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In this work, the growth and characterization of epitaxial Al0.29Ga0.71N and AlN cap layers grown on GaN/AlN/Si(111) 
substrate by RF-plasma assisted molecular beam epitaxy (MBE) are described. The Al mole fraction of x=0.29 was derived 
from the HR-XRD symmetric rocking curve (RC) ω/2θ scans of (0002) plane. For AlN/GaN/AlN sample, the maximum 
Raman intensity at 521.53 cm-1 is attributed to crystalline silicon. The allowed Raman optical phonon mode of GaN, E1 
(high) located at 570.74 cm-1 is clearly visible. PL spectrums of both samples have shown sharp and intense band edge 
emission of GaN without the existence of yellow emission band, indicating that good crystal quality of the samples have 
been successfully grown on the Si substrate. For IR reflectance analysis, GaN-like and AlN-like E2 (TO) optical modes have 
been measured at 558 cm-1 and 667 cm-1 respectively for Al0.29Ga0.71N cap layer. Finally, I-V measurement has been 
conducted to verify the rectifying characteristic of both samples.     
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1. Introduction 
 
AlxGa1-xN alloys are extremely important materials 

with widespread applications for optoelectronic devices 
because they have a direct wide energy bandgap, which 
ranges from 3.4 to 6.2 eV. Due to their wide band gap 
range, these alloys are very attractive materials for 
applications in ultraviolet (UV) laser diodes (LDs), light 
emitting diodes (LEDs) and photodetectors [1-3]. AlN, 
which has the widest direct band gap (~6.1 eV) among the 
III-nitrides and possesses outstanding properties such as 
high temperature stability, high thermal conductivity, and 
deep ultraviolet (DUV) transparency [4]. Furthermore, 
AlN thin films are potentially excellent insulators due to a 
high dielectric constant ε of 9.14 [5], good thermal 
conductivity of 2.85 W/cmK, and have a breakdown 
electric field higher than 3.3 MV/cm [6].  

Silicon substrate presents the obvious advantages 
since it is a well-established technology, low cost and has 
the potential for hybrid integration. However, Si (111) has 
been less investigated than sapphire as a substrate to grow 
nitrides, due to the higher lattice and thermal expansion 
coefficient mismatches resulting in a higher dislocation 
density and the potential generation of crack [7]. In 
addition, the problems of interdiffusion at the Si/epilayer 
interfaces increases the difficulty of interpretation the 
electrical measurements [8]. 

 
 
 

In this paper, we report on the growth of two            
III-nitrides thin films samples on Si(111) substrates with 
different growth condition, using high-temperature-grown 
GaN/AlN as a buffer layer. The growth was performed 
using plasma assisted molecular beam epitaxy (PA-MBE). 
The structural and optical studies of the samples were 
investigated using high resolution X-ray diffraction (HR-
XRD), Raman spectroscopy and photoluminescence (PL) 
spectroscopy. Fourier transforms infrared (FTIR) 
spectrometer (Spectrum GX FT-IR, Perkin-Elmer) was 
also used to perform the IR reflectance measurement. To 
verify the rectifying characteristic of both samples; the 
current-voltage (I-V) measurement was conducted.  

  
    
2. Experimental works 
 
All samples were grown in Veeco Gen II MBE system, 

with radio-frequency plasma source. The 3-inch Si (111) 
substrate was ex-situ cleaned with standard cleaning 
procedure by using RCA method prior entry into the MBE 
system. The substrates were outgassed at 900 oC for            
2 hours in ultra-high vacuum. In order to remove SiO2 
from the surface of silicon, a few monolayers of Ga were 
deposited on the substrate to form Ga2O3. A clean Si (111) 
can be observed from the presence of prominent Kikuchi 
lines in the typical Si (111) 7 x 7 surface reconstruction 
pattern. To prevent formation of Si3N4 at the surface, a few 
monolayers of Al were deposited before the nitrogen 
source was activated. 
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     (a)                                                                                 (b) 

Fig.1. Cross-section structures of  (a) AlxGa1-xN and (b) AlN cap layers on GaN/AlN/Si sample. 
 
