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The structural, morphological, electrical and optical properties of In-rich AlxIn1-xN (0 < x < 

0.39) layers grown by reactive radio-frequency (RF) sputtering on sapphire are investigated as 

a function of the deposition parameters. The RF power applied to the aluminum target (0 W to 

150 W) and substrate temperature (300 °C to 550 °C) are varied. X-ray diffraction 

measurements reveal that all samples have a wurtzite crystallographic structure oriented with 

c-axis along the growth direction. The aluminum composition is tuned by changing the power 

applied to the aluminum target while keeping the power applied to the indium target fixed at 

40 W. When increasing the Al content from 0 to 0.39, the room-temperature optical band gap 

is observed to blue-shift from 1.76 eV to 2.0 eV, strongly influenced by the Burstein-Moss 

effect. Increasing the substrate temperature, results in an evolution of the morphology from 

closely-packed columnar to compact. For a substrate temperature of 500 °C and RF power for 

Al of 150 W, compact Al0.39In0.61N films with a smooth surface (root-mean-square surface 

roughness below 1 nm) are produced.  
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1. Introduction 

The III-nitride semiconductors AlN, GaN, InN and their ternary alloys have become increasingly 

important in applications such as light-emitting diodes [1], laser diodes [2], solar cells [3], high 

electron mobility transistors [4] and Bragg reflectors [5]. The ternary alloy AlxIn1-xN is of particular 

interest due to the wide-range of direct band gaps it presents, ranging from the near infrared (InN: 

0.7 eV [6]) to the deep ultraviolet (AlN: 6.2 eV [7]), and its lattice match to GaN near x=0.83 [8] . 

These capabilities allow the design of a wide range of functional structures for many final 

applications, including UV emitters, high reflectivity mirrors and transistors for high temperature 

operation. However, the growth of high-quality and single-phase AlInN remains challenging due to 

the large immiscibility gap of the alloy [9,10] and the large growth temperature difference between 

InN and AlN [11]. 

There are a number of reports of the synthesis of AlInN layers using metal-organic chemical vapor 

deposition (MOVPE) [12,13] and molecular beam epitaxy (MBE) [14,15] as well as by sputtering 

deposition [16–27]. Sputtering deposition allows low temperature deposition thanks to the high kinetic 

energy of the ions involved in the growth process. It also permits the deposition of polycrystalline 

films on large area substrates using a low cost process, but at the expense of delivering layers with 

lower crystal quality than those grown by MOVPE or MBE. The use of sputtering to deposit AlInN on 

a wide range of substrates, including sapphire, silicon, and quartz, and at different deposition 

temperatures has been reported by a number of groups [16–27]. A mixture of argon and nitrogen is 

usually used for the plasma generation. In this report we study the optimization of the deposition 

conditions for AlInN on sapphire substrates under pure nitrogen plasma. The use of pure nitrogen 

instead of an argon and nitrogen mixture leads to lower deposition rates and thus the layer properties 

are highly affected.  

We have previously reported a study of AlInN sputtered films on Si(111) substrates using pure 

nitrogen [27] showing that the growth temperature does not affect significantly to the morphological 

properties of the layers. In this work, we investigate the effect of varying the power applied to the 
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aluminum target (0 W to 150 W) and the substrate temperature (300 °C to 550 °C) on the properties of 

high In-content AlxIn1˗xN grown by reactive radio-frequency (RF) magnetron sputtering on c-sapphire 

substrates. We demonstrate that the growth kinetics, the Al content (0 < x < 0.39) and the layer 

morphology (ranging from closely-packed nanocolumns to compact) of the layers can be controlled 

through these two parameters. The optical band gap as a function of Al composition and the resultant 

bowing parameter are estimated. 

