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Abstract—Overall characterization of the GaN and AlGaN/GaN epitaxial layers by X-ray diffractometry and
optical spectral analysis is carried out. The layers are grown by metall oorganic gas-phase epitaxy on (0001)-
oriented single crystal sapphire wafers. The components of strains and the density of dislocations are deter-
mined. The effects of strains and dislocations on the photoluminescence intensity and spectra are studied. The
results allow better understanding of the nature and mechanisms of the formation of defects in the epitaxial

AlGaN/GaN heterostructures.
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1. INTRODUCTION

The progress of the present-day semiconductor
physics and technol ogy, specifically quantum electron-
ics and optoel ectronics depends to alarge extent on the
technology of high-quality semiconductor materials
and the development of perfect epitaxial heterostruc-
tures with specified physical properties[1, 2]. The high
quality of such heterostructures (HSs) is defined prima-
rily by the minimal elastic strains and the absence of
plastic strains in the active (working) region, while the
efficiency and reliability of operation of HS-based
devices depend on thelocalization and density of active

3 impurity defects and structural defects at the heteroint-
erface and in the working region.

In the course of epitaxial growth, the heterolayers
and films can be matched to the technological wafer
coherently or incoherently. In the case of the coherent
(so-called pseudomorphic) growth of the starting layer,
the mismatch of the lattice parameters of the film and
wafer does not give rise to misfit dislocations.

Under deviations from the conditions of coherent
growth with increasing film thickness, relaxation of
elastic strains in the system gives rise to misfit disloca-
tions. In addition to theincrease in the density of dislo-

3 cations, nonuniformitiesin their distribution in the het-
erointerface plane appear. Plastic strain resulting from
of uncompensated stresses and linear structural defects
in the system isthefinal consequence of the incoherent
growth. In this case, the semiconductor properties of
the system prescribed by the initial alloy composition

and, hence, by the mismatch between the | attice param-
eters are modified. Therefore, there is some correlation
between the structural characteristics (mismatch
between the lattice parameters, elastic stresses, and
plastic strain) of epitaxial HSs and the physical proper-
tiesand parameters such as the band gap, the half-width
and peak energy of the edge luminescence band, the
guantum yield of radiative recombination, the character
of polarization of the emission, etc. [3].

In the last few years, HSs based on the 111-Group
nitrides have attracted considerable interest. Such HSs
are widely used for the development of injection lasers
and light-emitting diodes for the short-wavelength
region of the spectrum. These HSs are thought to be
promising for applications in high-voltage microelec-
tronics and high-frequency microelectronics [4]. Spe-
cificaly, GaN-based HSs (due to the wide band gap and
high drift velocities) are considered as the most appro-
priate structures for developing field-effect transistors
operating by high-mobility hot electrons (often referred
to as high electron mobility transistors (HEMTS)) [5].

The GaN/AlGaN HSs are commonly grown from
metal organic compounds by gas-phase epitaxy, i.e., by
metal-organic chemical vapor deposition (MOCV D) on
sapphire wafers in reactors with inductive heating [6].
The sources of the Ga, Al, and N elements are trimethyl
gdlium (TMG), trimethyl auminum (TMA), and
ammonia (NHj;); for doping, silane (SiH,) is used, and
hydrogen serves as agas carrier. At first, athin layer of
GaN or of GaN with an admixture of Al isdeposited on
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the wafer at the temperature ~500°C. Then, after
annealing of the initia layer at the temperatures in the
range 1000-1100°C, the successive epitaxial growth of
the GaN and Al,Ga, _,N monolayers is conducted to
produce thetotal Al,Ga, _,N/GaN structure (the Al con-
tent isx = 0.1-0.35). Under the pressure 100-200 mbar
in the reactor, the deposition rate is 0.5-1.5 pm/h,
depending on the molar flow of TMG and TMA. It is
clear that the MOCV D procedure requires close moni-
toring of the growth and examination of the effects of
impurities and structural defects generated in the epi-
taxial layers on their basic structural, electrical, and
optical properties. In this context, in spite of the recent
advances in the technology of nitrides, some properties
of the epitaxial GaN/AlIGaN HSs have not yet been ade-
quately studied and call for comprehensive investiga-
tions by various techniques.