 

For AlxGa1-xN cap layer on GaN/AlN/Si (111) sample, 
AlN buffer layer was initially grown on the Si substrate for 
13 minutes with the substrate temperature set at 875°C. 
Subsequently, GaN epilayer was grown on top of the 
buffer layer for 20 minutes with the substrate temperature 
set at 840°C. To grow AlxGa1-xN, the effusion cells of Al, 
and Ga were heated up to 1005 and 923°C, respectively. 
During the growth of AlxGa1-xN, the substrate temperature 
was set at 861°C (see Figure 1(a)). Similarly, for AlN cap 
layer on GaN/AlN/Si (111) sample, the buffer or wetting 
layer, AlN was initially grown on the Si substrate. To 
grow AlN buffer layer, the substrate temperature was 
heated up to 870oC, in which both of the Al and N shutters 
were opened simultaneously for 15 minutes. Subsequently, 
GaN epilayer was grown on top of the AlN layer for 60 
minutes. The temperature for the growth of GaN in the 
AlN/GaN/AlN is 870o C. Finally, AlN thin layer was 
grown on GaN/AlN/Si(111) for 5 minutes with the 
substrate temperature set at 850oC (see Figure 1(b)). 

The MBE grown AlxGa1-xN and AlN cap layers on 
GaN/AlN/Si(111) sample were characterized by a HR-
XRD, Raman spectroscopy and PL system. HR-XRD with 
a Cu-Kα1 radiation source (λ= 1.5406Å) was used to 
assess and determine the crystalline quality of the 
epilayers. For PL system, a He-Cd laser with emission 
wavelength of 325 nm is used as the excitation source, in 
order to study the band gap and quality of these alloys. 

Fourier transforms infrared (FTIR) spectrometer 
(Spectrum GX FT-IR, Perkin-Elmer) with a potassium 
bromide (kBr) beam splitter and a mid IR triglycine 
sulface (TGS) detector are used to perform the IR 
reflectance measurement. 

 
 
3. Results and discussions 
 
The growth mode of the AlGaN cap layers was 

analysed using RHEED. Figure 2 shows the schematic of 
the evolution the AlGaN layer with the corresponding 
RHEED patterns. The Si substrate surface showed a clear 
surface reconstruction at high temperature as shown in 
Fig. 2(a). Starting from a smooth AlN buffer layer [Fig. 
2(b)], the RHEED image remains streaky during initial 
stage of GaN growth. After the growth of GaN, the 
RHEED image continue to display a streaky pattern 
indicative of good surface morphology as revealed in Fig. 
2(c). During the growth of GaN (Fig. 2(c)), the streaky 
RHEED pattern is sharpened, suggesting the improvement 
of the crystalline quality of GaN relative to the AlN buffer 
layer. In Fig. 2(d) AlxGa1-xN growth under low 
temperature condition follows a Stranski-Krastanow 
growth mode, leading to AlxGa1-xN on top of a continuous 
wetting layer.  

 

 
(a) 

 
(b)

 
(c) 

 
(d)

Fig. 2. RHEED pattern for the growth process of AlGaN cap layer on GaN/AlN/Si(111) 
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Fig. 3 showed that the sample with AlxGa1-xN cap 
layer has also been successfully grown on GaN/AlNsilicon 
substrate and as confirmed from the presence of the peaks 
at 34.575o, 35.025o and 36.075o, which correspond to GaN 
(0002), AlxGa1-xN (0002) and AlN (0002), respectively. 
XRD symmetric RC ω/2θ scans of (0002) plane at room 
temperature was also conducted to verify the crystalline 
quality of thin films. The full width at half-maximum 
(FWHM) of AlxGa1-xN was 0.528o, which can be seen 
from Fig. 4. 
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Fig. 3. XRD spectrum of the AlxGa1-xN cap layer taken 
from the (0002) diffraction plane. 
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Fig. 4. XRD symmetric RC ω/2θ scans of (0002) 

plane for AlxGa1-xN cap layer grown on GaN 
/GaN/AlN/Si sample. 

 
 

From the XRD symmetric RC ω/2θ scans of (0002) 
plane, the lattice parameter c of the samples can be 
calculated using the following formula:  
 

RC

lc
θ

λ
sin2

=                            (1) 

 
where λ is the wavelength of the x-ray radiation 

(1.5406 Å), θRC is the Bragg angle estimated from the peak 
of the RC, and � is the Miller indices. In principle, the 
composition can be determined through XRD 
measurements and application of Vegard’s law. By 
assuming the layers are fully relaxed or fully strained, 
according to Vegard’s law, the variation of the lattice 
constant c between GaN and AlN is linearly proportional 
to the Al mole fraction [9]. Based on the obtained c value, 

the mole composition of the Al, x, can be determined using 
the following formula [10]:  
 

( )
( )GaNAlN

GaNAlGaN

cc
cc

x
−
−

=                           (2) 

 
where cGaN, cAlN and cAlGaN are the lattice constants of 

GaN, AlN, and AlxGa1-xN, respectively. From equations (1) 
and (2), the mole fraction x of AlxGa1-xN can be calculated. 
According to this law and equation (1) and (2), Al mole-
fraction was determined as 0.29 for Al0.29Ga0.71N sample.  
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Fig. 5. XRD spectra of the AlN cap layer taken from the 
(0002) diffraction plane and measured by the 2 Theta – 

Omega scan mode. 
 

