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The effect of an AlN buffer layer thickness on the structural, morphological and optical 

properties of n- Al0.37In0.63N deposited on p-Si (111) by radio-frequency sputtering was 

studied. The AlN/ Al0.37In0.63N samples were structurally characterized via X-ray diffraction 

and high-resolution transmission electron microscopy showing that all layers present wurtzite 

structure highly oriented along the c-axis with no phase separation. All the samples present 

compact morphology with root-mean-square surface roughness below 1.7 nm and 

low-temperature photoluminescence emission centered at 1.8 eV. The presence of the buffer 

layer leads to an improvement of the structural quality, evidenced by a reduction of the full 

width at half maximum of the rocking curve around the (0002) AlInN reflection from 8° to 5°. 

Selected samples were processed and tested as solar cells showing a good rectifying behavior 

in the dark and an open circuit voltage of 0.35 V, a short circuit current density of 

22.2 mA/cm2 and fill factor of 20% under 1 sun AM1.5G illumination. 

Keywords: III-nitrides, AlInN, AlN buffer, RF-sputtering, characterization, photovoltaics… 

1. Introduction 
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III-nitrides have attracted great interest for application in electronic, optical and photonic devices [1–

5]. In particular, the band gap of the AlxIn1-xN alloy can be tuned from 0.7 eV [6] to 6.2 eV [7] ranging 

the alloy composition. This material is robust against radiation, chemicals and temperature gradients 

[8]. However, the growth of AlxIn1-xN is challenging because InN and AlN present very different 

bonding energy [9], lattice parameter, growth and decomposition temperatures [10]; which lead to a 

large immiscibility gap in the alloy [11,12], causing phase separation and composition 

inhomogeneities. 

Metal-organic chemical vapor deposition [11,13,14], molecular beam epitaxy [15–18] and sputtering 

deposition [4,5,19–21] have been used for growing AlxIn1-xN layers. Among them, the sputtering 

technique is a low cost technology that allows the deposition of polycrystalline layers in a wide range 

of temperatures (from room temperature to 600°C) and on a variety of substrates (sapphire, silicon, 

glass, plastics…), due to the high kinetic energy of the ions involved in the growth process. 

The lack of substrates for growing III nitrides homoepitaxially is overcome by introducing a buffer 

layer which reduces the strain and prevents unwanted reactions between the III-nitride film and the 

substrate [22–24]. Different III-nitrides have been used as buffer layers to improve the properties of 

AlxIn1-xN films, being the most common GaN and AlN [5,25–29]. 

In this work we study the effect of introducing an AlN buffer on the quality of Al0.37In0.63N layers 

deposited by reactive sputtering. We present first the optimization of the growth of AlN on Si (111) 

substrates, tuning the radio-frequency (RF) power applied to the aluminum target. Then, we study the 

effect of the thickness of the AlN buffer layer on the properties of an Al0.37In0.63N film. Finally, 

selected n-AlInN/p-Si (111) heterojunctions were processed into solar cells and they were electrically 

and optically characterized. 

2. Experimental methods 

The samples under study were deposited on p-doped Si (111) substrates (with a nominal resistivity 1   ̶

100 Ω·cm) using a reactive RF sputtering system (AJA International, ATC ORION-3-HV). Before 

loading the substrates in the sputtering chamber, they were chemically cleaned in organic solvents and 
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blown dry with nitrogen. The targets, 2”-pure In (4N5) and 2”-pure Al (5N), were pre-sputtered with 

Ar (6N) prior to the growth. Once the substrates were loaded into the growth chamber, they were 

outgassed for 30 min at 550°C and cleaned with an Ar plasma. Then, they were cooled down to the 

growth temperature, achieving a base pressure of ~10−6 Pa. The N2 (6N) reactive gas was introduced 

into the chamber with a 6 sccm flow rate. The substrate-target distance and sputtering pressure were 

kept at 10.5 cm and 0.47 Pa, respectively. 

