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Structure and properties of composites based on aluminum and gallium
nitrides grown on silicon of different orientations
with a buffer layer of silicon carbide
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The microstructure and pyroelectric properties of AlyGa;—xN composite epitaxial layers grown on SiC/Si(111)
and SiC/Si(110) hybrid substrates by the chloride-hydride epitaxy have been studied. The phenomenon of
spontaneous formation of a system of heterojunctions consisting of periodic AlxGa;_xN layers of different
composition located perpendicular to the direction of growth, was discovered during the growth of layers.
Measurements of the pyroelectric coefficients of these heterostructures have shown that regardless of the
orientation of the initial Si substrate and their pyroelectric coefficients have close values of the order of
y ~ (0.7—1) - 1071 C/em?K. It is shown that to increase the magnitude of the pyroresponse it is necessary to
deposit an AIN layer with a thickness exceeding 1um on the AlyGa;_xN/SiC/Si surface. This leads to record
values of the pyroelectric coefficient y ~ 18 - 107° C/cm?K for AIN crystals and films.
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1. Introduction

Wide-band nitride semiconductors (AIN, GaN, AlGaN)
are the basic materials used in deep-UV photonics and high-
performance photodetectors, LEDs and next-generation
lasers [1-7]. For mass production of these devices, low-
cost substrates, including silicon, are required. However, a
great difference in the silicon and nitride lattice parameters
hinders the use of silicon substrates. To overcome such
difference, an atom substitution method was developed
in [8-10] — formation of nanoscale silicon carbide buffer
layers on a silicon substrate (SiC/(111)Si). Silicon carbide
lattice parameters differ form those of hexagonal AIN by
less than 1%. This made it possible to produce high
quality epitaxial AIN layers on SiC/(111)Si substrates by
the chloride-hydride epitaxy (CHE) method characterized
by a high growth rate [11,12]. To obtain epitaxial GaN
layers on such substrates, to reduce mechanical stresses and
dislocations in them, it is reasonable to form Al,Ga;_xN
solid solution transition layers [2-7,13]. It has been shown
that the use of AlyGa;_xN transition layers enables to
produce GaN single crystals by the CHE method with a
suitable crystalline quality and thickness of several hundred
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micron on SiC/(111)Si substrates with quality comparable
with single-crystal layers produced by the CHE method
during homoepitaxy on, ,native® GaN substrates [14,15].
This makes it possible to expand the applications of wide-
band nitride materials and in the nearest future begin to
produce next-generation power electronics compatible with
silicon electronics.

In addition, the polar axis, high spontaneous pola-
rization and piezoelectric (electromechanical) parameters
of aluminum and gallium nitrides make it possible to
use them in the manufacture of a wide range of mi-
croelectromechanical transducers — from receiving and
transmitting acoustic devices, actuators, sensors, etc., to
various microwave-devices — generators, delay lines and
filters that can function in a wide temperature range.
By their electromechanical and pyroelectric properties,
these materials are competitive with traditional ferroelectric
materials such as lead zirconate-titanate solid solutions,
lithium niobate and tantalate [16-23]. Polar properties of
gallium and aluminum nitrides — AlyGa;_xN with various
ratios of Al and Ga have been scarcely studied until
now. The interest in these materials can be explained
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Figure 1. SEM images of end chipping in AlyGa;_xN heterostructures formed on SiC/(110)Si (Ne 1 and 2) and SiC/(111)Si (Ne 3 and 4)

substrates.

by the fact that they can combine high spontaneous
polarization and electromechanical properties inherent in
aluminum nitride with high pyroelectric parameters found
in gallium nitride. Investigation of polar properties of such
structures is hindered by their low-resistivity caused by
high concentration of both point and extended structural
defects.

In recent years, in addition to traditional heterostructure
growing methods such as molecular beam epitaxy (MBE),
metal-organic vapor phase epitaxy (MOVPE), sublimation
growth, etc., extensive research has been carried out in the
field of AlGaN epitaxial layer growth on SiC/Si substrates
by the CHE method [24]. In the latter case, it is assumed
that the use of substrates with another orientation may
cause lower mechanical stresses in thin nitride layers and
reduce the defect concentration. This, in turn, will allow
to use epitaxial AlGaN layers to produce rather high-
resistivity heterostructures to enable the study of their
polar properties [25]. The purpose of the research was to
investigate the relationship between the polar properties and
microstructure and composition of heterostructures based
on epitaxial AlGaN layers grown on nanoscale SiC surface
formed by the matched atom substitution method [8-10]
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on silicon substrates with two orientations, i.e. on Si (111)
surface and Si (110) surface.

