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The emerging ultrawide-bandgap AlGaN alloy system holds promise for the development of advanced

materials in the next generation of power semiconductor and UV optoelectronic devices. Within this

context, heterostructures based on III-nitrides are very popular in view of their applications as electronic

and optoelectronic components. AlGaN-based deep UV emitters are gaining visibility due to their

disinfection capabilities. Likewise, high electron mobility transistors are attracting increasing attention owing

to their superior electron transport which yields high-speed and high-power applications. These devices

are conventionally made of AlGaN/GaN heterostructures grown on foreign substrates. However, structural

defects, including stress induced by a mismatch in unit cell parameters and the presence of dislocations,

can not only decrease the efficiency of the light emitters (by facilitating the non-radiative recombination of

electron–hole pairs), but also impede electron mobility within the two-dimensional electron gas at the

AlGaN/GaN interface. Therefore, the significance of obtaining high-quality AlGaN layers becomes evident.

Including a thin AlN interlayer between the GaN buffer layer and AlGaN is a possible answer to address

these drawbacks. Not only do we show that a thin AlN layer, approximately ≤3 nm in thickness, between

the GaN buffer and AlGaN layers, is effective in decreasing the dislocation densities in the AlGaN layer by

around 30%, but also this is responsible for an increase in the electron mobility (approximately 33%)

compared to a classical AlGaN/GaN heterostructure. Additionally, the resulting heterostructure exhibits

better optical quality, with a 7-fold increase in intensity as well as a 20% reduction in full-width at half-

maximum in the AlGaN emission.

1. Introduction

Group III-nitride semiconductor materials have a long-
standing history of technological interest, finding
applications ranging from optoelectronic to electronic

devices.1 Not only the growth of the AlGaN compound has
received extensive attention driven by its promising
applications in deep-ultraviolet optoelectronic devices,2 as
they cover the 200 to 365 nm region,3 but AlGaN/GaN-based
devices are also particularly attractive due to their application
as high-power/high-frequency high-electron mobility
transistors (HEMTs), which hold tremendous potential to
contribute to the economic growth of the traditionally silicon-
based semiconductor industry.4

Deep ultraviolet light emitting diodes (LEDs) and HEMTs
are conventionally grown by means of molecular beam
epitaxy, or via metal–organic chemical vapour deposition
(MOCVD) on foreign substrates. Combining materials with
different bandgaps, like AlGaN and GaN, at the
heterointerface generates a perpendicular electric field due to
strong spontaneous and piezoelectric polarisation. This field
enables the parallel flow of electrons along the interface,
leading to the formation of a two-dimensional electron gas
(2DEG).5 This results in high electron concentration and
mobility.6 However, factors like stress in the crystal structure,
dislocations, interface roughness, and alloy disorder
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scattering contribute to a reduction in electron mobility,
impeding the electron injection toward the active region in
AlGaN/GaN heterostructures.7,8 It has also been shown that
barrier-accelerated interface recombination could arise as a
significant contributor to carrier loss at the AlGaN/GaN
interface, posing a potential limitation to the efficiency of
nitride-based UV LEDs.9 To address this issue, incorporating
an AlN interlayer between the AlGaN and GaN buffer layers
(i.e., AlGaN/AlN/GaN) has been reported as a promising
approach, enhancing not only the density of the 2DEG, but
also the current injection efficiency into the emitter's active
region.10,11

The observed increase in electron mobility can be
attributed to the larger conduction band offset introduced by
the AlN interlayer and the reduced structural disorder in the
AlGaN ternary layer.12 Not only has the utilisation of an AlN
interlayer been employed to improve the properties and
quality of AlGaN/GaN HEMTs,12–17 but it is widespread too,
enhancing the quality of GaN epilayers in GaN-based LED
devices.10,18–20

