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Abstract 
In this work, we studied the efficiency of introducing nanoporous silicon as a buffer layer in the growth of AlxGa1–xN/AlN/Si(111) 
on a single-crystal silicon by molecular beam growth technology. We also considered its influence on the morphological 
characteristics and atomic composition of the surface layers of heterostructures. As determined by X-ray diffraction, 
microscopic, and X-ray photoelectron methods, the heterostructure grown on Si(111) n-type monocrystalline silicon wafer 
with nanoporous por-Si buffer layer has a more homogeneous epitaxial layer, and the surface morphology of the layer is 
also more homogeneous.
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1. Introduction
The integration of III-N technology with 

existing silicon technology is highly promising 
for creating new types of microwave and 
optoelectronic devices. The use of silicon 
substrates for the growth of III-N heterostructures 
is advantageous due to their commercial 
availability and the high level of Si technology. 
The main problem of integrating the two 
technologies is the considerable mismatch 
of crystal lattice parameters and thermal 
expansion coefficients. This results in a large 
number of defects, uncontrolled fluctuations of 
solid solution composition, as well as peeling 
and cracking of heterostructures. An equally 
important problem in the production of high-
power microwave nitride transistors is the 
heat removal from devices, which have a power 
dissipation of dozens of watts [1–5]. 

The latest way to solve these problems is to 
introduce various transition buffer layers into 
the III-N/Si(111) heterostructure. These are 
multi‑period superlattices, layers of alternating 
2D–3D morphology, or layers with gradually chang-
ing composition [6–7]. The thickness of the buffer 
layers can reach several tens of micrometres. The 
main methods for growing heterostructures for var-
ious devices are metalorganic vapour-phase epi-
taxy (MOVPE) and molecular beam epitaxy (MBE). 

The aim of this study was to determine 
how introducing por-Si nanoporous silicon as 
a buffer layer in the growth of AlxGa1-xN/AlN/
por-Si/Si(111) heterostructure influenced the 
structural-morphological characteristics and 
atomic composition of the surface layers. For this 
purpose, we used X-ray diffraction, microscopic, 
and X-ray photoelectron methods. 

2. Experimental. Obtaining 
heterostructures by molecular beam 
epitaxy, structural and morphological 
research methods

We obtained AlxGa1-xN/AlN/Si(111) hetero
structures of two types, with a buffer por-Si layer 
and without it. They were grown simultaneously on 
a monocrystalline silicon Si(111) wafer by nitrogen-

plasma-assisted molecular beam epitaxy (PA MBE) 
on a Veeco Gen 200 unit [7]. We used standard 
Si(111) wafers of monocrystalline silicon of KDB 
grade (boron-doped p-type silicon) as substrates for 
the growth of AlxGa1–xN/AlN heterostructure layers. 
First, we formed nanoporous layers with a thickness 
of about 20 nm and an average pore diameter of less 
than 3 nm on half of the wafer surface using the 
original technique described in [8]. Immediately 
before growing the heterostructure, the wafers were 
annealed and nitrided for 30 min [9] in the growth 
chamber of the unit. 

The formation of all the layers composing the 
heterostructures took place under metal enriched 
conditions. The growth rate was controlled and 
limited by the nitrogen flow, it was FN~0.05 µm/h. 
An AlN buffer layer was formed on the substrate 
surface to prevent etching of the silicon substrate 
with liquid Ga and the formation of Ga-Si eutectic. 
After that, the growth of the main AlxGa1–xN 
layer took place. Figure 1 shows the expected 
design set by the technological growth regime 
and the expected thickness of the layers of an 
AlxGa1–xN/AlN/Si heterostructure with a buffer 
layer of nanoporous silicon.

The morphology of the grown heterostructures 
was examined with a JEOL JSM 6380 LV scanning 
electron microscope (SEM) and a SOLVER P47 
PRO atomic force microscope (AFM). Statistical 
analysis of the surface morphology was performed 
using the NOVA software. 

Fig. 1. The design of AlxGa1–xN/AlN/Si heterostructure 
with nanoporous silicon buffer layer
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The samples were studied by X-ray 
photoelectron spectroscopy (XPS) on a SPECS 
spectrometer. The depth of the XPS analysis of 
the sample surface is 1–2 nm.