In this paper, we report the X-ray diffraction dataon
the structure of the epitaxial GaN and Al,Ga, _,N (x =
0.25) heterolayers grown by MOCVD technology on
single-crystal sapphire wafers. We present also the
results of the analysis of the photoluminescence (PL)
spectra of these structures. The data allow us to better
understand and interpret the nature and mechanisms of
formation of the structure in the GaN-based epitaxial
systemsfor HEMTs.

2. EXPERIMENTAL

The experimental samples of the GaN-based epitax-
ial structures were grown by the conventional proce-
dures of low-pressure chemical vapor deposition of
gas-phase metal-organic compounds on sapphire sub-
strates. We used optically transparent (0001)-oriented
single-crystal sapphire (Al,O5) wafers with the thick-
ness 430 um. Two types of samples were fabricated.
The sample of the first type (sample S;) was the
AlGaN/GaN epitaxial HEMT structure that involved
the basic undoped GaN layer with the thickness 2 um
and the barrier Al,Ga; _,N (x=0.25) layer consisting of
three sublayers, namely, the undoped Alj.5Ga,7sN
layer with the thickness 3 nm, the intermediate
Si-doped Aly,5sGay 5N layer with the thickness 15 nm
(the donor concentration was Np = 2 x 10* cm3), and
the cladding undoped Al ,5Ga, 75N layer with the thick-
ness 10 nm. The experimental sample of the second
type (sample S,) was the epitaxial GaN film with the
thickness 5 um. The concentration of uncontrollable
impuritiesin GaN was at the level of 1 x 10 cm=3[6].

The X-ray diffraction studies of the samples were

1 carried out, asin [7], by the two- and three-axis diffrac-
tometry, with the compositional features of the struc-
tures to be studied taken into account. We varied the
layout of the experiment: we recorded, correspond-
ingly, the signals of the symmetrical Bragg diffraction
(the 0002 and 0004 peaks), the symmetrical Laue dif-

fraction (the 1010 and 2020 peaks), and the asymmet-
ric diffraction (the 1104 and 1124 peaks). For every

SEMICONDUCTORS Vol. 40 No.9 2006

1061

peak, the diffraction curves were obtained for two
directions in the section of reciproca lattice sites,
namely, in the directions orthogonal to the diffraction
vector (the w scanning) and parallel to the diffraction
vector (the w/26 scanning).

The datawere analyzed in the context of the mosaic
block model [8]. According to this model, the state of
strains and the defect structure of the layer are charac-
terized by the distortion tensor components [g;;CJand by
the effective dimensions of the regions of coherent scat-
tering (CS) along and across the layer, 1, and 1,. The
relation between the coordinatesin the reciprocal space
(q) and the angular broadenings (w) depends on the 4
direction of scanning with respect to the diffraction
vector H: for scanning along the diffraction vector and
along the orthogonal direction, we have dw =
0 /kcosBg and dw = &q/H, respectively. The shape of
the peaks (the peak broadening) isinfluenced by strains
and depends on the finite dimensions of CS regions.
These two effects can be separated by recognizing that
the distortion components tend to broaden only the
peaks that involve the corresponding diffraction vector
components dqj = [3¢;;[H;, whereas the finiteness of the
dimensions of CS regions influences al of the recipro-
cal lattice sitesin a specified direction. In the Laue lay-
out of measurements, aswell asinthe Bragg layout, the
networks of dislocationstend to broaden the reflectance
peaks in the direction normal to the diffraction vector,
although the directions of the vector H for these two
layouts differ by 90°. The finiteness of the coherence
length in the directions normal to the surface (1) and
tangential to the surface (TP makes the contributions to
the widths of the peaks astollows:

dw, = A(1pcosBp), dwy = A/(21sinBg), (1)

for the symmetric Bragg layout and

dwy, = A/(15Cc0s8g), Owy = A/(2158inBg). (2)

for the symmetric Laue layout.

The asymmetric layout of the experiment allowsthe
combination of the properties of the symmetric Bragg
diffraction and Laue diffraction. Although the Laue dif-
fraction provides a means of determining the distortion
tensor component €,, just asit is, the X-ray diffraction
experiment in the transmission mode of measurements
can be carried out only for a limited group of sightly
absorbing materials. It is known that the two-crystal
reflectance curves obtained for two opposite-in-azi-
muth positions of the sample provide a possibility of
determining €, and €,,. In this case, the angle between
the diffraction peaks of the film and substrate consists
of two components, A6 and &¢, of which the former
characterizes the change in the interplanar spacing and
the latter, the rotation of the atomic planes. Since the
three-crystal diffractometry alows the separation of 1
these effects, the analysis of the distribution of the dif-
fraction signal in the (qy, g-) coordinate system makes
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it possible to determine each of the above two compo-
nents separately [9].