Research about this topic is gaining momentum
again.21–24 In recent studies, attention has been directed
towards the local structure and ordering of Al atoms in thick
AlGaN epilayers.25 However, to our surprise, the majority of
this recent literature overlooks the defect state, specifically
dislocation densities, in the AlGaN layer,21,22 which might
give interesting answers about both the electrical and optical
properties of the whole heterostructure.8 Thus,
understanding the defect state within the AlGaN epilayer will
aim to contribute to the current body of knowledge. In this
work, AlGaN/AlN/GaN heterostructures were grown using
MOCVD, incorporating extremely thin AlN interlayers (≤3
nm). This simplified heterostructure, related to a LED/HEMT
configuration, allows for a focused exploration of the
influence of the AlN interlayer on both structural and
transport properties. The density of the dislocations in the
AlGaN layer has been estimated using a method based on the
Fourier analysis of high resolution X-ray diffraction (HR-XRD)
data.26 Capacitance–voltage measurements were performed
to assess the 2D electron density, while the transmission line
model (TLM) technique was employed to estimate mobility
and sheet resistance. Experimental results showed that a 3
nm thin AlN layer between the GaN buffer and AlGaN layers
is effective in decreasing the dislocation densities in the
latter layer. This also yields an increase in the mobility of the
resulting heterostructure compared to a classical AlGaN/GaN
heterostructure.

2. Experimental
2.1 Growth of GaN/AlGaN heterostructures

All epitaxial films employed in this study were grown directly
on (00.1) c-plane Al2O3 substrates within a horizontal low-
pressure MOCVD system (AIXTRON AlX 200-RF). The
nitrogen, gallium, and aluminium precursors were NH3,
trimethylgallium (TMGa), and trimethylaluminium (TMAl),

respectively, with H2 serving as the carrier gas. The growth
process commenced with the deposition of a 100 nm thick
AlN nucleation layer directly onto an Al2O3 substrate at a
temperature of 1180 °C.27 Subsequently, a 2 μm high-quality
GaN buffer layer was grown. The following AlN interlayer
(when present, with nominal thicknesses of 1.5 and 3 nm)
and AlGaN epilayer of the heterostructure were then grown at
the same temperature.28 A schematic of the epitaxial film
structure is shown in Fig. 1. Specimens were labelled: A (no
AlN interlayer), B (AlN interlayer = 1.5 nm), and C (AlN
interlayer = 3 nm).

2.2 Characterisation

2.2.1 HR-TEM analyses. Samples for transmission electron
microscopy (TEM) were prepared using a Scios 2 DualBeam
(ThermoFisher Scientific) focused ion beam scanning
electron microscope (FIB-SEM). It is equipped with a gallium
ion gun and carbon–platinum deposition systems. The SEM
image resolution was 0.7 nm, and the FIB resolution was 3
nm at 30 kV. Prior to the preparation of the samples, thin
layers of Au and C–Pt were deposited on the sample surface.
These layers served to protect the samples from potential
ionic damage during the subsequent processes and aided in
their visualisation in the FIB-SEM. Aberration-corrected high-
resolution scanning TEM imaging (HR-STEM) and energy-
dispersive X-ray spectroscopy (EDS) were performed using an
FEI Titan Cubed Themis microscope operated at 200 kV. The
Themis is equipped with a double Cs aberration corrector, a
monochromator, an X-FEG gun, a super EDS detector, and an
ultra-high-resolution energy filter (Gatan Quantum ERS),
facilitating operation in Dual-EELS mode. HR-STEM imaging
employed high-angle annular dark-field (HAADF), bright-field
(BF), and annular dark-field (ADF) detectors.

2.2.2 X-ray characterisation. In this work, we noted the
X-ray reflections in the form hk.l, which is equivalent to the
four-index notation hkil for the hexagonal crystal system.
X-ray reflectivity (XRR) analysis was accomplished to have
information about the thickness of the layers. Data were
recorded in a parallel beam geometry, with an incidence
angle from 0 to 4° 2θ. The collected data were modelled with
the X'pert Reflectivity software suite. The model for the fit

Fig. 1 Layout of the GaN/(AlN)/AlGaN heterostructure grown by
MOCVD on a sapphire substrate. From bottom to top: GaN buffer layer
(blue), AlN interlayer (orange), and AlGaN (purple). The nominal
thickness of the AlN interlayer was: 0 nm (heterostructure A); 1.5 nm
(heterostructure B); 3 nm (heterostructure C).
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consisted of AlGaN over GaN buffer and AlN nucleation
layers, as described in section 2.1; when present, the AlN
interlayer was included in the model. The composition of the
AlGaN layers was constrained to that obtained by means of
HR-XRD analyses. The thicknesses of the GaN buffer and of
the AlN nucleation layer were instead restrained to their
nominal values.