2. Experimental methods 

A reactive RF-sputtering system (AJA International, ATC ORION-3-HV) was used to deposit 

AlxIn1˗xN samples on (0001)-oriented sapphire substrates. This sputtering system is equipped with 

three 2-inch confocal magnetron guns. The ternary deposition was carried out by simultaneously 

sputtering from separate targets of pure In (99.995 %) and pure Al (99.999 %), with pure nitrogen 

(99.9999 %) used as the reactive gas. The substrate-target distance was fixed at 10.5 cm. A 

thermocouple placed in direct contact with the substrate holder is used to monitor the substrate 

temperature during deposition. The substrates were chemically cleaned in organic solvents before 

being loaded in the sputtering chamber where they were outgassed for 30 min at 550 C. After this 

cleaning procedure, the substrates were cooled down to the growth temperature. Prior to the 

deposition, the targets and the substrate were cleaned using plasma etching with Ar (99.999 %) in the 

growth chamber. AlxIn1˗xN layers were then deposited with the nitrogen flow, sputtering pressure and 

RF power applied to the indium target kept at 14 sccm, 0.47 Pa and 40 W, respectively. A sputtering 

time of 4 h was used for all the samples.  

Two sets of samples were prepared in order to study the influence of the deposition conditions on the 

properties of AlInN-on-sapphire layers. Firstly, the RF power applied to the Al target (PAl) was varied 

from 0 W to 150 W with the substrate temperature (Ts) kept constant at 300 C (set A, S1 — S5). 

Secondly, Ts was varied from 300 °C to 550 C with PAl fixed at 150 W (set B, S5 — S9). 

Table 1: Summary of the structural and optical characterization results of the AlxIn1-xN samples: RF 

power applied to the Al target (PAl); substrate temperature (Ts); thickness estimated with FESEM; 
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room-temperature absorption edge (Eg); absorption band edge broadening (E); and room-temperature 

PL emission energy (EPL). 

Sample 
PAl 

(W) 

Ts 

(ºC) 

Thickness 

(nm) 

Eg 

(eV) 
E 

(meV) 

EPL 

(eV) 

S1 0 300 365 1.76 143 1.59 

S2 75 300 370 1.85 144 - 

S3 85 300 370 1.88 145 1.71 

S4 105 300 385 1.94 150 - 

S5 150 300 530 2.03 154 1.86 

S6 150 350 500 2.04 180 - 

S7 150 450 575 1.98 210 - 

S8 150 500 475 1.99 210 - 

S9 150 550 455 2.00 220 1.65 

 

The crystalline orientation, composition and mosaicity of the deposited films were estimated from 

high-resolution X-ray diffraction (HRXRD) measurements obtained using a four-axis Bruker AXS D8 

Advance diffractometer. The composition was also measured by wavelength dispersive X-ray (WDX) 

spectroscopy using a Cameca SX100 electron probe micro-analyzer (EPMA), with a 7 kV electron 

beam which probes the topmost ~ 200 nm of the layer [28]. Atomic force microscopy (AFM) was 

employed to characterize the surface morphology, using a Veeco Dimension 3100 microscope in 

tapping mode, with WSxM software [29] used for data processing and image generation. A Zeiss Ultra 

55 field-emission scanning electron microscope (FESEM) was used to characterize the morphology 

and to estimate the thicknesses of the layers. The electrical properties of the layers were analyzed 

using room temperature Hall-effect measurements and a conventional Van der Pauw geometry. The 

optical properties of the layers were estimated from transmittance measurements performed at normal 

incidence over a 350–1700 nm wavelength range using an optical spectrum analyzer and 
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photoluminescence (PL) data excited using a 23 mW laser diode. The PL was dispersed by a 45 cm 

focal-length Jobin-Yvon monochromator coupled to a charge-coupled-device (CCD) camera for 

detection. 

