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ABSTRACT

Ultra-thin high-Al content barrier layers can enable improved gate control and high-frequency operation of AlGaN/GaN high electron
mobility transistors (HEMTs) but the precise composition control is very challenging. In this work, we investigate the compositional profiles
of AlxGa1�xN/GaN HEMT structures with targeted Al content in the barrier layer, x¼ 0.50, 0.70, and 1, and thickness in the sub-10 nm range
in correlation with the two-dimensional electron gas (2DEG) properties. The HEMT structures are grown by metal-organic chemical vapor
deposition on SiC. The maximum Al content in the barrier layer, experimentally determined by scanning transmission electron microscopy
combined with energy-dispersive x-ray spectroscopy, is found to be lower than that intended and the deviations from the designed structures
increase progressively with increasing x. Compositionally sharp interface between GaN and Al0.46Ga0.54N and box-like Al profile is achieved
for intended x � 0:50 while pronounced Al grading is found in the samples with intended x of 0.70 and 1, with a maximum Al content of
0.78 reached for the HEMT structure with intended AlN barrier layer. The impact of the experimentally determined Al profiles on the 2DEG
properties, obtained by contactless and electrical Hall effect measurements and coupled with self-consistent solution of the Poisson–
Schr€odinger equation, is evaluated and discussed. It is shown that the observed deviations from the intended Al profiles have a negative effect
on the 2DEG confinement and result in reduced mobility parameters, which have significant implications for the implementation of high-Al
content AlGaN/GaN structures in high-frequency devices.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0218911

The development of AlGaN/GaN high electron mobility transis-
tor (HEMT) structures for applications in high-frequency and high-
power electronics has attracted significant research interest over the
last decades.1–3 The combination of a wider bandgap material
(AlGaN) on top of a narrower bandgap material (GaN) leads to the
confinement of electrons in the uppermost region of the narrower
bandgap material, forming a two-dimensional electron gas (2DEG)
with high carrier mobility. Common AlxGa1�xN/GaN HEMT struc-
tures typically comprise�15–25nm thick barrier layers with x¼ 0.25–
0.30, which provide a sheet electron density of �1�1013 cm�2.
Mobilities in the range of �2200 cm2/Vs or higher have been demon-
strated when the channel-to-barrier interface is sharpened during

growth or with the addition of a thin AlN interlayer prior the AlGaN
barrier growth.4–7

High power and ultra-high operational frequencies are enabled
by HEMT scaling.8,9 Particularly, for high-frequency operation the
gate length should be scaled down while at the same time, a high gate
length/gate-to-channel distance aspect ratio should be maintained in
order to avoid parasitic short-channel effects.10 The latter is achieved
by decreasing the gate-to-channel distance, i.e., introducing a thinner
barrier layer. The consequent reduction of 2DEG density can be com-
pensated by introducing high-Al content AlGaN (or AlN) ultra-thin
barrier layers.11–14 Increasing the Al content of the AlGaN barrier layer
leads to increase in the polarization induced 2DEG density, which in
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combination with the high mobility, results in low channel resistance,
thus enabling high current density. Furthermore, it allows for achiev-
ing similarly high 2DEG densities with reduced layer thickness, which,
in turn, enables better gate control and high working frequencies.