The structural properties of the GaN/AlGaN
heterostructures were investigated by means of HR-XRD,
assessed on a Malvern PANalytical PW 3050/65 X'pert Pro
MRD diffractometer (UK) with CuKα radiation (40 kV and 40
mA). To have information about the structural features of the
prepared heterostructures, ω–2θ patterns and rocking curves
(RCs) were recorded in a double-axis configuration, in
parallel beam mode, using a parabolic mirror and a four
bounce Ge (220) monochromator with the detector being
kept at an open detector configuration. ω–2θ scan
simulations were assessed with the X'Pert Epitaxy software
package. To minimise effects due to wafer curvature, the
beam height was restricted for symmetric RCs, whereas for
skew symmetric ω-scans, the beam width was restricted, as
suggested by Moram and Vickers.29 Quantitative information
about the density of edge (ρedge), screw (ρscrew), and mixed
(ρmixed = ρedge + ρscrew) dislocations in the GaN buffer as well
as in the AlGaN layer was attained by collecting RCs along
GaN/AlGaN asymmetric and symmetric reflections. To this
aim, we employed the accurate method proposed by Kaganer
et al.26 While the dislocation densities are commonly
estimated via the full width at half maximum (FWHM) of a
diffraction peak,29 the method proposed in ref. 26 assumes
the line shape of the X-ray diffraction profiles of the epitaxial
layers to be Gaussian only in the central most intense part of
the reflection; the tails, instead, obey a power law decay,
typically proportional to ω−3. Indeed, adopting the FWHM
method, the tail regions of a reflection are totally neglected,
neglecting thus the strain field in the near vicinity of a
dislocation line.30 This latter method has also been shown to
underestimate the dislocation densities.31 Besides, given the
nanometric thickness of the AlGaN layer, asymmetric RCs
were collected around its (12.3) reflection. The incidence
angle ω of that reflection is around 0.67°, thus the
contribution from the substrate is minimised, and a better
resolution from the AlGaN signal can be obtained.
Microstructural features were investigated by collecting
reciprocal space maps (RSMs) around symmetrical (00.2), and
asymmetrical (1̄1̄.4) reflections. The Al content in the AlGaN
layers was from HR-XRD RSM analyses.

2.2.3 Optical properties: photoluminescence and
cathodoluminescence. Photoluminescence (PL)
measurements were performed by exciting the samples with
a He–Ag laser operating at 224.3 nm (5.5 eV), with a power
intensity varying from 0.5 to 50 mW. PL spectra were
recorded at low temperature (10 K) by placing the samples in
a closed circle He cryostat, and the emission signal was
dispersed using an iHR320 (focal length of 0.32 m) Horiba
monochromator equipped with a cooled Si-CCD camera.

Cathodoluminescence (CL) analysis was assessed at room
temperature and in the 350–400 nm wavelength range, using
a Zeiss SEM Merlin microscope equipped with a high-
performance CL imaging system (SPARC from Delmic). CL
was spectrally resolved with an Andor Kimera 193i
spectrometer with a 193 mm focal length and a 150 gr mm−1

grating. The measurements were captured using an Andor
Zyla5.5 CMOS camera with a maximum quantum efficiency
of 60%, well-suited for visible spectroscopy. The electron
beam was operated at an acceleration voltage of 5 kV, an
emission current of 1 nA, and an integration time-per-pixel of
800 ms.

2.2.4 Electrical measurements. Capacitance–voltage (C–V)
measurements were recorded on the as-grown
heterostructures by means of a mercury-probe system
(Materials Development Corp., MDC) connected to an Agilent
E4980A Precision LCR meter. The TLM technique was used
for mobility and sheet resistance measurements.

3. Results and discussion
3.1 HR-TEM microstructural analysis

The STEM analyses performed on the heterostructures A and
C at low magnification are reported in the ESI,† Fig. S1–S3.
Fig. 2 and 3 show the high-resolution STEM images and
corresponding EDS maps of the AlGaN/GaN interfaces in the
cases of samples A and C. Fig. 2a emphasises the well-
defined and sharp interface between the AlGaN and GaN
layers in heterostructure A. Conversely, a distinct dark and
diffuse contrast is observed at the AlGaN/GaN interface
(indicated by blue arrows in Fig. 3a), indicating the presence
of the thin interlayer. EDS analyses were performed to gain
further insight into its composition. The EDS maps and
intensity profiles (Fig. 3b and S4,† respectively) reveal the
presence of an AlN-rich interlayer, with an average thickness
of 3 nm. Examination of these images suggests
compositional fluctuations within the AlN interlayer,