When processing the measurement results, 
Shirley algorithms were used to determine the 
background line and subtract the background 
values. To determine the binding energy of 
the heterostructure elements, we used the 
C1s line of natural hydrocarbon impurities of 
the sample surface not subjected to special 
cleaning as a reference line, the binding energy 
Eb[C1s] = 285 eV. The core levels of the elements 
and their chemical state were determined using 
the X-ray photoelectron spectra database of the 
US National Institute of Standards [10].

The HR XRD data were obtained at 305 K on a 
Bruker D8 Discover diffractometer with a Ge220 
monochromator. 

3. Results and discussion
3.1. X-ray diffraction data

Figure 2 shows the results of X-ray diffraction 
in the w–2q geometry using the characteristic 
radiation of copper. It can be seen from the 
experimental data that the (111) diffraction 
line of the Si(111) silicon substrate is the most 
intense on the scans of both heterostructures. In 

addition, both scans show high-intensity reflexes 
(0002) from the basic plane of the hexagonal unit 
cell, which belong to the AlxGa1-xN solid solution 
with a hexagonal structure. The fact that the 
diffractogram of the heterostructure with por-Si 
sublayer (dotted curves in Fig. 2) shows only the 
reflection from the basic plane (0002) suggests 
the monocrystalline state of the epitaxial film.

The diffractogram of the heterostructure 
grown on the c-Si(111) substrate without a 
porous sublayer (solid curves in Fig. 2) shows the 
reflection from the plane (11–20) of the AlxGa1–xN 
solid solution. This reflection may be due to 
growth of AlxGa1-xN solid solution columns in the 
<11–20> direction. Similar reflections were not 
observed in the w-2q  scan of the heterostructure 
with a porous sublayer, indicating greater 
homogeneity and perfection of its crystalline 
structure.

3.2. Sample morphology studied by scanning 
electron and atomic force microscopy.

Fig. 3. shows SEM images of the surface of 
heterostructures obtained on monocrystalline 
silicon substrates (a) and using a buffer sublayer 
of porous silicon (b). 

The surface of the samples exhibits sub-
micron inhomogeneities caused by the columnar 

Fig. 2. XRD patterns of AlxGa1–xN/AlN heterostructures grown on c-Si(111) (dotted line) and por-Si/c-Si(111) 
(solid line) wafers
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film structure observed in SEM images of the 
chipped samples. We had observed a similar 
columnar film structure in InxGa1–xN/Si(111) 
heterostructures [11–12]. We compared the 
morphology of the two types of heterostructures, 
with and without the por-Si sublayer, and saw 
that the heterostructure grown on a porous layer 
had a smaller spread in the sizes of the surface 
inhomogeneities. So, its film structure was more 
homogeneous compared to the heterostructure 
grown without the buffer layer. This conclusion 
confirmed the above XRD data.

The analysis of the profile SEM images 
showed that the actual thickness of the 
heterostructure layers coincided with those 
specified in the technological procedure. 
The lateral  size distribution of surface 

inhomogeneities caused by the columnar 
structure of the film was determined by 
analysing AFM images (Figure 4).

Fig. 4 shows the AFM surface images 
a n d  s i ze  d i s t r i b u t i o n  p r o f i l e s  o f  t wo 
AlxGa1–xN/AlN/Si(111) heterostructures grown 
directly on a c-Si(111) wafer and with a pre-
formed buffer layer of porous silicon. The samples 
with the por-Si buffer layer have a smaller spread 
in the size of inhomogeneities compared to the 
heterostructure grown on crystalline silicon 
(Fig. 4a). The average inhomogeneity size on 
the surface of the samples grown with the por-Si 
buffer layer is ~100 nm. AlxGa1–xN/AlN/Si samples 
grown on crystalline silicon show two maxima 
of nanocolumn size distribution of ~65 and 130 
nm (Fig. 4c). 