Further optimization of high-Al content AlGaN/GaN HEMT
devices requires knowledge of the exact Al profile in the barrier layer
and its effect on the 2DEG properties. When grown by metal-organic
chemical vapor deposition (MOCVD), which is the preferred method
for large-scale production, precise control of Al content in the high-Al
content barrier becomes very challenging. Recently, Godejohann
et al.15 have reported that it was not possible to grow purely binary
AlN barrier layer by MOCVD due to enhanced Ga atom diffusion in
AlN resulting in the formation of AlGaN with a maximum Al content
of 50%–60% and a Gaussian Al profile. The specific Al profile in the
barrier layer governs the confinement, charge carrier density, and scat-
tering mechanisms, and hence it is expected to significantly affect the
2DEG properties. However, studies on this topic are very scarce and
there is lack of understanding of the impact of the actual Al profiles on
the 2DEG properties in high-Al content AlGaN/GaN HEMTs.
Determination of the Al content and its profile in such thin barrier
layers below 10nm is rather challenging due to the limited sensitivity
of commonly employed techniques such as x-ray diffraction,
spectroscopic ellipsometry, and photoluminescence spectroscopy.
Consequently, most of the studies related to high-Al content AlGaN/
GaN HEMTs consider only nominal/intended Al content in the layers
and focus mainly on the device performance.

In this work, we study the effect of Al profile in the barrier layers
on the 2DEG properties of AlxGa1�xN/GaN HEMT structures with a
nominal x¼ 0.5, 0.7, and 1 grown by MOCVD. The Al profiles are
determined by energy-dispersive x-ray spectroscopy (EDS) and scan-
ning transmission electron microscopy (STEM) and are correlated
with the 2DEG properties measured by contactless Hall and electrical
Hall effect coupled with Poisson–Schr€odinger (P–S) simulations. We
elaborate on the experimentally determined Al profiles that largely dif-
fer from the intended content for x above 0.5, and we discuss possible
mechanisms for the observed differences. Potential limitations of
MOCVD in relation to the Al content and their implications for imple-
mentation of high-Al content AlGaN/GaN HEMTs in high-frequency
devices are highlighted.

AlxGa1�xN/GaN HEMT structures with nominal x¼ 0.5, 0.7,
and 1 (samples S1, S2, and S3, respectively) were grown by MOCVD by
a commercial vendor on semi-insulating 4H-SiC substrates with
(0001) orientation. The layer stack included AlN nucleation layer, a
GaN buffer layer with an AlGaN backbarrier, GaN channel, AlN inter-
layer, AlGaN barrier layer, and a GaN cap, as schematically illustrated
in Fig. 1. The incorporation of a low-Al content AlGaN backbarrier in
a scaled HEMT structure serves for the reduction of short-channel
effects and provides better electron confinement in the 2DEG channel
by raising the conduction band of the buffer layer with respect to the
GaN channel,16,17 while the thin AlN interlayer that is introduced
between the channel and the barrier layer is similarly expected to
improve the 2DEG confinement in the GaN channel region.

The Al content profiles and the structural quality were deter-
mined by STEM combined with EDS. The measurements were per-
formed using the double corrected Link€oping FEI Titan3 60–300
microscope, operated at 300 kV. The built-in Super-X/QUANTAX
EDS system (Bruker) was employed, and the absolute quantifications

were made using the Esprit software and its built-in calibrations for
TEM-EDS. Four EDS maps from four different sites were acquired on
each sample and integrated along the interface and subsequently quan-
tified. Finally, the profiles were averaged for each sample in order to
get more reliable data. This EDS method has recently been demon-
strated to deliver reliable estimation of the Al content in ultra-thin
AlGaN layers.7 The 2DEG properties were measured at room tempera-
ture using contactless methods. The sheet resistance was obtained by
Eddy current-based method using an Eichhorn Hausmann MX604
tool with a working range of 50–3000X/sq. The mobility l and sheet
electron density Ns were obtained using a microwave (10GHz) con-
tactless Hall method (Lehighton LEI1600). Van der Pauw structures
were fabricated on the same samples for Hall effect measurements.
The samples were cleaned with RCA-1, RCA-2, and diluted ammonia
to remove organic, metallic contamination, and oxide before deposi-
tion of the passivation layer. 15nm-thick Si-rich silicon nitride (SiNx)
passivation layer was deposited at 820 �C by low-pressure chemical
vapor deposition.18 Device isolation is accomplished through mesa-
etching. Recessed Ta-based Ohmic contacts are realized with laser
writer (Heidelberg Instruments DWL 2000) and evaporation of a Ta/
Al/Ta metal stack19 producing contact resistance of 0.37–0.41X�mm.
The measured Al profiles from the quantified EDS measurements
were used to simulate band bending and the charge density distribu-
tion in the HEMT structures given by the self-consistent solutions of
the Poisson and Schr€odinger equations. For this purpose, the numeri-
cal solver by Snider20,21 is utilized, employing as input piece-wise linear
approximations of the Al profiles according to the measured EDS pro-
files. The AlN nucleation layer and the SiC substrate were not consid-
ered in the simulations. The structural details and the 2DEG
properties of all samples are summarized in Table I.