Fig. 2 (S)TEM analyses of heterostructure A: a) high-resolution STEM-
HAADF image, b) (top) HAADF image of the surface, and (bottom) the
corresponding EDS maps. Additionally, a 3D ball-and-stick rendering
along the [10.0] direction, created using the VESTA software suite,33 is
presented in a). The yellow layer observed in b) represents a protective
coating of gold, with Pt/C layers (visible to its left) used during the
sample preparation process.
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potentially contributing to the less sharply defined profile
and interfaces. This observation suggests consideration of
compositional pulling effects and/or Ga segregation within
the AlN layer.32

3.2 XRR analysis

The thicknesses of the AlGaN layers, as well as those of the
AlN interlayers, have been extracted by means of XRR. This
technique is surface-sensitive: Kiessig fringes are uniquely
caused by the interference of waves reflected at the surface of
the layers.34 Therefore, deformations in the unit cell
parameters do not have any influence on the resulting
patterns. The XRR patterns of our heterostructures are
displayed in Fig. 4, whilst data about the thicknesses are
listed in Table 1. The thicknesses of the AlGaN layers were
also estimated by analysing the RCs around the GaN/AlGaN
(12.3) reflection (see the insets in Fig. 4, and the last column
in Table 1). The fitting of XRR data indicates that the
thicknesses of the AlN interlayers are consistent with their
nominal values. Likewise, there is nice agreement (within the
experimental error) between the thicknesses of the AlGaN
layers extracted with XRR and those using RC (12.3)
simulations, as shown in Table 1. Additionally, the XRR
density of the AlN interlayer, as determined from the
modelling, was found to be 3.0 ± 0.2 g cm−3 for
heterostructure B and 3.1 ± 0.2 g cm−3 for heterostructure C.
These values are slightly higher than the expected density for
pure AlN (2.7 g cm−3). This difference suggests the presence
of a small Ga mole fraction, estimated to be around 8–10%.

3.3 HR-XRD structural analysis

Fig. 5 displays the HR-XRD ω–2θ patterns, together with the
simulations run considering the nominal thicknesses and
compositional values. The GaN (00.4) reflection belonging to

the buffer layer (positioned here at zero arcsec) and those
belonging to the AlN nucleation layer (at around 6800 arcsec)
and AlGaN are well visible. Pendellösung fringes can also be
detected, being at the lower-angle side of the AlN reflection.
Dislocation densities in the GaN buffer and in the AlGaN
layers, as retrieved by the method proposed by Kaganer
et al.,26 are listed in Table 2. For comparison, in the ESI† we
also report the dislocation densities in the GaN and AlGaN
epilayers, calculated using the commonly employed method
that relies on the FWHM of ω scans.29 In that latter case,
dislocation densities are undervalued of (at least) one order
of magnitude compared to the method proposed in ref. 26 –

this being consistent with our previous work.31 Nevertheless,

Fig. 3 (S)TEM analyses of heterostructure C: a) high-resolution STEM-
HAADF image, the blue arrows point to the AlN interlayer. b) (top)
HAADF image of the surface and (bottom) the corresponding EDS
maps. The white arrows highlight the AlN interfacial layer. In addition,
a 3D ball-and-stick rendering along the [10.0] direction, created using
the VESTA software suite,33 is shown in a). The inset in a) displays the
fast Fourier transform pattern (obtained from the GaN buffer layer)
described in the zone axis [10.0]. The yellow layer observed in b)
represents a protective coating of gold (and Pt/C) used during the
sample preparation process.

Fig. 4 XRR patterns of the heterostructures. a) With no AlN interlayer;
b) with 1.5 nm (nominal) AlN interlayer; c) with 3.0 nm (nominal) AlN
interlayer. The inset shows the RCs around the GaN/AlGaN (12.3)
reflection, from which AlGaN thicknesses were also extracted. The full
light blue circles are the observed data, and the continuous orange
line the fittings.

