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ABSTRACT: 
 

We report the detection of phase separation of an Al1-xInxN/GaN heterojunction grown 

close to lattice matched conditions (x∼0.18) by means of Rutherford backscattering 

spectrometry in channeling geometry and high resolution x-ray diffraction. An initial 

pseudomorphic growth of the film was found, with good single crystalline quality, the 

nominal composition and very low strain state. After ~50 nm, a critical thickness is 

reached at which the InN molar fraction of the films drops to ~15 % and at the same 

time the single crystalline quality of the films degrade drastically. This spontaneous 

effect cannot be ascribed to strain relaxation mechanisms since both techniques show a 

good single crystalline growth of the ternary under lattice matched conditions. 
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1. INTRODUCTION  

The epitaxial growth of high quality heterostructures (HS) is one fundamental issue for 

the development of semiconductor devices. This fact is particularly important in the 

case of III-nitrides because of the lack of good substrates to grow them and the large 

lattice mismatch between GaN and the typical ternaries used in most nitride devices 

(InGaN and AlGaN). [1]. Even so, GaN-based devices have good performance in high-

power optoelectronic and microelectronic applications (light emission diodes, high 

electron mobility transistors, Bragg reflectors, etc.) [2-4]. The bandgap of the III-

nitrides can be varied with the composition covering a very extensive optical range, 

from 0.6 eV (InN) to the 6 eV (AlN) region, which is one of the main advantages of 

these systems [5]. 

Ternary (Al1-xInxN) and quaternary (AlyGa1-x-yInxN) nitrides are the best candidates to 

reduce the negative effect of lattice mismatch in HS since they actually can be grown in 

lattice-matched conditions to GaN. In the case of AlInN this lattice-matched conditions 

correspond to a composition with ~18 % of InN content while the quaternary alloys 

have more degrees of freedom and the band gap energy can be tuned between that of 

GaN (3.4 eV) and that of Al0.82In0.18N (4.4 eV) [6]. Nevertheless, due to the inherent 

differences between the binaries (AlN, InN) associated with lattice parameters, bonding 

energies and growth temperatures [7], some remaining problems can still restrict the 

capabilities of these systems. In particular, phase separation [6, 8-10], InN segregation 

[11, 12], relaxation processes [13] and deviations from Vegard’s law [14-17] have been 

already identified experimentally and theoretically in these HS. Phase separation is, in 

fact, one of the proved mechanisms related with the enhanced luminescence in AlInGaN 

epilayers [18, 19].  
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These deviations may occur as a function of the thickness, the growth rate, the 

temperature, etc. Therefore, an accurate depth-resolved characterization of this kind of 

HS is crucial for the correct optimization of the growth parameters and the 

understanding of the underlying physical phenomena taking place during this process. 

High-resolution x-ray diffraction (HR-XRD) is a common and powerful tool for the 

analysis of lattice parameters and composition of III-nitrides [20]. However, in general 

it does not provide depth resolution and, in lattice-matched HS, the overlapping peaks 

from film and substrate can reduce the accuracy of the measurement affecting the 

correct determination of the composition. In the case of the quaternaries, this 

compositional analysis by XRD cannot be carried out because of the lack of sufficient 

parameters.     

As an alternative, Rutherford backscattering spectrometry (RBS) is a well established 

technique for the determination of the compositional profile of thin films with a depth 

resolution of some nanometres [21]. This is a non-destructive method providing the 

elemental concentration several microns inside the material, and it has been successfully 

used in III-nitrides systems [22]. Furthermore, for heavy elements such as In and Ga, 

the sensitivity is very high due to the elevated backscattering cross-section, making 

possible the detection of changes of less than 1 % at.  

An additional advantage of this technique is the useful structural information it can 

provide when combined with ion channeling phenomena (RBS/C) [23]. This situation 

takes place when the beam is aligned with a major symmetry direction of the crystal 

producing an intense reduction of the backscattering events in the spectrum. The ratio 

between aligned and random yields is called minimum yield (χmin) and can be used as an 

indicator of the crystalline quality of the film in RBS/C. Angular scans along the 
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crystallographic axes show a characteristic dip that contains further structural details. In 

particular, the strain state of the film can be quantified using the incidence along an 

oblique axis as shown in Fig. 1. Since the film and the substrate have, in principle, 

different lattice parameters, the minima of the dips will occur at different angles. The 

difference between them is known as kink angle, Δθ=θsubs-θfilm, and it can be correlated 

with the strain state. 

We report here the detection of phase separation in an AlInN/GaN HS by RBS/C. A 

random configuration was used for the determination of the compositional profile, 

whereas the <0001> aligned spectrum was employed to correlate the composition with 

the structural differences in the film. Both properties proved to be closely linked. 