The growth of AlN on p-Si (111) was performed at 450°C, and the effect of the power applied to the 

aluminum target (150 to 225 W) on the quality of the AlN film was investigated. It has to be taken into 

account that the maximum theoretical power that can be applied to the Al target without inducing any 

damage is ~ 300 W, estimated from  the magnetron dimensions (2”) and the power density tolerated 

by the Al target (~15 W/cm2) [30].  

AlxIn1˗xN films were grown by co-sputtering the In (40 W) and Al (150 W) targets separately mounted 

in magnetron guns under a pure nitrogen plasma at a growth temperature of 450°C. These growth 

conditions result in an Al content of 37%, extracted from wavelength dispersive X-ray (WDX) 

measurements, and an n-type carrier concentration of n = 2.7×1020 cm-3; extracted from Hall Effect 

measurements [31]. More details on the deposition conditions are given elsewhere [20]. 

The crystalline orientation, thickness and composition of the deposited films were evaluated by 

high-resolution X-ray diffraction (HRXRD) measurements using a PANalytical X’Pert Pro MRD 

system. Atomic force microscopy (AFM) was used for estimating the surface morphology by a Bruker 

multimode Nanoscope III A microscope in tapping mode, and the data processing and image 

generation was done with the WSxM software [32]. The cross-section and surface morphology of the 

layers were assessed with a Zeiss Ultra 55 field-emission scanning electron microscope (FESEM). 

Transmission electron microscopy (TEM) studies were performed in a Jeol2100 TEM microscope 

equipped with a LaB6 gun operated at 200 kV. Electron energy loss spectrometry (EELS) analyses 

were performed using a Jeol2010F TEM microscope, equipped with a GIF energy filter and operated 

under STEM conditions. 
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Low temperature photoluminescence (PL) measurements were performed by exciting the samples with 

25 mW of a continuous-wave Ar+ laser (λ = 488 nm) focused onto a 50-μm-diameter spot. The PL 

emission was collected by a 45-cm-focal-length Jobin-Yvon monochromator equipped with a 

charge-coupled-device camera. 

The processed samples were characterized by current density-voltage (JV) measurements carried out 

in the dark and under illumination. The measurements in the dark were recorded with an Agilent 

4155C parameter analyzer, whereas the measurements under illumination were performed in a 

Spectra-Nova's CT Series Solar Cell Tester (Class AAA) solar simulator under simulated AM1.5G 

spectrum (100 mW/cm2). The spectral response of the devices in the 380-1200 nm range was 

measured at zero bias using a 250 W halogen lamp coupled to an Oriel Instruments Cornerstone 130 

1/8m monochromator. These results are calibrated using the response of the cell to a GaN-based laser 

diode emitting at 405 nm. The external quantum efficiency (EQE) is estimated from the responsivity 

with the equation EQE = R ℎ𝑐/𝑞𝜆, where R is the responsivity, q is the electron charge, and hc/λ is the 

photon energy. 

3. Results and discussion 

3.1. AlN growth conditions optimization. Effect of the power applied to the aluminum target 

The properties of AlN films grown on Si (111) have been studied as a function of the power applied to 

the aluminum target (PAl), which was ranged from 150 to 225 W. The substrate temperature (450°C) 

was chosen to avoid the growth interruption that would be required to change the growth temperature 

between the AlN buffer and the AlInN layer. For this study, the AlN growth time was fixed to 2 h for 

all samples. This study extends the range of PAl analyzed in previous reports published by our group 

concerning the growth of AlN on sapphire substrates [33]. 

Figure 1 shows the HRXRD 2θ/ω scans of the AlN layers grown with different PAl. All the layers 

present crystalline wurtzite structure highly oriented along the c-axis. The intensity of the diffraction 

peak increases with the PAl pointing to an increase in the layer thickness. The strain state along the 

growth axis (zz), calculated as the relationship between the experimental and theoretical for fully 
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relaxed AlN (4.982 Å) c-lattice parameter, is in the range of −0.31 to −0.21%, decreasing for 

increasing the power applied to the aluminum target. Therefore, the layers grow under tensile strain, as 

expected [34]. 

 

Figure 1. (Color online) HRXRD  scans of the AlN layers grown applying different power to 

the aluminum target, the dash lines corresponds with the theoretical diffraction angles of 

relaxed Si(111) and AlN(0002). Inset: FWHM of the (0002) AlN rocking curve as a function of 

PAl for the AlN layers. 

