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A B S T R A C T   

In this paper, we have demonstrated that Ga-free AlInN can be obtained in the close-coupled 
showerhead (CCS) reactor metalorganic chemical vapor deposition (MOCVD) system when 
thorough cleaning was applied. For the AlInN films grown in the CCS reactor routinely used, the 
serious unintentional incorporation of gallium (Ga) atoms in AlInN was confirmed by the mea-
surement results of secondary ion mass spectroscopy. To avoid the Ga incorporation, we removed 
the Ga-contained coatings on the surface of quartz liner, wafer susceptor, and showerhead. Then, 
in the reactor without Ga-contained coatings, Ga-free AlInN films were obtained. Moreover, the 
effect of growth parameters on the indium incorporation in AlInN and the structural properties of 
AlInN were studied systematically. It is worth noting that the realization of Ga-free AlInN in the 
CCS reactor is significantly important because CCS MOCVD system is widely used for the research 
and mass production of nitride materials and devices.   

1. Introduction 

Among the group-III nitride semiconductor materials, AlN, InN, GaN, InGaN, and AlGaN are widely studied due to their appli-
cations in optoelectronic and power electronic devices, such as light-emitting diodes (LEDs), laser diodes (LDs), photodetectors, and 
high electron mobility transistors (HEMTs) [1–5]. Recently, ternary AlInN alloy has attracted researchers’ attention for its great po-
tential advantages in the fabrication of nitride devices [6–9]. The in-plane lattice constant of AlInN can be adjusted to match that of 
GaN, AlGaN, and InGaN [10], which is benefit for the strain and polarization regulation in device design. For popular AlGaN/GaN 
HEMTs, AlGaN barrier layer is under tensile stress state. However, for AlInN/GaN HEMTs, the barrier layer can be 
compressive-stressed, which makes possible for the enhancement-mode operation [11]. In addition, for lattice-matched 
Al0.18In0.82N/GaN HEMTs, the stress induced defects and stress relaxation that usually happens in AlGaN/GaN HEMTs can be avoi-
ded, which is helpful to improve the performance and operation stability [12–14]. In nitride visible LED structures, the AlGaN electron 
blocking layer (EBL) is commonly required. However, the high growth temperature of the EBL is detrimental to the InGaN/GaN 
multiple quantum wells (MQWs) active region, which degrades the light-emitting performance [15,16]. Meanwhile, the strong 
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polarization filed (the sum of spontaneous and piezoelectric polarization field) in AlGaN EBL leads to a severe band bending, which in 
turn causes the insufficient ability to prevent electron leakage [17]. These problems can be greatly migrated by replacing AlGaN EBL 
with AlInN, because AlInN can not only lattice-matches to GaN barrier, but also has a lower growth temperature and a larger con-
duction band offset relative to GaN [18–20]. Furthermore, the relatively low refractive index of AlInN makes it suitable to be used as 
cladding layer and waveguide layer in LD structures, and as low refractive index material in distributed Bragg reflectors [21,22]. Also, 
AlInN is suggested to be a robust alternative to AlGaN for ultraviolet lighting emitting devices [23]. 

Currently, the technology of metal-organic chemical vapor deposition (MOCVD) is widely used for the research and mass pro-
duction of nitride materials and devices, such as LEDs, LDs, photodetectors, HEMTs, etc. The close-coupled showerhead (CCS) reactor 
is commonly used in nitride MOCVD system [24,25]. However, the CCS reactor MOCVD has problem of unintentional gallium (Ga) 
incorporation for the growth of AlInN, even when Ga precursor is turned off [26,27]. Table 1 summarizes the Ga contamination 
situation in AlInN grown by CCS reactor MOCVD from published works. In the table, the Ga contamination in AlInN was confirmed 
directly by secondary ion mass spectroscopy (SIMS), Rutherford backscattering spectrometry (RBS), wavelength dispersive X-ray 
(WDX) spectroscopy, or atom probe tomography (APT). The unintentional incorporation of Ga mainly comes from the residual Ga on 
the surfaces of the showerhead, wafer susceptor, and quartz liner [27,29], as shown in Fig. 1. During the AlInN growth, the inlet In can 
form a eutectic system with the residual Ga, which leads to the auto-incorporation of Ga [29]. To solve this problem, the method of 
mounting a SiC coated graphite deposition shield on the showerhead was proposed, and AlInN films with low Ga incorporation (~2%) 
were realized [30]. 

In this letter, we demonstrate that Ga-free AlInN can be obtained in the CCS reactor MOCVD when thorough cleaning is applied. 
The aim of the cleaning is to remove the Ga-contained coatings on the surface of the showerhead, wafer susceptor, and quartz liner. 
Moreover, in the CCS reactor without Ga-contained coatings, we studied the effect of growth parameters on the In incorporation in 
AlInN and the structural properties of AlInN systematically. 