Figure 2 shows the high-resolution STEM images and the corre-
sponding Al profiles obtained from the EDS measurements across the
top channel-barrier-cap layers of the samples. The simulated charge
density distributions using the measured EDS Al profiles are

FIG. 1. Schematic representation of the layer stack in the AlxGa1�xN/GaN HEMT
structures with nominal x¼ 0.5, 0.7, and 1.
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superimposed on the STEM images. The integrated 2DEG density esti-
mated from the simulated charge density is provided in Table I for
comparison. The intended Al content in the barrier layer of sample S1
is 0.5. Apparently, relatively sharp box-like Al profile with adequate
control over thickness and composition can be achieved in this case
with a slightly lower Al content of 0.46. For samples S2 and S3 with
nominal Al content in the barrier of 0.7 and 1.0, respectively, the actual
Al profiles become graded. Unlike the box-like profile for the
Al0.46Ga0.54N barrier of S1, in S2 and S3 the Al grading starts near the
channel–barrier interface and forms a peak deep into the barrier (close
to the surface). The peak Al content is determined to be 0.64 for S2
and 0.78 for S3 as neither the intended 70% nor 100% Al compositions,
respectively, are reached. At the same time, the barrier area with the
peak Al content becomes thinner with increasing Al content (Fig. 2).

Such an effect may be expected to some extent as the thickness of the
barrier layer is intentionally reduced for the higher Al content struc-
tures to not exceed the critical thickness of the nominal Al-containing
barrier.

In contrast to earlier reports on AlN/GaN HEMT structures
grown by MOCVD, where a Gaussian-shaped Al profile with peak Al
content of 0.6 was observed,15 here we find a clear asymmetric behav-
ior of the Al profiles in the high-Al content AlGaN barrier layers
(S2 and S3). In addition, a higher Al content of 0.78 could be achieved
for S3. Godejohann et al.15 attributed their Gaussian Al profile to a dif-
fusion of Al atoms from the AlN barrier into the GaN channel and cap
layers due to relatively high growth temperatures in the MOCVD pro-
cess. In our case, Al diffusion is also likely contributing to the observed
grading profiles in S2 and S3 (Fig. 2). Since the channel–barrier inter-
face is exposed to the high growth temperatures for a longer period in
comparison to the barrier–cap region, the observed lower slope of the
Al grading for the former can be expected. This points out the need to
keep the growth time of the high-Al content barrier layer as short as
possible but without compromising other important properties such as
keeping defects and impurities low. Other effects, such as strain-
dependent and composition-dependent cation interdiffusion22,23 and a
stress-induced composition pulling,24 might play a significant role in
the formation of graded AlGaN barrier layers. Establishing a direct
correlation between growth parameters and Al profiles is very
important and will be reported elsewhere for a series of in-house
MOCVD-grown high-Al content HEMT structures. We also note that
the average Al content determined from x-ray diffraction reciprocal
mapping is 0.42, 0.48, and 0.5 for samples S1, S2, and S3, respectively
(see the supplementary material, Fig. S1). These averaged values are
significantly lower in comparison with the respective peak Al content
measured by EDS, which highlights the necessity of complementary
characterization techniques to obtain reliable information on Al con-
tent in thin graded AlGaN layers.

