities. Iso-
surface plots of |ψe

GS|
2 (blue) and |ψh

GS|
2 (red) are de-

picted in Fig. 8 (a) and (c) for Config. 15 and Config. 17
at 10% of the respective maximum charge density values.
These configurations have been selected since they corre-

spond to situations with very large (Config 15; Eb,F
X = 86

meV) and low (Config 17, Eb,F
X = 18 meV) exciton bind-

ing energies, cf. Fig. 7. The charge densities are shown
for a sideview perpendicular (upper row) and a topview
along (lower row) the wurtzite c-axis. In a first step we
turn our attention to the single-particle electron and hole
ground state charge densities of Config 15 (cf. Fig. 8) (a),

which exhibits an exciton binding energy of Eb,F
X = 86

meV. Figure 8 (a) reveals that both electron and hole are
localized in the small region of the ML width fluctuation.
This behavior is also supported by the built-in potential
profile shown in Fig. 9, which reveals especially in the
region of ML width fluctuation strong potential fluctua-
tions. These fluctuations present especially for the holes
carrier “localization centers”. While in Fig. 9 we find a
strong potential fluctuation in the region where In atoms
“bleed” into the GaN barrier, also away from this region
strong fluctuations in the built-in potential are observed.
Thus the local alloy environment plays an important role.
However, for Config 15 the built-in potential supports a
“co-localization” of the carriers, so that the wave func-
tion overlap between electron and hole is very large and
confined to a small spatial region. Therefore, Coulomb
effects are enhanced, as for instance discussed in Ref.45

for small InN/GaN quantum dots, and a large exciton
binding is expected, consistent with our result shown in
Fig. 7. Turning now to the single-particle ground state
charge densities of Config 17, displayed in Fig. 8 (c),
we find a different situation. While the electron wave
function is still localized by the ML width fluctuation,
the hole wave function is localized in a spatially differ-
ent region. Since the electron exhibits a lower effective
mass in comparison to the hole,38,39 it is less sensitive to
the local alloy fluctuations and connected built-in field
fluctuations (cf. Figs. 6 and 9) as the hole, consistent
with our discussions on the bulk systems, see Sec. II A.
Given that in the single-particle picture electron and hole
are localized in very different spatial positions, the wave
function overlap is reduced. Therefore, in comparison to
Config 15, Coulomb effects are reduced and consequently
a reduced exciton binding energy is expected in Config.
17. This effect is also borne out in the exciton binding
energies shown in Fig. 7.

In a second step we turn now to the question of how
the attractive Coulomb interaction affects electron and
hole wave functions. In the absence of ML width fluctu-
ations, cf. Fig. 5, the electron localizes about the hole,
so that we are left with the picture of exciton localiza-
tion. Turning to the system with width fluctuations, our
calculations reveal that in this case, the electron is lo-
calized in the region where In atoms penetrate the GaN
barrier. Looking at Config 15 (Fig. 8 (b)), since electron
and hole are already localized in the same spatial position
in the absence of excitonic effects (single-particle results,
Fig. 8 (a)), this co-localization is slightly increased by
the attractive Coulomb interaction. Therefore, for this
microscopic configuration one is again left with exciton
localization effects.

However, it is also interesting to note that the feature
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FIG. 8. Isosurface plots of the electron |ψe
GS|

2 (blue) and hole |ψh
GS|

2 (red) ground state charge densities for the microscopic alloy
configuration (Config) 15 and Config 17, respectively. In the present case In atoms are allowed to “bleed” into the GaN barrier
of the (In,Ga)N monolayer system with 25% In. The isosurfaces are shown at 10% of respective maximum charge density values
(Note that the different shades in the isosurface plots of the charge densities originate from overlapping isosurfaces stemming
from different planes in c-direction). (a) and (c) depict the single-particle results for Config 15 and Config 17, while (b) and
(d) show the data when including excitonic effects in the calculations. The dashed lines indicate the supercell boundary but
also the area in which In atoms are allowed to penetrate into the barrier region. The dashed lines in the sideview are place
slightly above/below the InGaN ML region to indicate the region in which In atoms are present.