Construction of the two-dimensional distribution of
the signal intensity in the form of contours of equal
intensities around the asymmetric Bragg peak makes it
possible to establish directly the position of the reflec-
tance centers of the layersin the scattering plane and to
determine the coordinates (g, gp) of each of them. In
the case of a coherent mterface between the film and
wafer, the corresponding reciprocal lattice sites fall on
the g axisthat passes through the site H,,. In the case of
complete compensation of the stresses (€, = €,,), we
have q; = 0, and the points H; and H, fall onthe g, axis.
In the general case of partial relaxation, the site should
be located in the acute sector formed by the diffraction
vector and the normal to the surface that passes through
the site H,. However, in some circumstances, the point
H, can be beyond this sector. First, this can occur if
there are shear strains and rotations. Second, this can
occur dueto the effect of thermoel astic stresses, specif-
icaly, if the difference between the film and wafer in
thethermal expansion coefficientsAa = a, — 0 isof the
same sign as the mismatch between the lattice parame-
ters Aa = a; — a,. Third, unusual shifts of the center of
reflection can be due to defects of packing. When we
consider multilayered epitaxial structures, the above
considerations should be related to the differencein the
coordinates of the sites of the upper and lower adjacent
layers, Ag=q(j + 1) —q(j). In most actual cases, how-
ever, there is no need to obtain the complete pattern of
the signal-intensity distribution. Instead, it is sufficient
to construct two coordinate dependences along the dif-
fraction vector (or the angular position of the analyzer),
namely, the dependence of the integrated intensity of
the w peaks, J(q;), and the dependence of the tetragonal
distortion, 6¢. he function J(qy) does not account for
the effect of rotations and bendlng and, asin the sym-
metric layout of the experiment, accounts only for the
change in the interplanar spacing. This makes it possi-
ble to improve the resolution of the diffraction peaks
produced by individual layers and to reliably record the
angular position of the peaks[3].

The properties of the optical spectra of the samples
were studied by means of laser-induced PL spectros-
copy in asimilar manner as was done previously [10].

5 Essentially, the diagnostisis that, on photoexcitation of

6 interband transitions, the PL characteristics are con-
trolled by the concentration of radiative and nonradia-
tive states and by the transport of charge carriers
towards these states. Therefore, the layers with differ-
ent total concentrations of structural defects are inher-
ently different in PL intensity, bandwidth, and energy
positions of the peaks of emission.

The PL was excited by the monochromatic He-Cd
laser radiation at the wavelength A = 325.0 nm (corre-
sponding to the photon energy hv = 3.815 €V) in the
continuous-wave mode of operation (with the emission
power 7 mW), which made it possible to maintain the
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excitation intensity constant. The PL spectra were
recorded by a computer-controlled optical system that
involved a scanning diffraction monochromator and a
photomultiplier. The spectral resolution of the system
was 0.02 meV. The PL signal was excited and detected
on the opposite sides of the heteroepitaxial layers, both
on the front side of the films and on the rear side of the
wafer. The laser radiation was focused and directed at
an angle of 45° to the sample surface and the PL radia-
tion was collected in the orthogonal direction by lenses.
In the experiments, the temperature of the samples was
varied from 300 to 4.2 K; for this purpose, the samples
were placed in an optical cryostat. In al optical mea-
surements, we met the conditions of repetition and
reproducibility of experiment to provide the correct
rel ationships between the PL intensities and the corre-
lation of the PL spectra.

3. RESULTS AND DISCUSSION

The X-ray diffraction studies of the GaN and AlGaN
layers in different layouts of scanning show that the
structural properties of the layersare different by virtue
of various kinds of inhomogeneities, and confirm the
stressed state of the HS under consideration. Figure 1
shows the X-ray diffraction spectra of samples S;
(AlGaN/GaN) and S, (GaN), as obtained for the sym-
metric Bragg reflection when rocking around the 0002
reciprocal lattice site. As evident from Fig. 1, the inten-
sity contours are extended a ong the direction orthogo-
nal to the diffraction vector and have a shape typical of
relaxed structures. The extension of the distribution of
the intensity in the direction parallel to the surface is
related to the anisotropy of the fields of elastic stresses
in the heterolayers. The broadening of the reflection
bands along the normal to the surface is much less pro-
nounced.