The grain size (Gs) is estimated with the Scherrer equation from HRXRD measurements; 

(𝐺𝑠 =
0.9𝜆

∆2𝜃
𝑐𝑜𝑠𝜃) where Δ2θ is the FWHM of the (0002) AlInN reflection in the 2θ/ω scan, θ is the 

diffraction angle and λ is the incident X-ray wavelength. An increase in the Gs from 19 to 22 nm is 

shown when increasing the PAl from 150 and 225 W. 

The inset in Figure 1 shows the evolution of the FWHM of the rocking curve of the (0002) AlN 

diffraction peak as a function of the PAl. The increase of the PAl from 150 to 225 W leads to a decrease 

of the FWHM of the rocking curve from 10 to 4.9°. 

The layer thickness was obtained from X-ray reflection (XRR) measurements (see the inset of Figure 

2), through the spacing between maximums of the reflectivity corrected with the critical angle (θc) 



6 

together with the Bragg's equation(2𝑑√𝑠𝑖𝑛2𝜃 − 𝑠𝑖𝑛2𝜃𝑐 = 𝑚𝜆), with m being an integer number 

indicating the diffraction order. The layer thickness for the samples grown with different power 

applied to the aluminum target increases from 85 nm to 140 nm when increasing the PAl from 150 to 

225 W, resulting in a linear increase of the growth rate from 43 nm/h to 72 nm/h. From θc, it is also 

possible to estimate the AlN density, which increases from 2.66 to 2.91 g/cm3 when increasing the 

power applied to the aluminum target from 150 to 225 W, i.e. the layers become more compact due to 

the increased adatom mobility. However, these values are still below the theoretical one of 3.27 g/cm3 

[35].  

 

Figure 2. (Color online) XRR scan of the AlN thin film deposited at 150 W. Inset: estimation of 

the layer thickness. 

The surface morphology of the samples was assessed by AFM measurements. The images in Figure 3 

show that the diameter of the grains increases with PAl, which leads to a decrease of the root-mean-

squared (RMS) surface roughness. The lowest RMS roughness (0.64 nm) is obtained for the sample 

grown at 225 W. The smoothness of the layers points out that there is no damage in the surface due to 

ion bombardment in the range of PAl under study. 
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Figure 3. (Color online) a) Variation of the RMS surface roughness as a function of PAl. AFM 

images of the AlN samples with different PAl b) 150 W, c) 175 W, d) 200 W, e) 225 W. 

In conclusion, the increase of PAl leads to an enhancement of the grain size, growth rate and density of 

the AlN film, with a decrease of the RMS surface roughness. Taking into account these results, the 

power applied to the aluminum target for the growth of AlN as buffer layer for the AlxIn1-xN on 

Si (111) heterojunctions is 225 W. 

3.2. Effect of the AlN thickness on the properties of AlInN films 

To study the effect of the thickness of the AlN buffer layer on the subsequent growth of AlxIn1-xN, a 

set of five samples with different AlN thicknesses (dAlN = 0  25 nm) were grown. The AlxIn1-xN layer 

thickness was fixed to 80 nm in all samples of the series. This thickness was chosen taking into 

account the potential application of the structures to photovoltaic devices. 

3.2.1. Structural and chemical properties 

Figure 4a) displays the 2θ/ω scans the AlInN films, showing that all layers present crystalline wurtzite 

structure. The diffraction peaks of the (111) silicon substrate, the (0002) AlN, and the (0002) and 

(0004) AlInN layers appear in the scan, which show no sign of phase separation. In addition, the 

enhancement of the peak intensity in samples with AlN buffer layer, which allows resolving the 

(0004) AlxIn1-xN diffraction peak, confirms the improvement of the crystalline quality, which is also 

supported by the FWHM of the 2θ/ω (0002) AlInN diffraction peak decreasing monotonically with the 
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buffer layer thickness, from 0.587° for dAlN = 0 nm to 0.471° for dAlN = 15 nm, and 0.41° for dAlN = 

25 nm. Furthermore, the FWHM of the rocking curve of the (0002) reflection of AlInN is also reduced 

when inserting the AlN layer, as shown in Figure 4b). However, in this case, a degradation is observed 

for the sample with the thickest buffer layer (dAlN = 25 nm). 