Another important observation is that in none of the samples the
intended �1-nm-thick AlN interlayer between barrier and channel
could be resolved in the STEM images and the respective EDS Al pro-
files (Fig. 2). We recall that these nominal AlN interlayers, which are
commonly reported in the literature in MOCVD-grown HEMT struc-
tures,25–35 are in fact Al-rich AlGaN layers with Al content of

TABLE I. Structural characteristics and measured 2DEG properties of the studied
HEMT structures: the sheet resistance provided by the vendor, the ones measured
by Eddy current method and by Hall effect, as well as the 2DEG density and mobility
measured by Lehighton and Hall effect. The simulated 2DEG density using the Al
profiles measured by EDS is also provided for comparison. The measured barrier
layer thickness and peak Al content are determined from the STEM images in Fig. 2.

Sample S1 S2 S3

Nominal barrier thickness, tnb (nm) 8.0 5.0 4.5
Measured barrier thickness, tb (nm) 8.2 7.1 6.1
Nominal Al content 0.50 0.70 1.00
Measured peak Al content 0.46 0.64 0.78

RS (X/sq) (vendor) 335 431 542
RS (X/sq) (Eddy current) 290 370 570
RS (X/sq) (Hall) 298 350 415

NS (�1013 cm�2) (Lehighton) 1.24 1.23 0.88
NS (�1013 cm�2) (Hall) 1.10 1.42 1.51
NS (�1013 cm�2) (simulated) 1.55 1.75 1.67

l (cm2=Vs) (Lehighton) 1730 1390 1270
l (cm2=Vs) (Hall) 1775 1270 1045

FIG. 2. STEM images of the HEMT samples S1-S3 and the corresponding Al content profiles (white) across the top layers in the stack obtained from EDS. The simulated
charge density distributions using the measured EDS Al profiles are superimposed on the STEM images (red).
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�0:4� 0:5,4,36–40 as reported previously. Hence, for sample S1 the
interlayer would not be distinguishable from the barrier layer with x
� 0:50. However, such an interlayer should be beneficial for achieving
a steep compositional transition, which is consistent with the observed
relatively sharp onset of the Al content in the barrier layer of this sam-
ple. In contrast, as the Al content increases above 0.5 in S2 and S3 with
nominal Al content of 0.7 and 1.0, the compositional sharpness is pro-
gressively deteriorated with noticeably lower onset of Al content at the
interface region between barrier layer and channel. This is expected to
reduce the 2DEG confinement and to have a negative impact on the
2DEG properties. The lack of any interlayer in samples S2 and S3 might
be potentially explained by a stronger Al diffusion in the higher Al
content barriers. More work is needed in order to clarify this.

Furthermore, a low-Al content AlGaN cap layer is observed in all
samples instead of the intended GaN cap. For S1 with nominal x¼ 0.5
in the barrier layer, the Al content in the cap is � 12% and for S2 and
S3 it is � 20%. Similar observations have been reported earlier for
MOCVD AlN/GaN HEMT structures.15 The Al atoms in the nomi-
nally pure GaN cap layer may originate from delayed incorporation
from the gas phase or Al diffusion from the AlGaN barrier layer
beneath.23,41

The Al profile in the barrier layer as well as the maximum content
reachable will significantly affect the 2DEG distribution and hence the
HEMT properties. Samples S1 and S2 have similar sheet electron den-
sity �1:2� 1013 cm�2 (Table I), which results though from different
Al-profile line shapes, with a thicker and lower Al content barrier in
the case of sample S1 (tb ¼ 8:2 nm, x� 0:46) and a thinner but higher
Al content barrier in the case of sample S2 (tb ¼ 7:1 nm, x � 0:64). In
the case of sample S3 with intended AlN barrier, the measured
NS ¼ 8:8� 1012 cm�2 obtained using the contactless Hall (Lehighton)
method is � 53% of that expected from the simulation (see Table I).
This discrepancy can be attributed to the sample size, which is smaller
than the optimal size for the measurement method. Indeed, the results
from Hall effect measurements show NS ¼ 1.51�1013 cm�2 for S3,
which is much closer to the value of 1.67�1013 cm�2 estimated from
the simulations (Table I). An overall fair agreement between the
respective 2DEG densities obtained from the contactless Hall method,
the electrical Hall method, and those estimated based on the simula-
tions is observed for S1 and S2.