The tangential dependence of the three-crysta
curves of 626 scanning for higher-order reflection
bands suggests that the major contribution to the broad-
ening of the reflection bandsis made by strains[8]. The
specific feature of the heterolayers under study is that,

in the asymmetric 1124 layout, the reflectance curves
on grazing incidence are much narrower than those on
grazing reflectance. Such a situation is characteristic of
an extension of thereciprocal lattice siteinthedirection
paralel to the surface. Sincethe diffraction vector com-
ponents in the parallel and orthogonal directions are
nearly equal for these reflections, the experimentally
observed feature can be interpreted as a consequence of
either the anisotropy of the components of microdistor- 7
tion or the anisotropy of the CS regions (grains). The
above-mentioned extension for sample S, ismuch more
pronounced than that for sample S,; the ratios of the
half-widths of the curves are 0.45 and 0.71, respec-
tively.
The microdistortion tensor components dg; that 7
characterize different types of distortions of the crystal
SEMICONDUCTORS  Vol. 40
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lattice are listed in the table. The components were
determined from the hal f-widths of the reflection bands
for different layouts of the experiment. From these data,
it follows that the dilatation component d¢,, is much
larger than d¢,, and the orientation component d¢,, is
larger than &¢,,. The inequality &g, > d¢,, suggests that
local variations in the interplanar spacing between
atomic planes orthogonal to the surface are substan-
tially larger than those between atomic planes parallel
to the interface. The relation d¢, > &g, (more pro-
nounced for sample S, than for sample S,) suggeststhat
the planes parallel to the surface are characterized by
larger angles of disorientation than the orthogonal
planes. This allows us to relate the component dg,, to
threading screw dislocations that produce shearing
strains and the component &¢,,, to edge dislocations

3 orthogonal to the heterointerface. As for the density of
dislocations, it is approximately the same for edge dis-
locations and screw dislocations. The dimensions of
grains, i.e., CSregions aong the normal to the surface,
are noticeably larger than thosein the transverse dimen-
sions: T, > 1,. The parameters of the AlGaAs structure
are much worse than those of GaN. However, it should
be noted that the extensions of the distribution of the
signal intensity around the 0002 reciprocal lattice site
in the directions parallel to the surface and normal to
the surface are virtually the same, which is caused by
the uniformity of strainsin al directions.

If we assumethat 1 is equal to the spacing between
the levels of the dislocation network and T, to the spac-
ing between the dislocation lines in these networks, the

4 resulting broadenings calculated by formulas (1) and
(2) are found to be noticeably smaller than the experi-
mental half-widths of the diffraction peaks. This cir-
cumstance suggests that, for the layers with dislocation
networks, the major contributor to the peak broadening
is the disorientation of CS regions; at the same time,
with the linear density of the networks below 10° cm,
the contribution made by smaller-sized CS regions is
much smaller. In addition, the planar configuration of
the nets should not produce noticeable changes in the
dimensions of the CS regionsin the direction normal to

3 the heterointerface. All these considerations lead us to
the general conclusion that the prevalent effect of the
dislocation networks is the broadening of the diffrac-
tion pattern in the direction orthogonal to the reciprocal
lattice vector, irrespective of the layout of the experi-
ment. This is consistent with the X-ray structural data
for the epitaxial Al,Ga, _,N layers[8]. Asto the effect
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Fig. 1. X-ray diffraction rocking curves for the directions
(1) orthogonal and (2) parallel to the diffraction vector of
the symmetric 0002 reflection band for the (8
GaN/Al,05(0001) and (b) AIGaN/GaN/Al,05(0001) struc-
tures.

of thewafer structure, its manifestation in the spectra of
X-ray diffraction scanning is only slightly pronounced.
Thiseffect can hardly be resolved, since the penetration
depth of X-ray photons into the matrix is large and the
formation of the X-ray diffraction pattern is of athree-
dimensional character.