 
Fig. 5 showed that AlN cap layer on GaN/AlN/Si 

sample has also been successfully grown on silicon 
substrate and has been confirmed from the presence of the 
peaks at 28.475o, 35.525o and 36.0750, which correspond 
to Si (111), GaN (0002) and AlN (0002), respectively.  
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Fig. 6. Room temperature Raman spectrum of 
Al0.29Ga0.71N cap layer on GaN/AlN/Si(111) substrate  

 
 

In order to understand the role of the buffer layers, 
micro-Raman scattering is used to investigate the stress 
status of the as-grown samples in further detail. Fig. 6 
shows the Raman spectrum of as-grown Al0.29Ga0.71N cap 
layer on GaN/AlN/Si sample. The dominant E2 (high) 
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phonon mode of GaN appears at 572.7 cm-1. The E2 (high) 
mode of AlN appears at 656.7 cm-1 and deviates from the 
standard value of 655 cm-1 for unstrained AlN [11]. 
Finally, the weak phonon mode at 622.5 cm-1 is attributed 
to the Al0.29Ga0.71N E2 (high) phonon mode [12-14]. The 
E2 (high) modes in the Raman spectra can be used to 
estimate the stress because it has been proven to be 
particularly sensitive to biaxial stress present within the 
samples [15]. The broadening in alloy semiconductors has 
been attributed to defects and/or inhomogeneous stress 
and/or the inhomogeneous distribution of constituent 
atoms [15]. It has been known that the line width E2(H) 
reflects the crystalline quality [16] and can be an indicator 
of the degree of randomness of the alloy [17].  

Figure 7 shows the Raman spectrum for the AlN cap 
layer on GaN/AlN/Si(111). The maximum intensity at 
521.53 cm-1 is attributed to crystalline silicon. It was found 
that the allowed Raman optical phonon mode of GaN, the 
E1 (high)) is clearly visible, which is located at 570.74 cm-

1. The presence of E1 (high) has led to the evidence of 
hexagonal-phase character for this GaN buffer layer. The 
use of silicon (111) substrate for growth of III-nitrides, 
particularly GaN, always produces relatively low crystal 
quality; therefore it is difficult to grow high quality GaN-
based materials on silicon (111) substrate [18-20]. It has 
been proposed that the large difference in lattice constant, 
crystal structure and thermal expansion coefficient 
between the silicon and GaN-based materials are amongst 
several factors which contributed to the poor crystal 
quality of the GaN-based epilayers [21].  
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Fig. 7. Room temperature Raman spectrum of AlN cap 
layer on GaN/AlN/Si (111) 

 
Fig. 8. PL spectra of the Al0.29Ga0.71N cap layer on 

GaN/AlN/Si sample  

Fig. 8 and 9 shows the PL spectrum of the 
Al0.29Ga0.71N and AlN cap layers, respectively. The PL 
spectrums for the Al0.29Ga0.71N and AlN cap layers are 
dominated by the intense and sharp peaks at 362.31 nm 
and 363.23 nm respectively, which are attributed to the 
band edge emission of GaN. The band edge emission for 
Al0.29Ga0.71N cap layer was not obtained due to the 
limitation of the excitation source used in this study. No 
yellow band emissions were observed either; this indicates 
that the thin films are of good optical quality. For AlN cap 
layer sample, the peak at 387.22 nm is probably due to 
impurities or native defects (such as C or N vacancy, Ga 
vacancy) related recombination. There is another broad 
peak located at 727.46 nm; the presence of this broad peak 
is rarely observed in n-type GaN PL studies (see Figure 9 
(inset)). This peak can be as attributed to red luminescence 
which has been reported by many researchers [22-26]. The 
origin of this peak could be the result of transition between 
a NGa site – GaN site  deep donor-deep acceptor state [27]. 

 

 
Fig. 9. PL spectra of the AlN cap layer on 

GaN/AlN/Si(111) sample.  
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Fig. 10. FWHM measured for PL spectra of the AlN cap 
layer on GaN/AlN/Si(111) sample.  