A stronger effect of the Al profile line shape is seen on the 2DEG
mobility (Table I). As the peak Al content increases and the grading in
the barrier layer becomes more pronounced (Fig. 2), a greater portion
of the electron density wavefunction penetrates into the AlGaN barrier
layer. Consequently, a larger fraction of the electrons faces extensive
alloy disorder scattering,42 which results in decreased mobilities from
1730 cm2=Vs in S1 to 1390 cm2=Vs in S2 and to 1270 cm2=Vs in S3
(Table I, contactless Hall–Lehighton method43). Apparently, the
absence of AlN interlayer and sharp compositional channel-to-barrier
transition leads to weaker confinement of the 2DEG in the GaN chan-
nel and, hence, reduces the mobility. The fraction of electron volume
density penetrating the AlGaN barrier increases from �7% for S1 to
�37% for S3 as calculated from Fig. 2 (percentage of the integrated
area under the simulated charge density plot penetrating the barrier
layer). In addition to the reduction due to alloy disorder scattering,
mobility can also be reduced due to increase in the effective mass
parameter. We have estimated the enhancement of effective mass, m�,
due to the penetration of electron density wavefunction into the

AlGaN barrier layer following Refs. 44 and 45 and using
m� ¼ 0.232m0

46 for GaN and m� ¼ 0.364m0
47 for AlN. The resulting

hybridized effective mass m�
hyb increases from 0:234m0 to 0:243m0 as

shown in Fig. 3. Such an enhancement of the effective mass, although
moderate, has a negative impact as it inherently limits the maximum
mobility. We note, however, that there are stronger enhancement
mechanisms such as the polaron effect in GaN, which is constant for
all samples, and the conduction band non-parabolicity effect,48 which
is sample dependent (as ns depends on the thickness and composition
of the barrier layer). The enhancement of the 2DEG effective mass due
to these different mechanisms as well as their combined effect is shown
for the HEMT structures S1–S3 in Fig. 3. The 2DEG effective mass
increase due to all effects combined m�

comb is comparable (0.28–0.29)
for all three samples (Fig. 3) and hence cannot account for the
observed significant decrease in mobility with increasing Al content in
the barrier layer. We also note that the AlxGa1�xN surface root mean
square (RMS) roughness is not affected by the increasing Al content in
the barrier layer and it is within the range of 0:2� 0:3 nm over
10� 10 lm2 area (see the supplementary material, Fig. S2). This
implies that the interface roughness between the high-Al content bar-
rier and GaN is not degrading as also inferred from TEM (see the sup-
plementary material, Fig. S3). The high crystalline quality of epilayers
for all structures is further confirmed by XRD and RSM (see the sup-
plementary material, Figs. S1 and S4). Hence, degradation of structural
quality with increasing Al content in the barrier could also be excluded
as a reason for the observed decrease in 2DEG mobility parameters.
Instead, we suggest that this can be rather explained by an increase in
alloy scattering with increasing x. This is consistent with the STEM
and EDS results (Fig. 2) revealing progressively stronger grading with
increase in the intended x, i.e., from no grading in S1, to grading from
0.20 to 0.64 for S2 and from 0.20 to 0.78 for S3. These observations are
particularly important for the transport properties of HEMT structures
intended for high-frequency applications.