Table 1 Thickness of AlGaN and the AlN interlayer as extracted from
XRR. AlGaN thickness as determined from RCs around the (12.3)
reflection

Heterostructure

XRR thickness (nm) RC (12.3) thickness (nm)

AlGaN AlN interlayer AlGaN

C | 3.0 nm 19.1 ± 0.1 2.9 ± 0.1 22 ± 3
B | 1.5 nm 28.9 ± 0.1 1.3 ± 0.1 30 ± 4
A | 0 nm 30.1 ± 0.1 — 29 ± 1
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similar conclusions can be drawn. One observation is that
the quality of the GaN buffer layer is comparable in the three
specimens, with the density of mixed dislocations being in
the order of 1010 cm−2.27 Additionally, it is interesting to note
that the densities of edge and mixed dislocations are quite
similar, thus resembling a CVD growth method.35

A different scenario can be drawn for the AlGaN epilayers.
The dislocation density is higher in the sample without the
AlN interlayer. Specifically, the edge dislocation density is
reduced by about one-third (from 1.2 × 1010 cm−2 to 9 × 109

cm−2) with the presence of the AlN interlayer. This suggests a
screening effect of the AlN interlayer, inhibiting the
propagation of threading dislocations from the GaN buffer

layer.36 Besides, consistent with a CVD growth method, the
densities of edge and mixed dislocations in the AlGaN
epilayer are comparable. This could account for the observed
minimal change in screw dislocation density.35 It is also
interesting to note that, for all of the samples, in the AlGaN
layers the intensity distribution follows the ω−2 law (cf.
Fig. 6), thus suggesting the finite thickness of the epitaxial
layers to be the main source of the line broadening.26

The Al amount in the AlGaN layers has been calculated from
the RSM (00.2) (Fig. 7a) by means of the technique proposed by
Angerer et al.37 Results of HR-XRD RSM analyses are listed in
Table 3. From the data reported in there, it is seen that the
presence of the AlN interlayer led to a decrease in the stress
status of the AlGaN layer. This effect is particularly noticeable in
the heterostructure with a nominal 3 nm AlN interlayer –

although it is worth noting that this very specimen contains a
lower amount of Al in the AlGaN layer. As the thickness of the
AlN interlayer varies, minimal changes are observed in the tilt of
mosaic blocks constituting the epilayers (ranging from 3.6 to 7.2
arcsec; i.e., from 0.001° to 0.002°). Similarly, the influence of the
AlN interlayer on the expansion of mosaic blocks in the lateral
direction is found to be marginal, with no particular trend
observed as the thickness of the AlN interlayer varies. The lateral
expansion shifts from a minimum of 120 nm (sample A) to a
maximum of 170 nm (sample B).

3.4 Spectroscopic analysis: photoluminescence

To evaluate the impact of the interlayer on the optical
properties of the AlGaN layer, low-temperature PL
measurements were recorded on the A and B heterostructures
within the UV spectral range (Fig. 8a). In both the
heterostructures, GaN PL emission (normalised in the figure)
dominates the spectrum at about 3.50 eV, corresponding to
free exciton ground and excited states.31 These bands show a
typical asymmetric shape, originating from bandgap and
excitonic complexes, in the sub-band gap, up to 3.30 eV.
Additionally, in both the samples, a well-defined narrow
band is also visible, with the maximum at about 4.00 eV and
4.10 eV, respectively, related to the AlGaN emission. The
composition of AlGaN from these PL emissions aligns well
with the XRD-estimated Al content (refer to Table S2†). In the
heterostructure with the AlN layer (B), the intensity of the
band gap emission in AlGaN is significantly greater than that

Fig. 5 Collected (dark grey line) and simulated (orange line) HR-XRD
(00.4) ω–2θ scans of the prepared heterostructures. From bottom to
top: heterostructures A, B, and C.

