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Abstract. Experimental studies of the surface morphology of AlGaN films formed on
nanometer-thick SiC layers synthesized on Si by atom substitution were performed. Structural
characteristics of the surface of AlGaN/SiC/Si and AlGaN/AIN/SiC/Si heterostructures grown
on Si with orientations (001), (011) and (111) were studied by atomic force microscopy. It is
shown that the Si orientation has a significant influence on the surface morphology of AlGaN
films. The surface roughness and characteristic dimensions of the AlGaN surface structure on
nano-SiC/Si with and without an AIN buffer layer were measured. It is shown that the buffer
AIN layer leads to a change in the surface structure dimensions of AlGaN layers._
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CTpyKTypHbIe XapaKTepUCTUKHU NOBEPXHOCTHU NJIGHOK HUTpUAA
AJIIOMHMHUA-TAIZIUA HA HAHOCJIOAX Kap6uaa KpeMHUS Ha KPEeMHUMU
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Annotanug. B pabote mnpoBedeHbl SKCIIEpUMEHTaJbHbIE HCCIeNOBaHUS Mopdosoruu
noBepxHocTu TieHOK AlGaN, chopmupoBaHHBIX Ha ciosiX SiC HaHOMETPOBOW TOJIIMHBI,
CUHTE3MPOBAHHBIX Ha Si MeTomoM 3aMelleHMsI aTOMOB. MeETOIOM aTOMHO-CUJIOBOM
MHUKPOCKOTIMM WM3YYCHBI CTPYKTYPHBIC XapaKTePUCTUKU ITOBEPXHOCTU TETEPOCTPYKTYP
AlGaN/SiC/Si nu AlIGaN/AIN/SiC/Si, BeipameHHbix Ha Si ¢ opuenTamusmu (011) ,(001) u
(111). IMTokazaHo, YTO OpUEHTALIMs Si OKa3bIBaeT CYIIECTBEHHOE BIMSHME Ha MOPQOIOTUIO
noBepxHocTH IIeHOK AlGaN. M3MepeHa 111epoXoBaTOCTb ITOBEPXHOCTH M XapaKTepHbIE
pa3Mepbl cTpyKTypbl noBepxHocTU AlGaN Ha HaHo-SiC/Si ¢ 6ydepHbiM cioem AIN u 6e3
Hero. ITokazaHo, uyTo OydepHbIii caoil AIN NpUBOAUT K UBMEHEHUIO XapaKTePHBIX pa3MepoB
9JIEMEHTOB CTPYKTYpPBI TTOBepxHOCTHU ciioeB AlGaN.

Kmouesbie cioBa: ACM, TOHKUE MJIEHKU, FeTepoCTPYKTypbl, HaHO-SiC/Si, AlGaN
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Introduction

Thin films of aluminum-gallium nitride (AlGaN) have unique physical and mechanical properties
that make them an ideal material for creating high-performance electronic and optoelectronic devices
such as LEDs, lasers, and transistors [1]. They have high thermal stability, high electrical conductiv-
ity, and a wide range of optical properties. Optimization of growth conditions and crystal direction
can further improve the properties of these structures for various practical applications. Integration
of AlGaN layers with silicon technologies is an important step in microelectronics development. It
enables enhanced capabilities and performance of devices, creating high-performance LEDs, lasers,
transistors, and other devices that are ideal for use in lighting, displays, and optical communications.
Integrating AlGaN layers with silicon technologies also enables the creation of high-frequency transis-
tors and other electronic devices with high performance and reliability, which reduces manufacturing
costs and improves the cost-effectiveness of electronic device production. However, the growth of
AlGaN layers on Si silicon crystals causes problems with mismatch of lattice parameters and thermal
expansion coefficients between AlGaN and Si. This leads to the appearance of defects in the structure
such as dislocations and disturbances in crystal orientation. In addition, the growth of AlGaN layers
on Si wafers creates problems with controlling the composition and concentration of impurities in the
structure, which can lead to changes in the optical and electrical properties of the material and reduce
the performance of devices. High growth temperature of high quality AlGaN layers on Si crystals can
also lead to structure degradation and device performance degradation. To solve these problems, var-
ious methods are used to compensate for inconsistencies in lattice parameters, in particular, various
kinds of buffer layers are created on the silicon surface [2, 3].