Fig. 3. SEM images of the surface and chipping of heterostructures: а) on the AlxGa1–xN/AlN/Si(111) monocrys-
talline silicon wafer; b) on the AlxGa1–xN/AlN/por-Si/Si(111) wafer with por-Si buffer layer

a b c
Fig. 4. AFM surface images of AlxGa1-xN/AlN/Si heterostructures grown: on the monocrystalline c-Si(111) wa-
fer (a), on the por-Si/s-Si(111) wafer with a porous sublayer (b), and size distribution profiles of inhomogene-
ities on their surface (c)

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2022;24(1): 51–58

A. S. Lenshin et al.	 Characteristics of the formation and composition of AlxGa1-xN/AlN/por-Si/Si(111)...



55

3.3. Atomic composition of the surface of 
heterostructures as determined by X-ray 
photoelectron spectroscopy (XPS).

Figures 5 and 6 show XPS images of Al 2p, Ga 
2p, and N1s core levels for heterostructures grown 
directly on monocrystalline silicon c-Si(111) 
(Fig. 5) and with a porous sublayer (Fig. 6). 
Table 1 shows the values of the binding energy 
determined with an accuracy of 0.05 eV and the 
half width values based on XPS study of the core 
levels for the two heterostructures.

XPS spectra analysis showed that on the 
surface of both heterostructures Al and Ga 
atoms formed chemical bonds with nitrogen. The 
binding energy (and half-width) of the core level 
spectra of all three elements in the AlxGa1-xN solid 
solution were practically identical. The values 
were close to the binding energy of aluminium 

and gallium in nitrides [10]. In addition, the Al 
2p spectra demonstrated the contribution of the 
low-intensity component of oxidised aluminium 
Al2O3 (Eb = 75.5 eV), formed on the surface of 
the samples when exposed to air. The Ga 2р3/2 
spectrum showed no similar component, but 
that may be due to the nitrogen N KLL Auger 
line superimposed on the low-energy part of the 
gallium spectrum. The binding energy values of 
the N1s nitrogen spectra correspond to Al and Ga 
nitrides [10]. In addition, a low-energy hydride 
component was observed in the nitrogen spectra, 
apparently it was due to the residual reagents on 
the surface of heterostructures (NH3 type bonds, 
Eb = 398.7 eV [10]). 

By analogy with studies [13,14], the aluminium 
content of the film can be calculated using 
relation (1):

Fig. 5. XPS of Al 2p, Ga 2p3/2, and N1s in AlxGa1–xN/AlN/Si(111) heterostructures, grown on the monocrystal-
line silicon Si(111) wafer

Fig. 6. XPS of Al 2p, Ga 2p3/2, and N1s in AlxGa1–xN/AlN/por-Si/Si(111) heterostructures grown on monocrys-
talline silicon wafer with a buffer layer of porous silicon
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where I is the integral intensity of the photoelec-
tron maxima of the corresponding lines in the 
spectrum and F is the sensitivity factor 
(FGa2p3 = 2.75 and FAl2p3 = 0.54). Based on relation 
(1), we determined the Al atom concentration 
values in solid solution. They were xa_cryst = 0.49 
for samples of AlxGa1–xN/AlN/Si(111) grown di-
rectly on monocrystalline silicon and xa_por = 0.54 
for samples of AlxGa1-xN/AlN/Si/por-Si/Si(111) 
grown using a porous buffer layer. It coincided 
quite well with the expected technological values 
of x-0.50 specified during synthesis. The slight 
difference in the values of x of the two hetero-
structures may be due to their minor structural 
and morphological differences. 

4. Conclusions
For the first time, AlxGa1–xN/AlN/por-Si/Si 

(111) heterostructures were formed by nitrogen-
plasma-assisted molecular beam epitaxy using a 
buffer layer of por-Si porous silicon. 

X-ray diffraction and electron microscopy 
methods showed that the formation of Al0.54Ga0.46N 
solid solution on a buffer layer of porous silicon 
results in a more homogeneous size distribution 
and orientation in the basic direction of the solid 
solution nanocolumns compared to the similar 
solid solution Al0.49Ga0.51N, grown simultaneously 
on the same plate of monocrystalline silicon 
without porous layer under the same technological 
conditions.

The slight shift of ~ 5 % towards Al 
demonstrated by the surface composition 
of the solid solution on the substrate with a 
buffered porous layer may be due to the more 

homogeneous structural and morphological 
characteristics of this heterostructure.
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