2. Experimental procedure 

In this work, firstly the AlInN film (denoted as Sample A) was grown on sapphire substrate with a GaN template using an Aixtron 
CCS 3 × 2′′ FT MOCVD system that routinely used for GaN, InGaN, and AlGaN growth. The growth temperature and thickness of the 
GaN template are ~1050 ◦C and 2 μm, respectively. During the AlInN growth, the temperature was changed linearly from 850 to 
750 ◦C in 2400 s, while keeping a constant flow rate of trimethylaluminum (7 μmol/min), trimethylindium (10 μmol/min), and 
ammonia (26 mmol/min) using N2 as carrier gas. After the growth, the reactor was treated with high temperature annealing at 1100 ◦C 
for 1 h. Then, the wafer susceptor and quartz liner were cleaned by ex-situ chemical treatment. The main cleaning process of the quartz 
liner is to etch with 10 : 1 deionized (DI) water: NaOH at room temperature. The coatings on the quartz liner can be fully removed with 
an etching time about 3 days. The cleaning process for the wafer susceptor is to etch in a high temperature furnace at a low pressure 
(~a few Torr) and high temperature (~1350 ◦C) condition for about 2 h. During this process, H2 and N2 mixture were inlet into the 
furnace. The surface coatings of the showerhead were gently in-situ scraped with vacuum hose attachment scraper with rounded edges. 
Then, in the reactor without Ga-contained coatings, AlInN film (denoted as Sample B) was grown on AlN/sapphire substrate with the 
same growth parameters as sample A. Furthermore, we prepared another eighteen AlInN Samples grown at different growth pressures 
(200, 400, and 600 mbar), and V/III ratios (500, 1500, and 2500), while keeping the growth temperature unchanged (770 or 812 ◦C) 
during the growth process. The V/III ratio was controlled by adjusting the ammonia flow rate. Noting that before the growth of each 
AlInN Sample the showerhead was brushed using the vacuum brush and the reactor was baked at 1100 ◦C under H2 atmosphere with a 
high flow rate of 12,000 sccm for 1 h. The structure properties of these AlInN films were characterized by a high-resolution X-ray 
diffractometer (Rigaku Ultima IV), an atomic force microscope (AFM: Veeco ICON-PT) and a secondary ion mass spectrometry 
(CAMECA IMS-7F). For the SIMS measurements, the primary ion beam source (Cs+), with an impact energy of 2 kV and an incident 
angle of 45◦, was used to sputter the material in a scanning area of 150 × 150 μm2, and the collected second ions, MCs+ cluster ions, 
were obtained from a circle area with a diameter of 33 μm. 

3. Results and discussion 

Firstly, we investigated the structural properties of the AlInN film (Sample A) grown before the reactor cleaning. Fig. 2a shows the 
reciprocal space map (RSM) around the (1015) asymmetric reflection of Sample A. The strong diffraction intensity in the lower part of 
Fig. 2a comes from GaN template. The relatively weak diffraction intensity of the upper continuous strip comes from AlIn(Ga)N, which 

Table 1 
Summary of the Ga contamination situation in AlInN grown by CCS reactor MOCVD from published works.  

Reference Reactor type/Growth technique Content or element verification method Ga content in AlInN 

[26] CCS/MOCVD RBS 2–45% 
[27] CCS/MOCVD RBS 22% 
[29] CCS/MOCVD SIMS 18–60% 
[31] CCS/MOCVD SIMS 20% 
[32] CCS/MOCVD RBS/WDX 12–24% 
[33] CCS/MOCVD APT 10–50%  
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indicates that the contents of group-III elements in the AlIn(Ga)N are changed continuously along the growth direction [34]. In 
addition, the diffraction peaks of AlIn(Ga)N and GaN are vertically lined up, meaning that the AlIn(Ga)N was pseudomorphically 
grown on GaN template without stress relaxation. 

Fig. 2b shows the SIMS depth profile of Sample A. It directly demonstrates that substantial amount of Ga were incorporated in 

Fig. 1. (Color online) The cross-sectional schematic view of our MOCVD CCS reactor including wafer susceptor, quartz liner, heater, showerhead, 
and chamber walls. 