To solve these problems, it is proposed to use Si substrates with a nanometer-thick silicon car-
bide layer (nano-SiC) synthesized by the atom substitution method [4] for the growth of AlGaN
thin films. This nano-SiC/Si hybrid substrate configuration allows the growth of AlGaN layers
on a SiC layer with a surface roughness of 0.5 nm, which is comparable to industrial SiC crys-
tals. This solution avoids the appearance of defects in the structure and controls the composition
and concentration of impurities in the structure. In this work AlGaN layers grown directly on
nano-SiC/Si and on nano-SiC/Si with a buffer layer of aluminum nitride (AIN) are investigated.
Studies of the surface morphology of AIGaN on nano-SiC thin films on Si with orientations
(001), (011) and (111) is an important task for materials science.

Materials and Methods

Growth of AlGaN layers was performed on Si crystals with nanometer-thick SiC layers nano-
SiC. The nano-SiC structures were synthesized using the atomic substitution method [5] on Si
p-type conductivity substrates doped with boron with crystallographic directions (001), (011), and
(111). The Si crystal with the (001) orientation was deflected from the base direction by 4° to the
(111) direction. The SiC layers were synthesized in an atmosphere of carbon monoxide (CO) and
silicon tetrahydride (SiH,) for 10 minutes at 1100°C. The pressure inside the reactor during the syn-
thesis was 0.5, 0.7, and 2.3 Torr for Si substrates with crystallographic orientations (001), (011), and
(111), respectively. The thickness of the synthesized SiC layers was determined by analyzing spectra
obtained by spectral ellipsometry on a Woollam M-2000D instrument. The surface roughness of the
SiC films was measured by optical profilometry on a Zygo New View 6000. Thin films of AlIGaN
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were grown by the HVPE method [6] on hybrid SiC/Si substrates with and without an AIN buffer
layer. Layers of AlGaN were grown at 1020 °C in an ammonia and argon atmosphere with a total
flux of 1 and 4 liters per minute, respectively. Aluminum and gallium atoms were delivered to the
growth zone using a hydrogen chloride flow of 0.2 and 0.1 liter per minute, respectively. In the case
of AlGaN films grown directly on hybrid SiC/Si substrates, the AlGaN layer thickness was 6-9 pm.
Buffer layers of AIN thickness 2-3 um were grown by the HVPE method immediately before the
AlGaN films were formed. In the case of AlIGaN/AIN/SiC/Si heterostructures, the thickness of
AlGaN layers was 3-5 um. The surface morphology of the AlGaN films was studied by atomic force
microscopy AFM in contact mode on an Easy Scan Nanosurf microscope.

Results and Discussion

The study of nano-SiC/Si hybrid substrates by spectral ellipsometry showed that the thicknesses
of all SiC layers synthesized on Si substrates are the same and equal to 3 nm. According to optical
profilometry data, the surface roughness of all nano-SiC/Si hybrid substrates is 0.4—0.6 nm.

A study of the surface morphology of AlGaN thin films by AFM showed that the morphology of
AlGaN layers is significantly different, depending on which orientation of the Si substrates these layers
were grown on. This is not surprising since it was shown in [7] that when growing by the coordinated
atom substitution method, a smooth SiC surface of orientation (111) is formed only on the Si sub-
strate (111). In the case of SiC growth on the (001) and (011) Si faces, the SiC layer surface is cov-
ered by pyramids with inclined orientation faces (111). As a result, these surfaces resemble sawtooth
structures. AIN, GaN and AlGaN films grow on these surfaces in the form of hexagonal c-axis blocks
inclined with respect to the substrate plane, which will be directed perpendicular to the SiC(111)
structure plane, that is, parallel to the SiC(111) plane will form (0001) planes of blocks consisting of
Al Ga,_ N with different composition. Such inclined hexagonal layers are called semi-polar layers [8].
Semipolar structures grow on SiC/Si hybrid substrates, both with and without an AIN buffer layer.

Morphology studies have shown that the characteristic geometric dimensions of the AlGaN
layer surface structural elements on nano-SiC/Si substrates and on AIN/SiC/Si substrates are
different (Fig. 1).

a) 6.34 um b) 5.38 um

0.00 um 0.00 pm

Fig. 1. AFM surface images of AlGaN/SiC/Si(001) (a)
and AlGaN/AIN/SiC/Si(001) (b) heterostructures