Further analysis with angular scans along the >< 1132  axis was performed to find the 

strain state of the film. The obtained value was contrasted with HR-XRD.  

2. EXPERIMETAL 

The studied AlInN/GaN HS was grown on (0001) sapphire by low-pressure chemical 

vapour deposition (LP-CVD) in an Aixtron 200RF reactor. Gas precursors were 

trimethyl-Al, trimethyl-In and ammonia (NH3), using 50 mbar of pressure. The growth 

rate was 2 nm/min. The 110 nm thin layer of AlInN was deposited at 860 ºC, with a 

V/III ratio of 2700.  

RBS/C experiments were performed with a 1.5 MeV 4He+ beam, 1 mm2 of size. 

Backscattered ions were detected simultaneously by two silicon barrier detectors 

(energy resolution of 16 keV) placed at 125º and 170º in IBM geometry. A 3-axes 

goniometer was employed to control the crystal position with an accuracy of 0.01º. 

Angular scans across <0001> and >< 1132  axes were recorded in steps of 0.05º to 
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determine the crystallinity grade and the strain state of the film. Random spectra up to a 

dose of 5 μC were acquired by rotating the sample during the measurement. Both 

aligned and random spectra were simulated using the RBX code [24].  

Reciprocal space maps (RSMs) of the AlInN/GaN HS were acquired in a D8Discover 

high resolution diffractometer (Bruker-AXS) using Cu(Kα1) radiation, an asymmetric 

two-bounce Ge(220) monochromator, and a scintillation NaI(Tl) detector. The in-plane 

(a) and out-of-plane (c) lattice parameters were extracted from RSMs around the (0004) 

and )5110( reflections. 

3. RESULTS AND DISCUSSION 

Random and <0001> aligned spectra of the Al1-xInxN/GaN HS from RBS/C experiments 

are shown in Figure 2. The elemental concentration was determined by means of the 

RBX simulation, also exposed in the graph. The In signal (1200-1375 keV) is 

completely separated from the Ga substrate signal in the spectrum, what gives an 

accurate measurement of the concentration. On the contrary, the Al signal (800-1000 

keV) is overlapped with the Ga one due to the lighter mass. However, since the Al 

concentration is high, the signal is clearly distinguishable in the spectrum. For the 

fitting, a two-layer model had to be used, corresponding to two different energy 

windows (w1 and w2 in the figure). Figure 3 shows the extracted profile in detail. On 

one hand, w1 (surface, ∼60 nm) shows a flat signal fitted with a single layer of x=0.15. 

On the other, w2 (interface, ∼50 nm) exhibits a higher backscattering yield fitted with a 

composition of x=0.18. Thus, two different compositions were accomplished during the 

growth.  
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The aligned spectrum along the <0001> axis reveals that both compositional regions 

show also different structural behaviours. The yield in w1 is the same as in the random 

spectrum (χmin=100%), what indicates that this part of the film is composed of an 

amorphous or polycrystalline material. However, the yield in w2 is clearly reduced by 

the channeling effect (χmin=62%), even after the dechanneling induced by the first layer, 

which indicates that the interface layer is single-crystalline. Thus, the change in the 

composition is accompanied by a strong deterioration of crystal quality, confirming the 

existence of two different phases in the AlInN film.  

This fact was verified in three additional samples grown under similar conditions but 

with different thicknesses (up to ~200 nm). The thickness of the first In-rich layer (w2), 

however, was in the same range for all of the samples (∼50 nm), indicating the existence 

of a critical thickness for the growth. This suggests that the phase separation is 

occurring spontaneously during the growth. The occurrence of such compositional 

gradients has been detected previously for different AlInN films [13, 14]. Nevertheless, 

in these cases the deterioration of the crystal quality was explained by strain relaxation 

effects which cannot be the cause in our lattice-matched films. Despite AlInN films 

close to lattice-matched conditions normally present a pseudomorphic growth [14], the 

compositional gradient in our samples is leading away from the lattice-matched 

composition, so the expected behaviour is not coherent with a relaxation process during 

the growth as in other samples [13].  

In order to verify this point, the strain state of the crystalline AlInN phase (w2) was 

measured by angular scans along the <0001> and >< 1132  axes. Figure 4 shows both 

scans for the In (w2) and the Ga signal (w3). The minimum in the <0001> scan is 

reached in the same position, since this axis is not sensitive to the tetragonal distortion.  
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However, the >< 1132  axis is located at θ~31.6º along the )0110(  plane and verifying 

tanθ=a/c. Then, the angular scan in this axis is sensitive to the different lattice 

parameters in film and substrate. The observed shift in the positions of both dips is 

related to the different a/c ratio of both AlInN film and GaN substrate (see Figure 1). 