2. Research methods and targets

For the research, several AlGaN heterostructures were se-
lected that were grown by the CHE method on SiC/(111)Si
and SiC/(110)Si substrates and suitable for dielectric and
pyroelectric response measurements. The epitaxial AlGaN
layer growth technique is described in [13,24]. In all cases
the SiC buffer layer thickness was max. 90 nm.

Microstructural images of the surface and end chipping of
AlGaN/SiC/Si(111) and AlGaN/SiC/Si(110) samples were
obtained by the scanning electron microscopy (SEM)
method using LIRA 3 (Tescan) system. To define the
composition of heterostructures, an electron probe X-ray
microanalysis method was used and implemented on X-Max
EDS system (Oxford Instruments). The probe electron
beam energy was equal to 12keV. The crystalline structure
of the samples was controlled by the X-ray diffraction anal-
ysis 0—26 (Rigaru, Ultima IV method). For electrophysical
measurements, a platinum electrode was applied to the rear
side of the silicon substrate and 1 x 1 mm platinum bonding



SiC/(111)Si (b, d )substrates.

pads were formed on the heterostructure surfaces on the
AlGaN side.

To  induce  dynamic  pyroelectrical  response,
CLM-18451R-980 (1 =980nm) laser module was
used with 220 mW heat flux modulated in the range from
1Hz to 1000 Hz [23].

The first two samples (N¢ 1 and 2) were heterostructures
grown on SiC/(110)Si substrate. Sample Ne 1 was a
combination of consecutively grown AIN and AlGaN layers,
~ 0.8 um thick each (Fig. 1,a). Sample Ne 2 consisted of
recurring AlGaN thin layers (70 nm and less) with variable
composition. The composition varied from the substrate
to the layer surface. Initially, an almost pure GaN layer
was grown with GaN content of approx. 95at.%. Then,
with the increase in thickness, the layer was more and more
enriched with AL When a thickness of approx. 1.1 um had
been achieved, a sudden change in the layer composition
occurred. This is clearly seen by the changed contrast (dark
line) in Fig. 1,b. After this, Al become prevailing in the
AlGaN layer. The uppermost layers were composed almost
of pure AIN with low content of GaN.
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Figure 2. Diffraction patterns 6 — 20 of AlGaN heterostructures (samples Ne 1 and 3) grown on SiC/(110)S (a,c) and

The second group of samples (Ne 3 and 4) was grown on
SiC/(111)Si substrate. Sample Ne 3 was composed of several
alternating AlGaN layers with various Al/Ga ratios and the
total thickness of ~ 7.3 um (Fig. 1,¢). Sample Ne 4 differed
from the latter in that a thick (~ 200um) AIN layers was
formed on the equivalent multilayer AlGaN structure (total
thickness of ~ 16 um) (Fig. 1,d).

3. Experimental results and discussion

In accordance with the X-ray diffraction analysis data
(0 — 20), the growth orientation of AlGaN heterostructures
grown on SiC/(110)Si substrate corresponded to the hexag-
onal polar axis [002] (Fig. 2,a). In the selected diffraction
pattern on sample Ne 1, the reflection located in 260 = 36°
corresponded to the bottom layer with a composition close
to aluminum nitride (Fig. 2,¢). Two clearly distinguished
reflections in the Figure correspond to the top AlGaN
layer. They correspond to two AlGaN compositions —
(1) Al/Ga =0.50/0.50 and (2) Al/Ga= 0.67/0.33. The
AlGaN layer composition data defined by the reflection
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Figure 3. Pyroclectric response (curves /) of samples Ne 2 and 4 obtained at 1Hz (a,c¢) and 1kHz (b, d).

simulated heat flux.

positions on the diffraction pattern are well correlated with
the data obtained by the electron probe X-ray microanalysis
method. The SEM images of the sample surface have
shown that there were two types of regions with different
roughness. One region corresponding to composition (1)
has low roughness and the other region corresponding to
composition (2) has high roughness.