The PL studies of the GaN and AlGaN heterolayers
at different temperatures in different experimental lay-
outs of laser excitation supplement the X-ray diffrac-

Characteristics of the crystalline structure: the distortion tensor components dg;;, the dimensions of the regions of coherent scatter-
ing T, and T, and the density of dislocation p in the epitaxial GaN and Al,Ga; 4N (x = 0.25) layers on the Al,O5 (0001) substrate

Sample, layer |  10%3¢,, 10%5¢,, 10%¢,, 10%3¢,, T, M T, MM p, 108 cm

S;, GaN 2.57 9.3 6.1 3.92 4380 80 1.38

S;, AlGaN 5.7 65 23 25 30 15 6.31

S,, GaN 2.76 12.1 7.3 5.19 325 67 3.08
SEMICONDUCTORS Vol. 40 No. 9 2006
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Fig. 2. PL spectra of the AlGaN/GaN/Al,O3 (S;) and

GaN/Al,O3 (S,y) samples at the temperature of 4.2 K.

Curves 1-3 refer to the spectra for (1) sample S, with the
2 front side photoexcited and (2, 3) sample S; with (2) the
2 rear side and (3) front side photoexcited.

tion analysis and confirm the spatially nonuniform dis-
tribution of charge carriers over the energy bands and
the nonuniform distribution of the impurity centers and
defects inside the heterolayers.

Figure 2 shows the low-temperature (4.2 K) PL
spectraof samples S, (theAlGaAs/GaN HS) and S, (the
GaN film); the photon energies range from 2.7 to
3.5eV. Common to all of the PL spectra are the high-
energy portion formed by emission from the basic GaN
layer and the low-energy portion formed by emission

3from the AlGaN-GaN heterointerface. The origin of
thebasic PL bandsin GaN iswell-known: these are due
to radiative recombination of electron-hole pairsin the
exciton complexes [11-14].

In Fig. 2, curve 1 represents the PL spectrum of
sample S, (GaN) when the front side of the film is
excited. The basic features of this spectrum are as fol-
lows: (i) the narrow I(D°X) emission line attributed to
excitons bound to neutral donor centers, with a peak at
hv = 3.487 eV (the full width at haf-maximum is
FWHM = 10 meV); (ii) the 1(D°X) line corresponding
to emission of excitons bound to acceptor centers, with
the peak at hv=3.375 eV (FWHM = 10 meV); and (iii)
the asymmetric |(DAP) band that is peaked at hv=
3.29eV (FWHM = 40 meV) and corresponds to the
donor—acceptor recombination of shalow donor—
acceptor pairs (DAPs), with a minor component of
electron—acceptor recombination (e, A). The spectra
curves exhibit peaks at hv= 3.20 and 3.11 eV corre-
sponding to the LO and 2L O optical phonon replicas
due to €eectronic transitions in the DAPs (the LO
phonon energy ishv, o =90 meV). In addition, thereare
some |low-intensity lines of excitonic emission around
hv= 3.42 eV, related to impurity complexes and struc-
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tural defects at the misfit dislocations in the epitaxial
films[8].

In Fig. 2, curve 2 represents the PL spectrum of
sample S; (AlGaN/GaN) inthe case wheretherear side
of the wafer (i.e., the side of the GaN layer) is excited.
It can be seen that this spectrum replicatesthe basic fea
tures of the PL spectrum of sample S, (GaN), with the
exception of the 1(A°X) exciton—acceptor line that is
lacking in the case of sample S;. Here, the prevailing
lineisthe I(D°X) exciton—donor peak at the energy hv=
3.49 eV (FWHM = 17 meV) corresponding to the band
gap of GaN.

In Fig. 2, curve 3 represents the PL spectrum of
sample S; (AlGaN/GaN) in the case where the front
side (i.e, the side of the AlGaN layer) is excited. It is
evident that, in this layout of photoexcitation, the PL
spectrum is modified. In this case, a broad intense PL
band appearsin the low-energy spectral range from 2.7
to 3.3 eV (FWHM = 0.35 eV). This band exhibits an
internal structure (peaks at hv= 2.90, 3.00, 3.08, and
3.17 eV) whose origin can be attributed to recombina-
tion of donor—acceptor pairs produced by structural
defects at the AlIGaN-GaN heterointerface and by 3
impurity centers in the GaN heterolayer. At the same
time, the 1(D°X) PL band, with a peak at hv= 3.49 eV
in the edge region of the spectrum, remainsin the same
position, and the I(A%X) band is lacking.