The experimental kink angle was calculated from the minima, finding a value of Δθ=-

0.36(2)º. Following Vegard’s law and assuming the RBS mean composition, the 

theoretical Δθ for a relaxed AlInN layer would be -0.363º. As expected for a film with 

x=0.18, it can be concluded that the first part of the AlInN film was grown directly 

relaxed within the experimental errors of RBS/C.  

RSMs of the AlInN/GaN heterostructure for the (0004) and )5110(  planes are shown in 

Figure 5. The (0004) map reveals that there are no macroscopic tilts between the film 

and GaN substrate. Lattice parameters of both layers were extracted from the )5110(  

map, since Qx and Qz are inversely proportional to a and c, respectively. Values for the 

GaN layer was found to be a=3.188(1) Å, c=5.188(1) Å, while AlInN film showed 

a=3.190(1) Å, c=5.111(1) Å. The composition value extracted from these lattice 

parameters considering biaxial strain and using Vegard’s law is x=0.183, in excellent 

agreement with the RBS results. No XRD signal from the surface layer (w1) was found 

at the expected positions for strained or relaxed AlInN with x~0.15. The absence of such 

a crystalline phase in the RSM, however, can be easily explained by the lack of 

crystalline quality in this layer.  

Following the experimental data, parallel and perpendicular strain of the AlInN layer 

were calculated as 00
|| /)( aaa −=ε  and 00 /)( ccc −=⊥ε . The a0 and c0 parameters 

represent values for a relaxed AlInN film taking into account the Vegard’s law [25]. 
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Since RBS/C experiments demonstrated that only the initial layer of Al0.82In0.18N shows 

a crystalline behaviour, we use this composition in the calculation of the relaxed 

parameters. Thus, it was obtained ε║=0.02(3) % and ε⊥=-0.03(2) %. The resulting 

tetragonal distortion ( ⊥−= εεε ||
T ) was 0.05(5) %. The very low parallel strain 

indicates the lattice matched growth achieved in the first step of the growth. The value 

of tetragonal distortion is almost zero (relaxed), which is in good agreement with the 

RBS/C results.  

On the basis of these results, the spontaneous degradation of the crystal quality together 

with the compositional grading cannot be attributed to mechanical stresses during the 

growth of the ternary film, but to other thermodynamic or chemical effects influencing 

the atomic ordering. Indeed, the important role of the temperature and the InN 

decomposition in the growth regime of AlInN epilayers has been recently confirmed [6, 

7]. Consequently, oscillations of the temperature during the growth can provoke the 

formation of In droplets, changing the effective incorporation of In to the lattice and 

breaking the local-order of the nitride. The existence of such phase separation due to the 

different affinity of In-In bonds with temperature has been already demonstrated 

theoretically [9].    

4. CONCLUSIONS 

In this study, RBS/C and HR-XRD experiments on AlInN/GaN heterostructures were 

reported. Different compositional and structural phases were identified in the RBS/C 

analysis, being both of them related. Only the first 50 nm of the AlInN film shows 

pseudomorphic single crystalline growth, corresponding with lattice matched conditions 

(x=0.18). Analysis of the RBS/C angular scans as well as HR-XRD RSMs revealed an 
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almost relaxed interfacial layer. However, after the growth of ~50 nm, the film shows a 

drastic degradation of the crystal quality and a decrease of the InN content as observed 

by RBS/C.  
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FIGURE CAPTIONS: 

Figure 1.  (Color on line) Kink angle (Δθ) detection along the >< 1132  axis in an 

AlInN/GaN HS. The different positions of the minima in the angular scan 

are related with the lattice parameters and can be used to extract the strain 

state of the film.  

Figure 2.  (Color on line) Random and <0001> aligned spectra (circle and squares) 

from RBS/C experiments performed with 1.5 MeV He+ ions. Composition 

and dechanneling of the layer was fitted by the simulation (solid line). Three 

selected energy windows for the channeling analysis are also exposed.  

Figure 3.  (Color on line) Compositional depth profile extracted from RBS simulation. 

Two different compositions are distinguished for the surface (0-60 nm) and 

the interface (60-110 nm) of the AlInN layer. 

Figure 4. (Color on line) Experimental angular scans across <0001> and >< 1132  

axes. The measured kink angle is 0.36º corresponding to a relaxed 

Al0.82In0.18N layer.  

Figure 5. (Color on line) Reciprocal space maps for HR-XRD measurements along 

(0004) and )5110(  planes. Pseudomorphic growth is confirmed with an 

almost null strain state of the film. The dashed lines in the )5110(  map 

indicate the positions for fully strained and relaxed Al1-xInxN layers.  
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Figure 1 – A. Redondo-Cubero et al. 
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