of exciton localization can also arise in a very different
form as Fig. 10 reveals for Config 14. While in the single-
particle picture, Fig. 10 (a) the electron wave function is
mainly localized in the region of the ML width fluctu-
ation, the hole is localized in different spatial position.
But, when including Coulomb effects the hole wave func-
tion localizes about the electron wave function. We at-
tribute this to the fact that the energy landscape seen by
the hole has several different local energy minima, so that
it is important to include this aspect in the many-body
description, as done by our CI calculation. We note that
the behavior of the hole localizing about the electron in
the case of our quasi-2-D (In,Ga)N/GaN system is differ-
ent from for instance observations in non-polar m-plane
(In,Ga)N/GaN QW systems previously reported in the
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FIG. 9. Contour plot of the built-in potential φ in the x− z-
plane (z-axis parallel to wurtzite c-axis) for y = 8.7 nm. In
the present case In atoms are allowed to “bleed” into the GaN
barrier of the (In,Ga)N monolayer system with 25% In. The
(blue) dashed line indicates the monolayer region in which In
atoms are present.

literature.36 These differences may arise due to differ-
ences in the underlying strain field (c-plane vs. m-plane)
as well as the situation that a wider well in the conven-
tional (In,Ga)N/GaN QW system may lead to a very
different potential energy landscape.

We also note that not always do Coulomb effects dom-
inate over carrier localization effects introduced by alloy
fluctuations. This becomes clear when turning to Config
17, cf. Fig. 8 (c) and (d), where the situation is different
compared to Config 14 and 15. For Config 17, electron
and hole are spatially separated in the single-particle pic-
ture (cf. Fig. 8 (c)). When including Coulomb effects in
the calculations, we find that the attraction is not strong
enough to reduce the spatial separation of electron and
hole (cf. Fig. 8 (c) and (d)) originating from random
alloy introduced carrier localization effects. Therefore,
for Config. 17 we are left with an indirect exciton29,30

or independently localized carriers.31,41 When looking at
the other configurations (not shown) we find a mixture of
these situations (exciton localization and “indirect” exci-
tons); approximately 50% of the studied systems can be
classified as “indirect” excitons. Therefore, based on our
theoretical results and similar to standard c-plane sys-
tems, the radiative lifetime is expected to vary across the
PL spectrum of an (In,Ga)N ML system with ML thick-
ness fluctuations, given that the wave function overlap
in the different configurations will vary and bearing in
mind that also the transition energy depends on the mi-
croscopic configuration. Given that the radiative lifetime
is tightly linked to the electron and hole wave function
overlap, we follow Marquardt et al.46,47 and use the geo-
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FIG. 10. Isosurface plots of the electron |ψe
GS|

2 (blue) and hole
|ψh

GS|
2 (red) ground state charge densities for the microscopic

alloy configuration (Config.) 14. In the present case In atoms
are allowed to “bleed” into the GaN barrier of the (In,Ga)N
monolayer system with 25% In. The isosurfaces are shown at
10% of respective maximum charge density values (Note that
the different shades in the isosurface plots of the charge den-
sities originate from overlapping isosurfaces stemming from
different planes in c-direction). (a) depicts the single-particle
results, while (b) shows the data when including excitonic ef-
fects in the calculations. The dashed lines indicate supercell
boundary but also the area in which In atoms are allowed to
penetrate into the barrier region.
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FIG. 11. Electron-hole excitonic charge density overlap as
a function of the index of the supercell configurations (alloy
configurations). The blue stars give the results in the pres-
ence of In atoms penetrating the GaN barrier, while the black
triangles represent the data for the atomically “flat” system.
The dashed lines give the average overlap values.

metric electron and hole wave function overlap

M =
∑

i

ρe(Ri)ρh(Ri) , (1)

as a measure for the oscillator strength. Here, ρe and ρh
denote the electron and hole excitonic charge densities
contribution (including Coulomb effects) at the lattice
site Ri of the supercell. In Fig. 11 the calculated overlap
M in the presence of In atoms “bleeding” into the GaN
barrier is given by the blue stars and as a function of the
index of the supercell configuration; the value averaged
over the 20 different configurations is represented by the
blue dashed line. To put the impact of the ML width fluc-
tuations onM in perspective, the black triangles give the
data in the case of the atomically “flat” system (cf. Fig. 1
(a) and Sec. II B). As Fig. 11 reveals, when introducing
ML width fluctuations, the overlap M strongly varies
with alloy configuration in contrast to the atomically flat
system, where it is almost independent of the alloy con-
figuration. Overall, and as discussed in more detailed in-
vestigations on “standard” c-plane (In,Ga)N/GaN QWs,
a strong variation in the wave function overlap can man-
ifest itself in non-exponential decay transients in time-
resolved PL studies.31,41 As already mentioned above,
such a situation has been experimentally observed in the
work by Ma et al.9 and Anikeeva et al.28 on quasi-2D
(In,Ga)N ML systems.
Moreover, in the experimental study of Anikeeva et