3. Results and discussion 

3.1. Structural and morphological characterization 

Figure 1 depicts the 2/ω X-ray scans obtained by HRXRD corresponding to the RF power (PAl) series 

of samples in set A. The two peaks observed within the 2 analyzed span correspond to the AlxIn1xN 

(0002) and the Al2O3 (0006) reflections, confirming the wurtzite structure of the layers with the c-axis 

aligned to that of the sapphire substrate. Increasing PAl leads to an increase of the diffraction angle for 

the AlxIn1xN layer reflection, corresponding to a reduction of the c lattice parameter from 5.741 Å for 

S1 to 5.474 Å for S5. The Al content of the layers, estimated assuming they are fully relaxed by 

applying Vegard’s law [30] and considering the lattice parameters of InN (cInN = 5.703 Å) and AlN 

(cAlN = 4.982 Å) [31], increases from 0 to 0.32 as a function of PAl for the studied range (samples S1 to 

S5 in Table 2). In the case of the samples grown ranging the substrate temperature, only the peak 

related to AlInN (0002) diffraction is observed (not shown), which barely changes its position with the 

growth temperature (see table 2). 
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Figure 1: 2/ scans of the samples of set A. The dash line shows the position of the InN (0002) 

reflection peak while the dotted line shows the position of the AlN (0002) reflection peak. 

The Al composition of the layers was further investigated by WDX measurements, obtaining values 

slightly higher than those calculated from HRXRD. This difference is attributed to residual strain 

present in the layers due to the lattice mismatch with the sapphire substrate (22.5% and 11.7% in-plane 

lattice mismatch for InN and AlN on sapphire, respectively). To estimate the strain state (εzz) of the 

AlxIn1-xN layers, the relaxed lattice parameter c has been calculated using the Al mole fraction 

extracted from WDX measurements (    ). Then, the strain along the c-axis has been calculated as 

    (           )     ⁄ , obtaining values in the (0.9 to 5.3)×10
-3

 range (tensile strain). 

Assuming that the stress during the growth was biaxial, i.e. isotropic in-plane stress and no stress 

along the growth axis, the in-plane strain can be calculated as                ⁄ , were     and     

are elastic constants. Assuming            and             for InN and             and 

            for AlN [31],     is in the range of (1.2 to 7.6)×10
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 (compressive strain). The 
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compressive nature of     is consistent with the growth on sapphire substrates, and the fact that the 

layers are almost fully relaxed is expected in such a mismatched heteroepitaxial system (see Table 2). 

It should be pointed out that the value of |εzz| increases when increasing the layer thickness (see tables 

1 and 2), which points to the aluminum content as the main factor at the origin of the strain state of the 

layers. Furthermore, three layers (S5, S7 and S9) with similar Al composition and different thickness 

present similar strain state. 

Table 2: Summary of the Al mole fraction x and c-axis parameter extracted from HRXRD and 
WDX measurements respectively; strain along the (    ) axis (εzz); in-plane strain (εxx). 

Sample 
PAl 

(W) 

Ts 

(ºC) 
xHRXRD 

cHRXRD 

(Å) 
xWDX 

cWDX 

(Å) 

εzz 

(%) 

εxx 

(%) 

S1 0 300 0 5.741 
 

- - - - 

S2 75 300 0.13 5.611 - - - - 

S3 85 300 0.17 5.579 0.18 5.574 
 

0.09 -0.12 

S4 105 300 0.21 5.553 0.24 5.531 0.40 -0.54 

S5 150 300 0.32 5.474 0.36 5.445 0.53 -0.76 

S6 150 350 0.34 5.455 - - - - 

S7 150 450 0.33 5.465 0.38 5.431 0.63 -0.90 

S8 150 500 0.35 5.452 - - - - 

S9 150 550 0.35 5.453 0.39 5.423 0.55 -0.78 

 

The AlInN films (S2–S5) present a FWHM of the scan of the (0002) reflection in the range of 1.4°–

1.9°, without a clear trend as a function of PAl. These values are comparable with previous results in 

AlInN samples grown by MBE [32]. 