Thus, on photoexcitation of the AlGaN/GaN/Al,O4
HS on the rear side of the HS, we observe the PL spec-
trum typical of the GaN films. Sincethe laser excitation
is completely absorbed within the thickness of the GaN
layer, the PL spectra of different samples differ littlein
shape. The effect of structural defectsin the GaN layer
and at the Al,OGaN interface is nearly the same;
therefore, the intensity and peak position of the 1(D°X)
PL band (hv= 3.49 eV) remain virtually unchanged.
The dlightly larger FWHM of the edge band suggests a
smaller degree of structural quality of the layer in the
HS compared to the individual epitaxia film. The PL
vialocalized states at the AIGaN-GaN heterointerface 3
is not observed here.

On photoexcitation of the AlGaN/GaN/Al,O; HS at
the front side, the shape of the PL spectrum is substan-
tially changed, representing the kinetics of charge car-
riers in the doped AlGaN barrier layer and the forma-
tion of quasi-two-dimensional electron gas in the
AlGaN-GaN heterointerface region at high concentra- 3
tion of dopant centers and high density of dislocations
in the GaN heterolayer. The absolute value of the PL
intensity becomeslarger by an order of magnitude. This
is consistent with the well-known fact that, for doped
GaN, the intensity of the edge 1(D°X) PL band in the
spectrum istypically higher than that for undoped GaN
and the peak is shifted to shorter wavelengths compared
to that for undoped GaN. As a result, new deep levels
that trap photoexcited carriers are produced in the band 2
gap. Thetrapping brings about a substantial decreasein
the lifetime of free holes, and therefore, the features

SEMICONDUCTORS  Vol. 40
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corresponding to recombination of quasi-two-dimen-
3siond electrons with free holes at the heterointerface
are not observed in the PL spectrum. However, the con-
2 centration of photoexcited holes bound to the extra
acceptor centers becomes much higher, and this tends
to enhance the radiative recombination of DAPs in the
low-energy part of the spectrum.

As temperature is increased, the intensity of the
high-energy portion of the PL spectrum decreases, sug-
gesting higher rates of nonradiative recombination pro-
cesses, and the PL band as such becomes broader

8 because of termalization of the energy distribution of
electrons. The low-energy part of the PL spectrum
shifts further to lower energies. This shift is attributed
to the higher mobility of charge carriers in doped
AlGaN/GaN structure compared to the mobility in the
undoped GaN layer.

4. CONCLUSIONS

1 Summarizing, in this study, we apply X-ray diffrac-
tometry and PL optical spectroscopy to the comprehen-
sive experimental analysis of the properties of epitaxial
layersinthe HEMT AlLGa, _,N (x=0.25) HS grown by
the MOCVD process on (0001)-oriented single crystal
sapphire. The X-ray structural data (the characteristics
of diffraction reflections) show that, in the GaN and

9 ALGaN layers, there exist internal microstresses and
structural inhomogeneities. These are produced due to
some features of the technological procedure and com-
position of the structure, including features related to
the heavily doped sublayer for the barrier AlGaN layer.
The highest density of dislocations (from 1 x 108 to 7 x
108 cm™), aswell asthe largest stresses, are detected at
the AlGaN—-GaN heterointerface. The nonuniform dis-
tribution of stresses and dislocations may be responsi-
ble for the difference between the PL spectra of GaN
and AlGaN/GaN (in energy position, width, and inten-
sity of the emission lines). In both cases, photoexcita-

6tion of GaN is of interband character; however, the
dopant centers draining towards disocations at the

10 AlGaN—GaN hetrointerface produce new deep levelsin

2 the band gap, which trap photoexcited charge carriers.
Asaresult, along with the excitonic PL peak inthe edge
spectral region (hv=3.49 eV), abroad intense PL band
appearsin the low-energy region of the spectrum (from
2.7t03.3eV). Thislow-energy band is attributed to the
recombination of DAPs involving extra acceptor cen-
ters. We assume that the experimentally observed
effects are al'so due to some specific features of the for-
mation of quasi-two-dimensional electron gas in the

3 heterointerface region.

The results obtained here may prove useful for
developing semiconductor devices that involve epitax-
ial HSs based on the AlGaN/GaN-type materials.
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