al.28 on ultrathin (In,Ga)N ML systems, an “S”-shape
temperature dependence of the PL peak energies has
been observed.28 Such a characteristic is also been widely
seen in c-plane (In,Ga)N/GaN systems, and is usually
explained by a redistribution of carriers between differ-
ent localization centers, which exhibit different transition
energies. It is interesting to note that in non-polar sys-
tems such a behavior is experimentally not observed, and
usually attributed to exciton localization effects.36 Over-
all, our result of carrier localization and variations in the
transition energies due to variations in the local alloy
structure are consistent with the experimentally observed
“S”-shape temperature dependence of the PL peak en-
ergies. Taking then also the observed “indirect exciton”
effects into account, arising for instance from small struc-
tural inhomogeneities on the order of a ML, deviations
from the standard exciton localization picture may be
expected. Thus, further supporting that the PL peak
energy exhibits a “S”-shape in quasi 2D (In,Ga)N ML
systems.

III. CONCLUSIONS

We have theoretically studied the electronic and ex-
citonic properties of ultrathin, monolayer thick wurtzite
(In,Ga)N layers embedded in GaN on a microscopic level.
Following recent theoretical and experimental studies,
the In content in the monolayer was restricted to 25%
In. To investigate electronic and optical properties of
ultrathin (In,Ga)N systems within an atomistic frame-
work, very large supercells are required to capture the
effects of alloy fluctuations. To do so we have applied
semi-empirical tight-binding theory in conjunction with
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a configuration interaction scheme to capture excitonic
effects.
Our investigations show that alloy fluctuations within

the (In,Ga)N monolayer lead to strong carrier localiza-
tion effects. These effects dominate the electronic and
optical properties of these ultrathin systems. Our cal-
culations also reveal that the excitonic binding energy is
significantly increased in the quasi 2D system when com-
pared to bulk systems of equivalent In content. We find
that the calculated average exciton binding energy ex-
ceeds the thermal energy at room temperature, so exciton
emission at elevated temperatures can be expected in ex-
periment. These theoretical findings are consistent with
and shed new light on the literature experimental obser-
vations of (i) broad photoluminescence linewidth and (ii)
excitonic effects contributing to the radiative recombina-
tion process at elevated temperatures. We also find that
small structural inhomogeneities, such as local thickness
fluctuations of one monolayer, can lead to a spatial sepa-
ration of electron and holes and in an excitonic picture to
“indirect” excitons or independently localized electrons
and holes. This result is in accordance with the ex-
perimentally observed (i) non-exponential decay curves
in time resolved photoluminescence spectra and the (ii)
“S”-shape temperature dependence of the photolumines-
cence peak energies. The present work therefore provides
on an atomistic level fundamental understanding of the
electronic and optical properties of ultrathin, quasi 2D
(In,Ga)N monolayers embedded in GaN. At the same
time the results are useful to guide the design potential
future devices utilizing (In,Ga)N monolayer systems.

IV. METHODS

In this section we provide an overview of the methods
applied and the supercells used in the calculations. We
start with the discussion of the supercell set up followed
by a description of the theoretical framework.

A. Model geometry

To model wurtzite In0.25Ga0.75N ML systems embed-
ded in GaN, we use a supercell with approximately
328,000 atoms and periodic boundary conditions. This
corresponds to a supercell size of approximately 20 nm
× 18 nm × 10 nm. For a cation plane selected near
the bottom of the supercell, to account for the fact that
built-in field and low effective mass leads to the situation
that the electron wave function leaks further into the bar-
rier material along the wurtzite c-axis (z-axis). For the
selected cation plane 25% of the Ga cations have been
randomly replaced by In atoms. Therefore, we follow the
experimental observations that the alloy microstructure
of c-plane (In,Ga)N/GaN QWs can be described by a
random alloy,48–50 which is also consistent with the con-
clusions drawn in Ref.28. 20 different microscopic config-

urations have been constructed; always the same cation
plane has been selected to replace Ga by In atoms, so
that only the alloy microstructure varies between the dif-
ferent configurations, but not the cation plane. For the
ML thick width fluctuations we build again on previ-
ous experimental and theoretical data on other c-plane
(In,Ga)N systems and treat those as disc-like objects.22