Apparently, the growth of AlGaN with various Al/Ga
ratios is significantly influenced by the silicon carbide
sublayer quality in various substrate areas.

X-ray pattern of the AlGaN heterostructure (Sample Ne 3)
formed on SiC/(111)Si substrate is shown in Fig. 2,5, d.
Weak reflection at 20 =~ 36° corresponds to a thin alu-
minum nitride sublayer formed directly on silicon carbide.
The broadened reflection at 20 ~ 34.5—35° may be indica-
tive of the fact that there are AlyGa;_yN interlayers with
high aluminum content against the background of layers
corresponding to the composition with Al/Ga = 0.5/0.5.
The heterostructure of Sample Ne 4 predominantly consisted
of the layers with composition close to Al sGagsN, with
sublayers enriched with aluminum atoms as in the previous
case.

The analysis of formation of interlayers (or periodic
AlGaN structure) observed before [24,25] shows that
such structure is a result of composition self-organization
and formation of a complex composite material that is
apparently associated with periodic relaxation of mechanical
stresses accumulated during heterostructure growth. It
can be believed that the alteration of the composite
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material composition is accompanied with formation of
heterojunctions and built-in space charge system; the latter
shall severely affect the demonstration of dielectric and
pyroelectric properties.

Pyroelectric response shapes of heterostructures (Sam-
ples Ne 2 and 4) at 1Hz(a,¢) and 1000Hz (b d) are
shown in Fig. 3. The nature of pyroelectric responses of
Samples Ne 1 and 3 corresponded to the response shape
and amplitude typical of Samples Ne 2. The pyroelectric
response measurements were obtained in the electric current
recording mode using an operational amplifier.

The pyroelectric coefficient calculation carried out us-
ing the equation from [23] has shown that pyroelectric
responses (pyroelectric coefficients ,,*) of AlGaN hetero-
structures (Samples Ne 1,2 and 3) had a subtle difference
from each other and the pyroelectric coefficients varied
within p ~ (0.7—1) - 10719 C/cm?K. The pyroelectric re-
sponse from the heterostructure (Sample Ne 4) composed
of thin AlGaN layers and thick AIN layers was significantly
higher and showed y ~ 18-1071°C/em?K, ie. virtually
20—25 times higher than that of multilayer AlGaN.

Extremely low pyroelectric coefficient values observed in
different AlGaN structures grown in the polar axis [002]
direction both on SiC/(111)Si and SiC/(110)Si substrates are
probably associated with growth features of these structures.
It can be expected that the growth of each next sublayer
takes place when the polar axis orientation is changed to
the opposite direction. In this case, the heat flux impact
causes charge shifts in adjacent layers towards each other
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and the recorded resultant pyroelectric current is a result
of subtraction of the induced current of each sublayer,
rather than of addition. A similar approach for multilayer
nitride structures was used to explain significant reduction
of pyroelectric coefficient in a three-layer aluminum nitride
structure grown directly on SiC/(111)Si substrate [26].
As opposed to Samples Ne 1—-3, one of the best pyroelectic
coefficients achieved on epitaxial AIN layers was obtained
in Sample N¢ 4 due to the dominance of the aluminum
nitride layer whose thickness was more than 90% of the
heterostructure structure.

4. Conclusion

Thus, the pyroelectric properties of complex composite
structures consisting of periodic AlyGa;_xN layers with
various composition that are perpendicular to the growth
direction and were grown on hybrid SiC/Si(111) and
SiC/Si(110) substrates by the CHE method.  Hybrid
SiC/Si(111) and SiC/Si(110) substrates were synthesized by
a new matched atom substitution method. The pyroelectric
coefficient measurements in these heterostructures have
shown that their pyroelectric coefficients have close values
of y ~ (0.7—1) - 1071 C/cm?K regardless of the orientation
of the initial Si substrate. It is shown that in order to increase
the pyroelectric response, a AIN layer with a thickness
greater than 1um shall be applied to AlxGa;_xN/SiC/Si
surface. Is has been found that an additional AIN layer
applied to the AlyGa;_xN/SiC/Si heterostructure surface
resulted in formation of a new AIN/AlGa;_xN/SiC/Si
composite structure that has a pyroelectric coefficient
of y ~ 18-10719C/ecm?K that is unprecedented for AIN
crystals and films.
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