Thus, the size of the sawtooth structures grown on the AIN/SiC/Si(001) substrate is smaller
than the geometrical size of the structures grown on the nano-SiC/Si substrate. In the case of
AlGaN films grown on Si substrates with (001) orientation, the surface has a sawtooth structure
which consists of ridge-like clusters. The average surface roughness of the AlGaN/SiC/Si(001)
and AlIGaN/AIN/SiC/Si(001) heterostructures is 810 and 680 nm, respectively. The slope planes
in the case of the AlGaN/SiC/Si(001) heterostructure are inclined 45+5° and 20£3° relative
to the general plane of the sample surface, whereas they are inclined 40+5° and 25+2° for the
AlGaN layer on AIN/SiC/Si(001). The height of the ridge-like clusters on the AlGaN surface on
nano-SiC/Si(001) and AIN/SiC/Si(001) is 2—4 um and 1—3 pm, respectively. Thus, in the case
of growth of AlGaN films on nano-SiC/Si(001), the use of the AIN buffer layer leads to changes
in the characteristic sizes and orientations of the crystal structural elements of the surface.
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The surface of AlGaN films grown on Si substrates with orientation (011) has a mosaic struc-
ture with pronounced steps (Fig. 2). The surface structure of AlGaN films formed on hybrid
nano-SiC/Si(011) substrate presents smooth terraces up to 20 um2 with sharp slopes at the edges.
The terraces occupy 70% and 55% of the total AFM image area of AlGaN/SiC/Si(011) and
AlGaN/AIN/SiC/Si(011) heterostructures, respectively. The slope of the terraces and slopes rela-
tive to the general plane of the sample surface in the case of AlGaN on SiC/Si(011) is 5+1° and
25x5°, respectively. The height of the slopes of the AlIGaN/SiC/Si(011) surface structure according
to AFM data is 2.0£0.3 um. The slope of the terraces and slopes relative to the general plane of
the sample surface in the case of AlGaN on AIN/SiC/Si(011) is 5.3£0.2° and 28+5°, respectively.
The height of the slopes of the AlGaN/AIN/SiC/Si(011) surface structure is 2—5 um according to
AFM data. According to AFM data, the RMS roughness of AlGaN films formed on SiC/Si(011)
and AIN/SiC/Si(011) substrates is 480 and 700 nm, respectively, that is, in contrast to SiC/Si(001)
and AIN/SiC/Si(001) substrates, pre-grown AIN layer resulted in increased roughness.

Analysis of AFM images (Fig. 3) of AlGaN layers grown on nano-SiC/Si(111) and AIN/SiC/Si(111)
heterostructures showed that the surface was formed in the form of hills during growth. According to
AFM data, the hills have a rounded shape. The surface of AlGaN film on nano-SiC/Si is covered
by ridge-like clusters with base diameter of 10—30 um and height of 200—400 nm. In the case of the
AlGaN/AIN/SiC/Si heterostructure, the ridge-like structure has a base diameter of 20—50 ym and a
height of 300—500 nm. The RMS surface roughness of AlGaN films in both cases is 60 nm. The slope
of the side hillsides of the AlIGaN layer surface on nano-SiC/Si relative to the general sample plane is
1.5+0.5°. The slope of lateral slopes of hilly structure of AlGaN on AIN/SiC/Si layers relative to the
general plane of the sample is from 2.0+0.5°. In AlGaN films on nano-SiC/Si(111) growth defects in the
form of growth pits (pit) were found, the formation of which is associated with the peculiarities of growth
of AlGaN films on defective and not perfect in crystal quality, places of nano-SiC/Si hybrid substrates.

a) 4.56 um b) 5.68 um

0.00 um 0.00 um

Fig. 2. AFM surface images of AlGaN/SiC/Si(011) (a)
and AlGaN/AIN/SiC/Si(011) (b) heterostructures

a) 876.18 nm b) 860.11 nm

0.00 nm 0.00 nm

Fig. 3. AFM surface images of AlGaN/SiC/Si(111) (a)
and AlGaN/AIN/SiC/Si(111) (b) heterostructures
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Conclusion

Thus, in the present work the structural characteristics of AlGaN thin films formed by the
HVPE method on nano-SiC/Si substrates with Si (001), (011) and (111) orientation was studied
for the first time. The characteristic structural parameters of the surface of AlGaN layers on nano-
SiC/Si have been determined by AFM method. It is shown that the surface structure of AIGaN
layers grown on Si substrates with orientations (001), (011) and (111) is fundamentally different.
As a result of studies, it was found that the buffer AIN layer grown on nano-SiC layers formed
on Si substrates of orientation (001), leads to a decrease in the characteristic dimensions of the
structural elements of the surface. When AlGaN films grow on nano-SiC layers formed on Si
orientation (011) substrates, studies have shown that the opposite situation occurs, namely, the
presence of a buffer AIN layer increases the characteristic sizes of crystal clusters on the surface.
The buffer AIN layer grown on nano-SiC layers formed on Si orientation (111) substrates does
not significantly affect the surface characteristics of AlGaN films.
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