Typical diameter of these structures are 5-10 nm and
heights vary between 1 and 2 ML. In the above stud-
ies we have chosen 5 nm for the diameter and 1 ML for
the height fluctuations.22 Thus, our calculations are tar-
geting small structural perturbations, which are moti-
vated always by the lower experimentally reported val-
ues when growing GaN on (In,Ga)N QWs, bearing also
in mind that for instance the self-limiting growth process
discussed in Ref.28 for ultrathin (In,Ga)N systems sup-
presses ML fluctuations. Finally, we note that we allow
for bleeding of In atoms into the barrier on the “upper
interface”, based on findings in c-plane (In,Ga)N QWs.
Introducing these fluctuations at lower interface in our
systems should not change the results significantly, since
the hole wave functions are already strongly localized by
random alloy fluctuations, as the results in the main text
show, and given that the potential drop across the layer
is small.

B. Theoretical Framework

Our theoretical framework is based on an atomistic,
nearest neighbor sp3 tight-binding model that has been
discussed and benchmarked in detail in Ref.24,35,51.
While our TB model is parameterized from hybrid-
functional density functional theory (DFT) data and has
shown very good agreement with DFT data for alloyed
systems, different models exist in the literature52 using
different target band structures and thus input data.
Therefore, given differences and uncertainties in input
parameters (e.g. band offset values)53 energies of the
calculated single-particle states may be affected by this
but not the overall features of carrier localization. To
obtain the relaxed atomic positions in the supercells dis-
cussed above, a valence force field model51 that includes
Coulomb corrections, necessary to describe the elastic
properties of highly ionic materials correctly,54 is applied.
Finally, given that (In,Ga)N/GaN heterostructures ex-
hibit very strong electrostatic built-in fields arising from
spontaneous and piezoelectric polarization fields, we ap-
ply the local polarization theory described in Ref.51.
Here, the total polarization vector field is separated into
contributions arising from macroscopic (clamped ion)
and local (internal strain) effects. In the present study we
use the piezoelectric coefficients calculated in Ref.51 for
our model. We note that several different parameter sets
are available in the literature, which may affect the abso-
lute numbers of the built-in field. However, in general the
resulting fields are comparable magnitude, so that over-
all trends should not be significantly affected by choosing
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a different parameter set. Once the (local) polarization
field is known, we employ a point dipole model to cal-
culate the corresponding built-in potential. Overall, this
approach allows us to describe also local fluctuations in
the built-in potential on an atomistic level. These (local)
corrections are included in the TB Hamiltonian as site-
diagonal corrections, which is a widely applied approach
in the literature.55–57

To address the excitonic properties of the system we
apply a configuration interaction (CI) scheme.58,59 Since
we are interested in the excitonic binding energies, which
are expected and calculated to be of the order of tens
of meV, we have neglected electron hole exchange terms.
These terms lead to energy corrections of the order of
µeV,60 and are thus of secondary importance for our
studies. For the CI scheme we include the energetically
lowest 5 electron and 15 hole states in the expansion,
thus taking into account that the energetic separation
between different hole states in the (disordered) energy
landscape of a given alloy configuration may be (very)
small. Even though we take a relatively large number of
single-particle states into account, we note that increas-
ing this number may (slightly) affect the excitonic bind-
ing energies. Here, the required single particle energies
are directly taken from our TB calculations; the Coulomb
matrix elements are calculated from the TB wave func-
tions as described in Refs.45,61, in line with Coulomb ma-

trix element evaluations using TB wave functions carried
out by other groups.62–64 To account for screening of the
Coulomb interaction, we take the on-site part to be un-
screened while the off-site contributions are screened by
the dielectric function;65,66 we use, similar to Refs.62,66,67

a constant dielectric function which is taken to be the al-
loy composition weighted average between the dielectric
constants of InN and GaN, bearing in mind that espe-
cially the hole wave function is mainly localized in the
ML. Using this approach should be a reasonable approx-
imation given that we are interest in (In,Ga)N alloys with
relatively low In content (25% In), so that the dielectric
mismatch between ML (In,Ga)N material and barrier is
not huge. The dielectric constants for InN and GaN have
been taken from Ref.68,69.
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