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We investigated the effect of growth parameters for obtaining high-quality AlN grown 

directly on sapphire substrates by a hybridized method, derived from simultaneous source 

supply and conventional migration enhanced epitaxy. At an optimal growth temperature of 

1200 °C, AlN was atomically smooth and pit-free, while below and above 1200 °C, AlN 

was rough and with pits, respectively. Surface morphologies also depended on the V/III 

ratio. Rough surfaces became atomically smooth but then pits appeared, as the V/III ratio 

was increased. The crystallinity revealed by x-ray diffraction changed accordingly. The 

600-nm-thick AlN grown under the optimal conditions showed x-ray line widths of as 

narrow as ~43 and ~250 arcsec for (0002) and )2110(  diffractions, respectively. 
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1 Introduction Several growth methods have been proposed for AlN with the 

ultimate goal of improving the overall quality of this wide bandgap material. However, 

obtaining an AlN epilayer with low defect-density remains elusive. The absence of thick 

and defect-free bulk substrates aggravates the problem because heteroepitaxial growth on 

foreign substrates such as sapphire and SiC [1,2] generates a high-density of threading 

dislocations that affect the radiative property of a device [3]. Furthermore, growing AlN 

epilayers by simultaneous supply of trimethylaluminium (TMA) for group III and NH3 for 

group V sources is not recommended because of parasitic reactions [4]. One of the 

promising growth methods for obtaining high-quality AlN is by alternating supply of either 

or both TMA and NH3 [5-11]. Unlike the case of GaN where the Ga-N cohesive energy is 

much lower compared to Al-N, a significant reduction in migration of group-III adatoms 

happens for AlN growth. Therefore the reasons for the separate supply of source gases are 

the enhancement of Al-adatom migration and at the same time, reduction of parasitic 

reactions. Recently, we showed experimental evidences that alternating supply of the 

source precursors can enhance the migration of Al adatoms and this enhancement is 

pronounced especially during the initial nucleation stage [11]. Moreover, we also reported 

that the migration degree can be tailored or controlled to modify the nucleation mechanism 

thereby achieving an epilayer with a low threading dislocation density and atomically 

smooth surface. This method is modified migration enhanced epitaxy (MEE) hybridized 

from conventional MEE and simultaneous source-supply such that the latter is inserted in-

between the former. In this paper, we focus on the effect of growth parameters such as 

growth temperature and flux ratio on the modified MEE of AlN.  

 



2 Experimental AlN epilayers were grown directly on sapphire (0001) 

substrates by metalorganic vapor phase epitaxy. Source gases were NH3 and TMA for N 

and Al, respectively, and H2 was the carrier gas. The growth temperature and V/III ratio 

were varied while maintaining the total pressure at 76 Torr. The effect of V/III was studied 

by changing only the flow rate of NH3 (490-1161 µmol/min) while the TMA flow rate was 

kept at 4.11 µmol/min. Prior to AlN growth, as-received substrates were thermally etched in 

H2 gas for about 10 minutes at 1220 °C. Then the temperature was brought down to 1190-

1210 °C, where the growth of AlN was performed by modified MEE, which was detailed in 

Ref. [11]. The flow sequence is shown in Fig. 1. For 850 cycles, approximately 600-nm-

thick AlN epilayer was obtained.  

The AlN thicknesses were estimated by an interferometer and the surface 

morphology was analyzed by atomic force microscopy (AFM). High-resolution X-ray 

diffraction (HRXRD) rocking curve measurements for the symmetric (0002) and 

asymmetric )2110(  reflections were conducted for structural quality comparison. The 

asymmetric measurements were in the skew geometry.  

 

3 Results and analysis The effect of growth temperature (Tg) on the quality 

of AlN is first discussed. The V/III ratio was 174, which is the optimized value as described 

below. Figure 2 shows the AFM surface morphologies. The morphology changed from 

rough to atomically smooth when Tg = 1200 °C. Further increase of Tg changes the epilayer 

surface to have pits. These pits are found particularly along the step edge. The surface 

roughness revealed root-mean-square (RMS) values of 0.16, 0.12, and ~0.23 nm as the 



temperature was increased from 1190 to 1210 °C. Moreover, surface quality has been found 

very sensitive to growth temperature as a slight change of 5°C caused significant 

deterioration of epilayer. This is contrary to a report using simultaneous source-supply 

method, which showed no clear dependence of crystalline quality on growth temperatures 

[12].  