The evolution of the root-mean-square (rms) surface roughness of the AlInN films with PAl is shown 

in figure 2(a), with measurements being extracted from 2×2 m
2
 AFM images. The surface roughness 

increases markedly when incorporating Al to the InN layer due to the change in the layer morphology 
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from a compact InN layer (S1) to a closely-packed columnar Al0.13In0.87N structure (S2). See figure 2 

(b-e) that shows the AFM micrographs and cross-sectional FESEM images of the InN sample (S1) and 

the AlInN sample deposited with PAl = 75 W (S2) for clarity. This change is explained by the low 

mobility of the impinging Al atoms which leads to a reduction of the capability for surface diffusion of 

In and N species. Further increase of the PAl from 75 W to 150 W, induces an increase of the Al 

incorporation into the layer (see Table 2) and a decrease of the surface roughness while keeping the 

closely-packed columnar morphology unaltered (see AFM and FESEM images of S5 in figures 3(b) 

and 3(c), respectively). This surface roughness reduction for increasing PAl is attributed to the 

increased kinetic energy of the Al atoms impinging the growing surface. 

 

Figure 2: a) Rms surface roughness evolution of the AlxIn1-xN samples as a function of PAl. The solid 

line is a guide to the eye. b) 4x4 m
2
AFM and c) SEM of the InN layer (S1, PAl = 0); d) 4x4 m

2 
AFM 

and e) SEM of the Al0.13In0.87N layer (S2, PAl = 75 W). The AFM and SEM images of the sample 

grown at PAl of 150 W (S5) are shown in figure 3 (b) and 3 (c). 

The mobility of the adsorbed species can be improved by increasing the substrate temperature, which 

should therefore compensate the presence of Al. This effect is studied with the second sample set (set 
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B, samples S5-S9) where the substrate temperature was varied from Ts = 300 C to 550 C and PAl was 

held constant at 150 W. WDX measurements indicate a slight increase of the Al mole fraction in the 

layers as a function of the substrate temperature, from 0.36 to 0.39 in the range under study. The 

compositional change is consistent with an enhanced desorption of physi-adsorbed In atoms.  

 

Figure 3: a) Estimated rms surface roughness of AlxIn1-xN samples as a function of Ts with PAl of 

150 W. The solid line is a guide to the eye. b) 4x4 m
2 
AFM and c) SEM of the AlInN layer grown at 

300 C (S5); d) 4x4 m
2 
AFM and e) SEM of the AlInN layer grown at 550 C (S9). 

A gradual change in morphology occurs when increasing the growth temperature as shown in figures 

3(b, c) and 3(d, e) for samples S5 (300 C) and S9 (550 C), respectively. When increasing the 

substrate temperature, the layers evolve from closely-packed columnar structures to compact films, 

with a reduction of the growth rate from 143 nm/h to 113 nm/h. This indicates that the higher substrate 

temperature compensates the drop in kinetic energy caused by the presence of Al. Furthermore, the 

rms surface roughness drops from 5.8 nm to 0.8 nm (comparable to best values for sputtered AlN on 

sapphire [33]) when the growth temperature increases from 300 C to 550 C, as illustrated in figure 

3(a). 
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3.2. Electrical characterization 

Figure 4 shows the room temperature resistivity and the free carrier concentration of the AlxIn1˗xN 

layers as a function of (a) the Al mole fraction extracted from WDX, except in the case of S2 where it 

is extracted from XRD (in this case the Al mole fraction measured by XRD and WDX should be 

comparable because, as observed in Table 1, the differences between these measurements increases 

when increasing the Al composition (set A) or the substrate temperature (set B)). In set A (S1–S5), 

increasing the Al composition from x = 0 to 0.36 causes the carrier concentration to drop by more than 

one order of magnitude and the resistivity to increase from ρs = 0.2 m·cm to 11.5 m·cm. The 

results for InN are in agreement with previous literature [34,35]. Several factors might contribute to 

the observed change in electrical properties of the Al0.13In0.87N layer in comparison to those of the InN. 

On the one hand, the columnar morphology results in an increase of the resistivity and a decrease in 

the carrier concentration due to scattering, carrier trapping and band bending at the boundaries. On 

the other hand, the widening of the band gap by Al incorporation should lead to an increase of the 

activation energy of the impurities and a decrease of the carrier concentration, giving a trend that is 

also observed when increasing the Al content [36]. 