 

Figure 4. (Color online) a) X-ray 2θ/ω scans of the AlxIn1-xN samples grown with different AlN 

buffer layer thickness. b) Evolution of the FWHM of the rocking curve with the AlN thickness, 

inset: rocking curve of the samples under study. 

The morphological features of the layers were assessed by AFM and FESEM measurements. As 

illustrated in Figure 5, the layers are compact in all cases, with a granular surface morphology. Figure 

5a) depicts the evolution of the 1×1 µm2 RMS surface roughness as a function of the AlN buffer layer 

thickness, showing that in all cases the RMS surface roughness is below 1.7 nm.  
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Figure 5. (Color online) a) Progress of the 1×1µm2 RMS surface roughness as a function of the 

AlN buffer layer thickness. AFM (1×1µm2) and FESEM images of the AlxIn1-xN layer: b), e) 

without AlN buffer layer; c), f) with 8 nm AlN buffer layer; d), g) with 25 nm AlN buffer layer. 

Finally, TEM measurements, performed in similar samples grown under the same growth conditions, 

were carried out in order to visualize the interface between the nitride layer and the silicon substrate. 

Figure 6 displays TEM images under diffraction contrast conditions of a) the AlInN sample without 

buffer layer, and b) the sample with 15 nm AlN buffer layer, showing compact AlInN layers with 

smooth surface, consistent with AFM and FESEM characterization. Figure 6b) shows the 

homogeneous AlN buffer layer covering the entire substrate surface. Both samples contain structural 

defects running along the growth direction (see the white arrows in Figure 6), but their density is 

reduced by one order of magnitude when introducing the AlN buffer layer (from 1011 cm−2 to 1010 

cm−2). 
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Figure 6. (Color online) TEM images acquired under diffraction contrast conditions of a) a 

sample without buffer layer; b) a sample with 15 nm AlN buffer layer. White arrows point to 

structural defects propagating along the growth direction. 

High-resolution TEM images of the interface are presented in Figure 7a) and c) for AlInN/p-Si and 

AlInN/AlN/p-Si heterojunctions, respectively. Both, the AlN buffer and the AlInN layer share the 

crystalline phase, growth direction and orientation, and are grown showing the following epitaxial 

relationship with the substrate: (0001)[11-20] AlInN and (0001)[11-20] AlN || (11-1)[112] Si. In 

absence of the AlN buffer layer, there is a 2-3 nm-thick amorphous layer at the interface between the 

silicon substrate and the AlInN (see Figure 7a)), which is not observed on the sample containing the 

15 nm AlN buffer layer (Figure 7c)). A possible explanation is that the Al atoms reaching the silicon 

surface when growing the AlN buffer have a higher kinetic energy than those reaching the substrate 

for the growth of AlInN due to the higher power applied to the aluminum target, so that they are able 

to break the bonds that form the amorphous layer. Additional measurements performed by EELS (not 

shown here) discard In or Al interdiffusion between phases, evidencing a well-defined interface 

between the AlN and the AlInN. 

 

Figure 7. (Color online) High resolution TEM analyses a) for the sample without buffer layer 

and c) for the sample with 15 nm AlN buffer layer, along with their Fast Fourier Transform b) 

evidencing the epitaxial relationship. 

3.2.2. Optical properties 

The optical properties of the layers were assessed by low temperature (T = 5 K) PL measurements (see 

Figure 8). The PL energy peak is located around 1.8 eV for all samples, a very similar value to the one 

obtained for thick (460 nm) AlxIn1-xN on Si(111) layers without buffer and with the same Al mole 
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fraction grown under similar growth conditions [20]. The FWHM of the PL decreases when increasing 

the AlN buffer layer thickness (see inset in Figure 8). 

 

Figure 8. (Color online) Low temperature (T = 5 K) PL measurements of the AlxIn1-xN samples 

with different AlN thickness. Inset: Evolution of the FWHM of the PL with the AlN buffer layer 

thickness. 