Fig. 2. (Color online) (a) RSM of (1015) reflection and (b) SIMS depth profile of Sample A. The inset in (b) shows the schematic diagram of epitaxial 
structure of Sample A. The 0 nm position denotes the surface of Sample A. 
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AlInN under the condition without Ga inlet, which agrees with the results reported in the literatures [26,27]. Meanwhile, we can see 
that the Al, In, and Ga contents are changed linearly from 0.35 to 0.5, 0 to 0.12, and 0.65 to 0.38, respectively, which is in consistent 
with the RSM results, and indicates that regulating the growth temperature is an effective way to obtain compositionally graded 
quaternary AlIn(Ga)N film. The In content increases with the decrease of growth temperature because of the reduced desorption rate. 
Besides, the unintentional Ga incorporation dramatically decreases with the decrease of growth temperature due to the reduced 
desorption of metallic Ga from surface coatings, which is in accordance with the result demonstrated by Zhu et al. [26]. The 
dramatically reduced Ga incorporation might be the reason that Al incorporation increases with the decrease of growth temperature, as 
shown in Fig. 2b, because for Ga-free AlInN, which we will show below, the Al content decreases with the decrease of growth tem-
perature. According to the SIMS data, the thickness of the AlIn(Ga)N film of about 85 nm is obtained, and the average growth rate of 
~0.035 nm/s is calculated. 

Secondly, we studied the structural characteristics of the AlInN film (Sample B) grown after the reactor cleaning. Fig. 3a shows the 
RSM around the (1015) asymmetric reflection of Sample B. The upper part with strong diffraction peak originates from the AlN 
template. The lower part with weak diffraction intensity comes from the AlInN. The stretched profile of AlInN along the Qz direction 
indicates the continuous gradient distribution of Al and In elements along the growth direction. Similar with Sample A, the AlInN in 
Sample B is also coherently grown on the template layer without stress relaxation. 

Fig. 3b shows the SIMS depth profile of Sample B. We can see that the Ga fraction detected in the entire AlInN layer is zero, 
indicating the realization of Ga-free AlInN film. Therefore, it was demonstrated that Ga-free AlInN can be obtained in the CCS reactor 
only when thorough cleaning was applied. In addition, we can observe that in the absence of Ga contamination, the incorporation of In 
is increased, the In content in AlInN reached 16% at the growth temperature of 750 ◦C. Meanwhile, the Al content decreases with the 
growth temperature, which is opposite to the Ga contaminated AlIn(Ga)N shown in Fig. 2b. The thickness of the AlInN film read from 
the SIMS data is ~65 nm, and the average growth rate of ~0.027 n m/s is obtained, which is lower than that of Ga contaminated AlIn 
(Ga)N as we mentioned above. Therefore, the residual Ga in the reactor have a great effect on the epitaxial growth of AlInN. 

Lastly, AlInN films with fixed In content were prepared in the reactor without Ga-contained coatings under different growth pa-
rameters, and the effect of growth parameters on the In incorporation in AlInN were studied systematically. Fig. 4a and b shows the 
SIMS depth profiles of the AlInN films grown at 770 ◦C and 812 ◦C, respectively, with a growth pressure of 400 mbar and a V/III ratio of 
1500. The SIMS results demonstrate that these two films are Ga-free AlInN films with In contents of 3.2% and 13%, respectively. Fig. 4c 
summarizes the In contents of all the AlInN films grown at various growth parameters, where the In contents were obtained using 

Fig. 3. (Color online) (a) RSM of (1015) reflection and (b) SIMS depth profile of Sample B. The inset in (b) shows the schematic diagram of epitaxial 
structure of Sample B. 
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Vegard’s law according to the measured (0002) reflection 2θ-ω scan XRD spectra displayed as Fig. S1 in the Supporting Material. We 
can see that the In contents of the AlInN films grown at 400 mbar with a V/III ratio of 1500 under 770 ◦C and 812 ◦C are 3.5% and 13%, 
respectively, which match well with the In contents of 3.2% and 13% obtained by SIMS shown in Fig. 4a and b and thus confirms the 
reliability of these In contents of AlInN obtained by XRD. 

The data above and below the gray line in Fig. 4c were from AlInN Samples grown at 770 and 812 ◦C, respectively. Apparently, the 
growth temperature has a great effect on the In incorporation in AlInN, the higher the growth temperature the lower the In incor-
poration. From the horizontal view, we can see that except for these Samples grown at 770 ◦C with a V/III ratio of 500, the In 
incorporation in AlInN decreases with the increase of growth pressure. It is known that the parasitic reaction of trimethylaluminum 
and ammonia in the vapor phase happens during the AlInN growth process. The AlN particles formed by parasitic reaction are carried 
away from the deposition zone by thermophoresis and do not contribute to the growth, leading the decrease of the growth rate. The 
higher the growth pressure, the stronger the parasitic reaction [35]. Therefore, the growth rate of the AlInN is greatly reduced at a high 
growth pressure, as shown in Fig. 5a and b. At a low growth rate, the desorption rate of the In adatoms is high [36], resulting in a low In 
content in the AlInN. For these Samples grown at a low temperature of 770 ◦C with a low V/III ratio of 500, the In content is nearly 
independent on the growth pressure, i.e., the In incorporation reaches saturation. From the vertical view, the overall trend is that the In 
incorporation increases with the V/III ratio due to the reduced desorption of In adatoms resulted from the increased concentration of N 
atoms. Meanwhile, we can see that the In incorporation also reaches saturation when AlInN is grown at a high temperature (812 ◦C) 
with a low pressure (200 mbar) or a low temperature (770 ◦C) with a high pressure (600 mbar), where the In contents are independent 
on the V/III ratio. The mechanism of the saturation situation of In incorporation in AlInN we mentioned above requires further 
investigation in the future. Here, AlInN films with In content ranging from 1.5%–19% were obtained. To grow AlInN with higher In 
content, a lower growth pressure and temperature, and a higher V/III ratio are required. 