Table 2 Dislocation densities in the GaN buffer and AlGaN layer, reported as ×1010 cm−2 and estimated according to the procedure described in ref. 26.
The edge and screw dislocation densities for AlGaN were calculated considering RCs around the (12.3) and (00.4) reflections, respectively

Heterostructure

GaN AlGaN

ρedge
a ρscrew ρmixed ρedge ρscrew ρmixed

C | 3.0 nm 2.2 ± 0.2 0.2 ± 0.1 2.4 ± 0.2 0.9 0.3 1.1
B | 1.5 nm 1.6 ± 0.1 0.1 ± 0.1 1.7 ± 0.2 0.9 0.2 1.1
A | 0 nm 2.0 ± 0.2 0.1 ± 0.1 2.2 ± 0.2 1.2 0.3 1.5

a The difference in GaN edge dislocation density across the samples may be due to inherent variations between the samples. However,
considering the thickness of the GaN layer (∼2 μm) and the usual trend of decreasing dislocation density with greater thickness, we assume
that these variations do not significantly affect the dislocation density in the uppermost layer(s).
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in A, showing a seven-fold increase in the non-normalised
scale. Additionally, the FWHM is reduced by approximately
20%, measuring 50 meV compared to 60 meV. These results
suggest a better optical (structural) quality of the AlGaN
material, due to the role of the AlN layer.

3.5 Electrical measurement analyses

C–V profiles, measured at 20 kHz and obtained from the
same specimens used for the PL analysis, are presented in

Fig. 8b. A capacitance plateau, attributed to the 2DEG
situated at the AlGaN/GaN interface, is evident in both
heterostructures. The 2DEG density, determined through C–V
measurements, was found to be 0.8 × 1013 and 0.7 × 1013

cm−2 for heterostructures A and B, respectively. These values
align with the expected Al content, strain, and relaxation
parameters inferred from XRD analysis for the undoped
AlGaN barrier layer.39 Additionally, a pinch-off voltage of −3.0
V and −4.5 V is observed for heterostructures B and A (that
without an AlN interlayer), respectively. The insertion of the
AlN interlayer is likely responsible for the observed shift in
the pinch-off voltage, attributable to the high dielectric
constant ε0 of AlN.7 Moreover, the distinct defect density
resulting from the inclusion of the AlN interlayer is evident
in an enhanced 2DEG mobility, measured by TLM. In B, the
mobility reaches approximately 2400 cm2 V−1 s−1, compared
to the value of around 1850 cm2 V−1 s−1 observed in
heterostructure A (inset of Fig. 8b). This confirms the
advantageous impact of the AlN interlayer in reducing the
dislocation density in the AlGaN epilayer, consequently
enhancing the electrical properties of the resulting HEMT.

Conclusions

AlGaN-based devices stand as highly promising materials for
applications in deep ultraviolet optoelectronics and
microelectronics. Nevertheless, achieving high-quality AlGaN
poses considerable challenges. To address them, the
integration of an AlN interlayer has emerged as a solution to
enhance the structural integrity of AlGaN layers. HR-XRD,
microstructural, and optical analyses revealed that the
incorporation of a (nominal) ≤3 nm thick AlN interlayer
between the GaN buffer layer and AlGaN results in halving

Fig. 6 Log–log scale profile to show the ω−2 asymptotic decay in the AlGaN layer of the RCs collected along the: a) (00.4) and b) (12.3) reflections
– heterostructure C. The light-blue circles are the observed data, and the continuous orange line the fittings.

Fig. 7 a) RSM along the (00.2) reflection, heterostructure C. b) RSM
along the (1̄1̄0.4) reflection, heterostructure C.

Table 3 Al content (%) in the AlGaN layer, as from Angerer et al.37 Bulk GaN and AlN unit cell parameters, taken from Wallis et al.38 Strain, stress, lateral
correlation length (LCL), and mosaic spread in the AlGaN epilayers, as retrieved from RSM analyses

Heterostructure Al (%) ε‖ (%) ε⊥ (%) σ‖ (GPa) LCL (nm)
Mosaic spread
(arcsec)

C | 3.0 nm 24 0.36 −0.06 1.66 130 7.2
B | 1.5 nm 30 0.90 −0.19 4.20 170 3.6
A | 0 nm 29 0.92 −0.29 4.29 120 3.6
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the dislocation densities in the AlGaN layer. This decrease is
attributed to the effective shielding to the threading
dislocations provided by the AlN interlayer. The improved
structural quality of the AlGaN epilayer not only enhances its
overall quality, but also yields substantial improvements in
the transport properties of the 2DEG at the GaN/AlGaN
heterointerface in HEMT devices, as well as the radiative
behaviour of AlGaN layers for UV applications. Results from
this work hold promise for advancing the design and
performance of high-quality III-nitride semiconductor
devices, contributing to the ongoing progress in
microelectronic and deep ultraviolet optoelectronic
applications.
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