 

Figure 4: Dependence of the AlInN carrier concentration and resistivity on: a) the aluminum mole 

fraction and b) the substrate temperature. 
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In set B (S5–S9), the increase of the mobility of the adatoms on the surface when increasing substrate 

temperature does not have any remarkable effect on the Al content of the layer, but it does 

significantly change the deposition mode. This increase in the adatom mobility and thus the change in 

the morphology from closely-packed nanocolumns (S5) to a compact layer (S9) leads to a drop of the 

resistivity from ρs = 11.5 m·cm to 3.7 m·cm. which confirms that the enhancement observed in this 

set was indeed due to the morphology. During the growth of thin films different steps happen, namely 

the nucleation of small islands, then the growth and coalescence of the islands, and finally the two-

dimensional growth [37]. The process of attaining two-dimensional growth relays on a high enough 

adatom mobility, which depends on the growth conditions and on the nature of the substrate. In this 

particular case, an enhancement of the adatom mobility is achieved by increasing the substrate 

temperature. The resistivity drop is also associated with an increase of the carrier concentration, but 

only by a factor of 2. For the compact Al0.39In0.61N sample, S9, the values of resistivity and mobility 

(ρs = 3.7 m·cm and µ  6.2 cm
2
/Vs) are similar to those reported by Liu et al. (ρs = 1.2 m·cm and 

µ = 11.4 cm
2
/Vs for Al0.28In0.72N layers [38]). 

3.3. Optical properties 

The inset of figure 5(a) shows the transmission spectra of several samples in set A. The absorption of 

the samples is estimated from transmission spectra considering the relation α(E)∝−ln(Tr), which 

neglects optical scattering and reflection losses. The apparent optical band gap energy (Eg) is then 

obtained through a linear fit of the squared absorption coefficient as a function of the photon energy 

(dashed line in figure 5(a)). The room-temperature values of Eg are summarized in Table 1 and show a 

blue-shift from Eg = 1.76 eV (λg = 704 nm) for InN (S1) to Eg ~ 2.0 eV (λg = 610 nm) for Al0.39In0.61N 

(S9). These values of Eg are related to the high carrier concentration measured in the layers and the 

Burstein-Moss effect. 

The absorption spectrum of the layers was modeled by using a sigmoidal approximation, given by: 

α 
α 

1 e
E  E
 E

 (1) 
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where α0 is the above band-gap absorption, ΔE the absorption edge broadening of the samples, E is the 

photon energy, and E0 is a fitting parameter that marks the inflection point of the sigmoidal function 

[39]. An average value of α0 = (1.1±0.2)×10
5
 cm

−1
 is obtained, with ΔE increasing from 143 meV to 

220 meV with the Al incorporation, as summarized in Table 1.  

 

Figure 5: a) Square of the absorption coefficient as a function of the photon energy of AlxIn1-xN layers 

with different composition. The inset shows the room-temperature transmittance spectra of the same 

layers. b) The band gap energy of AlxIn1-xN as a function of Al composition (from WDX), including a 

parabolic guide to the eye and an indication (shaded) of the difference from a bowing parameter 

expression using the band-gap of pure InN. 

Figure 5(b) depicts Eg as a function of the Al composition extracted from WDX (x) also including a 

comparison of our data with experimental results in AlxIn1-xN layers grown by MBE [32]. The 

difference between both curves is explained by the Burstein-Moss effect due to the high carrier 

concentration of samples grown by sputtering. This difference decreases for AlInN when increasing 

the aluminum content because of the measured reduction of carrier concentration with the Al content 

(blue shadow in figure 5(b) as a guide to the reader). 

Page 12 of 19AUTHOR SUBMITTED MANUSCRIPT - JPhysD-110701.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



In-rich AlxIn1˗xN grown by RF-sputtering on sapphire 

13 

 

Figure 6: Normalized room-temperature PL emission spectra of the samples grown with different PAl. 

The peak that appears at ~1.3 eV is an artifact of the PL setup. 