To explore the crystalline quality of the Ga-free AlInN films, the (0002) plane XRD rocking curve measurements are performed. The 
obtained full width at half maximum (FWHM) values of rocking curves of these Ga-free AlInN films are shown in Fig. 5c and d. We can 
see that the FWHM values of the Ga-free AlInN films vary with the change of the growth parameters and are in the range between 200 
and 400 arcsec, which are comparable to that of GaN grown on sapphire substrate. Moreover, we investigated the surface morphology 
of these Ga-free AlInN films grown at various growth conditions by AFM measurements. Fig. 6 shows the surface AFM images of four 
Ga-free AlInN films grown at 812 ◦C. For the AlInN film grown at a high V/III ratio with a low growth pressure, the surface morphology 
features a high density of quantum dot-like grains, as shown in Fig. 6a. The increase of the growth pressure or the reduction of the V/III 
ratio leads to the increase of the grain size, as shown in Fig. 6b and c, due to the reduced growth rate (Fig. 5b) and Ga diffusion barrier 
[37]. Therefore, at a high growth pressure and a low V/III ratio, Ga-free AlInN with smooth surface morphology is obtained (Fig. 6d), 
the root mean square (rms) roughness over an area of 2 × 2 μm2 of which is 0.41 nm. Under the growth temperature of 770 ◦C, all the 
AlInN films present the morphology with high density of quantum dot-like grains (Fig. S2 in the Supporting material) due to the low 
mobility of Al adatoms at a relatively low growth temperature. 

4. Conclusions 

In summary, AlInN films were grown on sapphire substrates by CCS reactor MOCVD. We firstly attempt to grow AlInN in the CCS 
reactor routinely used for GaN, AlGaN, and InGaN growth, but failed. We verified that substantial amount of Ga (above 38%) were 
incorporated in AlInN under the condition without Ga source inlet. To remove the residual Ga in the reactor and thus eliminate the 
unintentional Ga incorporation, the Ga-contained coatings on the surface of quartz liner and wafer susceptor in the reactor were 
removed by ex-situ chemical treatment, and the Ga-contained surface coatings of the showerhead were scraped using scraper with 
rounded edges. In the CCS reactor without Ga-contained coatings, we achieved Ga-free AlInN films as confirmed by SIMS depth profile. 
Moreover, we studied the effect of growth temperature, pressure, and V/III ratio on the In incorporation in AlInN and structural 
properties of AlInN, systematically. We find that a lower growth pressure and temperature, and a higher V/III ratio are required for the 
growth of high In content AlInN. In this work, AlInN film with In content up to 19% is achieved. In addition, a higher growth pressure 

Fig. 4. (Color online) The SIMS depth profiles of the AlInN films grown at (a) 770 ◦C and (b) 812 ◦C, respectively, with a growth pressure of 400 
mbar and a V/III ratio of 1500. (c) The relationship of In content measured by XRD in Ga-free AlInN with various growth pressure, V/III ratio, and 
temperature. 
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Fig. 5. (Color online) Growth rates of Ga-free AlInN films grown at (a) 770 ◦C and (b) 812 ◦C, respectively, with different growth pressure and V/III 
ratio. The FWHM values of (0002) plane XRD rocking curves for AlInN films grown at (a) 770 ◦C and (b) 812 ◦C, respectively, with different growth 
pressure and V/III ratio. 

Fig. 6. (Color online) Surface AFM images of Ga-free AlInN films grown at 812 ◦C under (a) a high V/III ratio (2500) with a low growth pressure 
(200 mbar), (b) a high V/III ratio (2500) with a high growth pressure (600 mbar), (c) a low V/III ratio (500) with a low growth pressure (200 mbar), 
and (d) a low V/III ratio (500) with a high growth pressure (600 mbar). 
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and temperature, and a lower V/III ratio are beneficial to improve AlInN surface morphology. The AlInN film with rms roughness of 
0.41 nm over an area of 2 × 2 μm2 is obtained. 
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