 
 

In the literature, the PL peak width obtain from the PL 
spectra is often used to characterize the quality of the 
material. Therefore, for GaN peak in 
Al0.29Ga0.71N/GaN/AlN/Si(111) sample, the full width at 
half-maximum (FWHM) is 8.171 nm, as shown in Figure 
8 (inset). Meanwhile, for GaN peak in 
AlN/GaN/AlN/Si(111) sample, the FWHM is 8.042 nm 
(see Figure 10). Both FWHM of samples are quiet 
comparable to that observed from the literature reviews 
[28, 29]. In general, the sample with smaller FWHM of the 
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PL peak will have a better optical quality, for which there 
is a smaller band gap fluctuation amplitude [30-31].      
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Fig. 11. IR reflectance spectra of the Al0.29Ga0.71N cap 

layer on GaN/AlN/Si sample. 
 
 

Under IR reflectance measurement, purely transverse 
optical (TO) and longitudinal optical (LO) phonon modes 
can be observed for phonon propagation direction 
perpendicular and parallel to the crystal axis; hence, more 
strongly marked features can be obtained [32]. Fig. 11 
shows the IR reflectance spectra of the Al0.29Ga0.71N cap 
layer on GaN/AlN/Si(111) substrate.  The GaN-like and 
AlN-like E1(TO) optical modes of the Al0.29Ga0.71N cap 
layer are represented by the open (◊) and close (♦) symbols, 
respectively. The large reflectivity features in the spectra 
have altered to form two peaks centered at ~558 cm-1 and 
667 cm-1, indicating that the incorporation of the Al 
elements into the semiconductor have created dramatic 
changes to the lattice dynamics of the material [27]. The 
broadening of the IR peaks for the GaN-like and AlN-like 
E1 (TO) optical modes of the Al0.29Ga0.71N cap layer may 
presumably represent the weakening of the bond strength 
in the films [33]. Hence, the structure of these films may 
be considered to be in polycrystalline or microcrystalline 
phase.  

Figs. 12-13 shows the current voltage (I-V) 
characteristics of Al0.29Ga0.71N and AlN cap layers grown 
on GaN/AlN/Si(111) substrate, operating under forward 
and reverse biases. Both samples shows the typical 
rectifying characteristics and the results are quiet 
comparable with Chuah et al. [34, 35]. It is well known 
that GaN contains high amount of defect densities 
especially due to reason like the difference in the thermal 
expansion coefficient and large lattice mismatch between 
GaN material and the substrate, particularly those grown 
on Si [36-39]. The high amount of current observed can be 
attributed to the tunneling of carrier across the barrier. 
This effect can be enhanced by the interfacial layer to 
produce trap-assisted tunnel currents. The existence of a 
thin interfacial layer can be ruled out unless the 
semiconductor is cleaved in an ultra-high vacuum 
condition [40, 41].      
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Fig. 12. IV Characteristic of Al0.29Ga0.71N cap layer on  

GaN/AlN/Si(111) substrate 
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Fig. 13. IV Characteristic of AlN cap layer on 
GaN/AlN/Si(111) substrate 

 
 

4. Conclusions 
 
In summary, the growth of Al0.29Ga0.71N and AlN cap 

layers on GaN/AlN/Si(111) substrate has been 
successfully performed using plasma-assisted molecular 
beam epitaxy. The microstructure and optical properties of 
the material has been revealed using XRD, Raman, FTIR 
and PL. The Al mole fraction was derived from the HR-
XRD symmetric rocking curve (RC) ω/2θ scans of (0002) 
plane. For AlN/GaN/AlN sample, the maximum Raman 
intensity at 521.53 cm-1 is attributed to crystalline silicon. 
The allowed Raman optical phonon mode of GaN, the E1 
(high) is clearly visible, which is located at 570.74 cm-1. 
PL spectrums of both samples have shown sharp and 
intense band edge emission of GaN without the existence 
of yellow emission band, indicating good crystal quality of 
the samples have been successfully grown on the Si 
substrate. For the AlN cap layer sample, the observed peak 
at 387.22 nm is most likely due to the presence impurities 
or native defects (such as C or N vacancy, Ga vacancy) 
related recombination. GaN-like and AlN-like E2 (TO) 
optical modes have been detected at 558 cm-1 and 667 cm-1 
respectively, for Al0.29Ga0.71N cap layer. Finally, for I-V 
measurement for both samples have shown the good 
typical rectifying characteristics and the results are quiet 
comparable with those reported in the literature.     
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