3.3. Characterization of n-AlInN/AlN/p-Si heterojunctions 

The n-AlInN/AlN/p-Si heterojunctions were processed and contacted to be characterized as solar cells. 

The size of the devices was delimited with a 1×1 mm2 mesa structure patterned by sputtering etching 

with Ar. The p-contact was formed by evaporation of Ti/Al (50/100 nm), annealed at 550°C under 

nitrogen atmosphere. The n-contact consists of a finger pattern of Ti/Al/Ni/Au (30/70/20/100 nm) with 

5 µm finger width and a 150 µm pitch. A schematic drawing of the device is included as inset in 

Figure 9b). 

Figure 9a) shows the JV curves measured in the dark and under illumination (1 sun AM1.5G) of the 

n-AlInN/AlN/p-Si (80/4 nm) heterojunction. This device presents series resistance Rs = 90 Ω, shunt 

resistance Rsh = 30 MΩ, and ideality factor n = 4.5, calculated from the JV characteristic under dark 

conditions. The high value of the ideality factor can be related with recombination at the interface of 

the heterojunction or to the required tunneling transport through the AlN buffer layer. 
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Figure 9. (Color online) Electrical characterization of the 80 nm AlInN/4 nm AlN/p-Si (111) 

heterojunction, a) JV characteristics in the dark and under illumination (AM1.5G). b) External 

quantum efficiency. Inset: sketch of the solar cell device. 

Under illumination, the structure presents open circuit voltage Voc = 0.35 V, short circuit current 

density Jsc = 22.2 mA/cm2, and fill factor FF = 20%. However, the plateau shown around 0.4 V in the 

measurement is related to a non-linear photocurrent behavior. This effect has been previously 

observed in InGaN/GaN devices [36,37] and indicates a reduction of the generated photocurrent due to 

inefficient carrier collection, which might be explained by a high recombination rate [38], or by the 

presence of polarization charges [5,37] at the heterointerface.  

Figure 9b) shows the spectral variation of the EQE for the AlInN/AlN/Si heterojunction. A maximum 

EQE = 43.6% is obtained at 560 nm, associated to the response of the AlxIn1-xN layer, whereas the 

cutoff of silicon is shown at ~900 nm.  

4. Conclusions 

In this work, AlN layers were grown on p-Si (111) substrates by RF sputtering. Crystalline layers were 

obtained even at powers applied to the aluminum target close to the maximum allowed one to avoid 

surface damaging. The best properties for the AlN are achieved for layers grown at 225 W and 450°C, 

showing a FWHM of the rocking curve of 5°, a density of 2.91g/cm3 and a RMS surface roughness of 

0.64 nm. 
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We have demonstrated that the crystal quality of Al0.37In0.63N layers is improved when using an AlN 

buffer layer on p-Si (111). All the layers under study are crystalline with wurtzite structure highly 

oriented in the c-axis regardless the buffer layer thickness. The crystal quality is improved when the 

AlN buffer layer is in the 4 to 15 nm range achieving a minimum (5°) FWHM of the (0002) AlxIn1-xN 

rocking curve for layers grown with 15 nm AlN buffer layer. All samples present compact 

morphology with a RMS surface roughness below 1.7 nm. HRTEM measurements show that the 

presence of the AlN prevents the formation of an amorphous phase between the silicon substrate and 

the AlInN layer. Low temperature PL emission at 1.8 eV is obtained for all AlInN/AlN/Si structures. 

The 80 nm n-AlInN/4 nm AlN/p-Si heterojunction has been processed into a solar cell device. The 

extracted values from the JV characteristics in the dark and under illumination evidence the low and 

high series (Rs = 90 Ω) and shunt resistances (Rsh = 30 MΩ), respectively, with Jsc = 22.2 mA/cm2 and 

Voc = 0.35 V. The EQE covers the visible spectral range with a maximum of 43.6% at 560 nm. The 

device operation of AlInN as alternative electron-selective contact in Si heterojunction solar cells can 

be amended by reducing the Si contact resistivity and passivating the Si surface to decrease the 

interface recombination. 
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