The room-temperature PL emission of samples of set A is shown in figure 6, a FWHM in the 

370  490 meV range is measured. The Stokes shift (difference between the PL emission and the 

absorption edge energies) is ~170 meV for all the samples of set A, similar to results reported by other 

authors for sputtered InN films [40]. However, in series B, the Stokes shift increases from ~170 meV 

for S5 to ~350 meV for S9. This difference might be related to the higher alloy inhomogeneity while 

the layers gain in compactness, probably associated to the higher deposition temperature. This high 

Stokes shift is in agreement with the calculations of Jiang et al. [18] who relate it with fluctuations in 

the In distribution, or with deep defects or impurities acting as preferential recombination centers. It 

should be pointed out that the PL peak emission energy of the sample S9 recovers the value obtained 

for the InN sample (1.65 eV versus 1.59 eV, as summarized in Table 1).  
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Figure 7: Temperature-dependent PL spectra of a) Al0.36In0.64N (S5) and b) Al0.39In0.61N (S9). c) 

Thermal evolution of the integrated PL emission intensity of the analyzed AlxIn1-xN layers. The solid 

lines show the fit of the experimental data to equation (2). d) Temperature dependence of the PL 

emission peak energy. The solid lines indicate the agreement of the experimental data to Varshni’s 

equation, (3). The peak that appears at ~1.3 eV is an artifact of the PL setup. 

The evolution of the PL emission with temperature was investigated in the temperature range of 

T = 5 K to 300 K, as shown in figure 7(a) and (b) for samples S5 (columnar) and S9 (compact), 

respectively. Figure 7(c) shows the integrated PL emission as a function of temperature. The thermal 

evolution of the PL is characterized by a quenching of the intensity due to the activation of 
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nonradiative recombination processes, together with a red shift and broadening of the emission. The 

PL intensity of the columnar Al0.36In0.64N sample (S5) drops by a factor of approximately x1.6 from 

T = 5 K to room-temperature, whereas it drops by x5 for the compact Al0.39In0.61N sample (S9). In both 

cases, the evolution of the PL emission integrated intensity, I(T), follows the equation (2), which 

considers a single nonradiative recombination channel [41]: 

 ( ) 
  

1 a e
 
Ea
 b 

 (2) 

In equation (2), I0 is the integrated intensity at 0 K, Ea represents the activation energy of the 

quenching process, kBT is the thermal energy, and a is a fitting constant related to a 

nonradiative-to-radiative recombination ratio of the extinction process [41]. The fits of the 

experimental data with equation (2) are displayed by solid lines in figure 7(c). Values of activation 

energy of Ea = 19±7 meV and Ea = 28±5 meV are obtained for S5 and S9 samples, respectively. The 

values of a vary from 0.96 to 8.6, for S5 and S9, respectively.  

The Varshni [42] equation (3) was used describe the evolution of the PL peak emission energy with 

the temperature. 

E  ( ) E  ( ) 
   

   
 (3) 

Equation (3) involves the PL emission energy at 0 K EPL(0), and two fitting constants, γ and β.  These 

fitting constants are obtained ta ing into account the   and   of the binary compounds [31]. 

Considering the composition of the AlInN layers, and applying the Vegard’s law, values of 

  = 0.74 meV/K and   = 890 K for S5, and   = 0.8 meV/K and   = 920 K for S9, are obtained. Figure 

7(d) shows the evolution of the PL emission energy for S5 and S9 samples with temperature, in which 

the solid lines show the agreement of the experimental data to equation (3).  

4. Conclusions 

In conclusion, we have studied the influence of growth parameters (power applied to the aluminum 

target and substrate temperature) on the properties of AlxIn1-xN layers grown on (0001)-oriented 
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sapphire substrates by reactive RF-sputtering. The power applied to the aluminum target controls the 

composition of the alloy, while the surface morphology evolves from columnar to compact layers 

when varying the substrate temperature while keeping constant the Al content. For the analyzed 

growth conditions, samples grown over 500 C and at 150 W of PAl (x=0.39) attain the best properties, 

i.e. compact morphology with high surface quality (roughness below 1 nm) and a band gap energy of 

2 eV, making them appropriate for their application to photoconductors and high reflectivity mirrors in 

the visible wavelength range. 
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