In order to gain further understanding of how the 2DEG proper-
ties are affected by the actual Al content profiles and structure layout
in the samples, we compare in Fig. 4 the simulated conduction band
profiles and the electron density distributions for the designed nominal

FIG. 3. Estimated 2DEG effective mass m� parameter for the HEMT samples S1–S3
taking into account (i) the hybridization due to 2DEG penetration in the barrier layer
(filled triangles), (ii) the conduction band non-parabolicity effect (empty triangles), (iii)
the polaron effect (squares)—constant as a function of Al content, and (iv) the combi-
nation of all effects (spheres).
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layer thicknesses and Al content (upper row) with the respective exper-
imentally measured counterparts (bottom row). The nominal struc-
tures have identical layout up to the AlN interlayer (see Fig. 1) and
they differ in terms of Al content and thickness of the barrier layer (see
Table I). As expected, the presence of AlN interlayer (intended struc-
tures) creates an abrupt bending of the conduction band and forma-
tion of a deep well in GaN, while the strong polarization field between
AlN and GaN is responsible for the high electron density (on the order
of 1020 cm�3) near the interface. The integrated sheet electron density
of samples S1, S2, and S3 estimated using the EDS-measured Al profiles
is �23%, �27%, and �43% lower than the corresponding value for
the structures with nominal box profiles with Al content
x¼ 0:50; 0:70, and 1.00, respectively. Comparing the measured Ns

(Table I) with the corresponding simulated values for the intended
structures (box-like Al profiles and nominal Al content) results in even
larger deviations, with lower Ns of �38%, �49%, and �70%, respec-
tively. This is in part responsible for the increase in sheet resistance as
the Al content in the barrier is increased from S1 to S3 (see in Table I).
The deviations from the nominal Al content profile also negatively
impact the 2DEG confinement (Fig. 4) and lead to decrease in mobility
as discussed above. These deviations of the physical parameters of the
AlGaN barrier (thickness and Al content) from the designed parame-
ter values are expected to affect the gate control and electron transport
properties of the HEMT and consequently its maximum oscillation
frequency fmax. Due to the inherently high temperatures employed in
MOCVD, diffusion of Al could be difficult to control. Further investi-
gations are required to fully understand the growth mechanisms
limiting the Al incorporation and the lack of abrupt interfaces in
MOCVD-grown high-Al content AlGaN on GaN.

In summary, we have determined the Al profiles in high-Al con-
tent AlxGa1�xN/GaN HEMT structures with intended x¼ 0.5, 0.7, and
1 grown by MOCVD in relation to their 2DEG properties. It is shown
that the Al profile, experimentally determined by EDS, is substantially
altered from the intended design when the Al content in the barrier
exceeds x ¼ 0:5. While Al0.5Ga0.5N/GaN HEMT structures with com-
positionally and structurally sharp interfaces can be readily demon-
strated, further increase in Al content beyond 0.5 results in
pronounced compositional grading. A maximum Al content of 0.78 is
reached for the HEMT structure with intended AlN barrier layer.
However, the progressively deteriorating compositional sharpness
leads to reduced 2DEG confinement and decreased mobility as a result
of alloy disorder scattering. The results of this study stress the need for
in-depth structural properties characterization to be undertaken dur-
ing the optimization of the MOCVD growth of high-frequency ori-
ented HEMT structures.

See the supplementary material for additional details about (i) the
XRD reciprocal space maps, (ii) the surface morphology (AFM
images), (iii) additional STEM images of the structures, and (iv) dislo-
cation densities as estimated from XRD, for the studied samples, as
well as the measured and simulated Ns values according to the EDS-
measured and the intended-nominal Al profiles.
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FIG. 4. Simulations of the conduction band profile and the electron density distribution in the intended structures with nominal Al contents and thicknesses (top row), compared
to the corresponding simulations for S1, S2, and S3 according to the Al profiles measured by EDS (bottom row). The integrated 2DEG sheet density, Ns, is also shown in both
cases.
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