It is known that the degree of Al adatom migration is enhanced by the growth 

temperature aside from alternating source supply. When Tg is low, migration is less active 

thereby an increased number of nucleation sites promotes surface roughening, as evidenced 

by AlN grown at Tg = 1195 °C (Fig. 2a). On the other hand, when Tg is above the optimum, 

though the degree of migration is enhanced, the shorter mean residence time of adatoms 

and its easy desorption from the surface could have promoted the generation of those pits. 

This case happens when Tg > 1205 °C. At an optimal Tg, the sufficient adatom migration 

enables to achieve a smooth AlN. It is therefore unnecessary to bring Tg of AlN near its 

sublimation point (2000 °C) just to enhance the migration [13], because further increase of 

Tg beyond 1200 °C only deteriorates the epilayer quality.  

The degradation of surface quality is accompanied by deterioration in structural 

quality as confirmed by HRXRD measurements. Figure 3 shows the full-width at half-

maximum (FWHM) of the asymmetric )2110(  diffraction (Fig. 3a) and the symmetric 

(0002) diffraction (Fig. 3b). Especially for the )2110(  plane, the quality drastically changed 

from 1100 to 250 arcsec, and then to 1150 arcsec as Tg is below, at, and above 1200 °C, 

correspondingly.  This is also true for the (0002) plane, but the epilayer quality did not 

deteriorate as drastically as that in asymmetric )2110(  plane.  



 The V/III ratio was also studied by changing the amount NH3 while keeping the 

TMA flow rate. Here, Tg was always at the optimized temperature of 1200 °C. It was 

reported that unwanted trimers and higher n-mers with increasing NH3 leads to a decrease 

of growth rate [14]. Though active N species would be readily available when NH3 flux is 

in excess, it is necessary to control its amount in order to achieve a flat and high-quality 

AlN [15], which was demonstrated by the AFM surface images shown in Fig. 4. While a 

V/III ~ 174 has realized a defect-free surface (Fig. 4b), further decreasing the V/III ratio 

roughened the surface (Fig. 4a). A similar result was also observed in Ref. [16]. The 

insufficient amount of NH3 led to more available Al adatoms, which remained unreacted 

due to the less amount of group V sources. Conversely, a greater amount of group V tends 

to generate pits along the step-edges (Fig. 4c-d). This deterioration in the quality of AlN 

was further confirmed by the results of symmetric and asymmetric HRXRD as shown in 

Fig. 5. 

To discuss the mechanism of the observed growth characteristics, it is interesting to 

compare the surface morphologies displayed in Figs. 2 and 4. Thus, it is found that lower Tg 

and V/III roughened the surfaces while higher Tg and V/III induced pits. These observations 

suggest that effective V/III ratio, which is the ratio between the number of Al adatoms and 

N species that actually contribute to the growth, could be the critical growth parameter. 

That is, under lower Tg or V/III, the NH3 decomposition is not sufficient to provide the 

optimal number of active N species for the AlN growth, while at higher Tg or V/III, excess 

N species enhance pit formation. Because Tg and V/III are thus related to each other, in 

order to maintain the optimal number of active N species, higher Tg must be employed 

when lower V/III is used, and vice versa. In this study, we found that the structural 



properties depend strongly on the growth conditions such as temperatures and V/III ratios. 

On the other hand, successful growth of AlN at a much higher temperature of 1400ºC was 

reported [17]. At this stage, it has yet to be clarified as to why the observed growth 

characteristics were so sensitive to the growth conditions.  

Based on the above observations, the growth process was finally optimized using a 

growth temperature of 1200 °C and V/III ratio of 174, and an atomically smooth AlN 

epilayer was successfully achieved as shown in Figs. 2b or 4b. This epilayer has a RMS 

roughness of 0.12 nm (5×5 μm2). The FWHM of their (0002) and )2110( planes ω-scans 

were 43 and 250 arcsec, respectively. From the FWHM of the (0002) diffraction, which 

corresponds to the tilt component, the screw dislocation density (Ns) was calculated to be 

∼4.0 × 106 cm-2, using the an equation of Ns = tilt2/(4.35|bs|2), where bs is the Burgers vector 

equal to <0001> [18]. On the other hand, the twist component was estimated to be 365 

arcsec from the FWHMs of (0002) and )2110( diffractions, assuming that x-ray diffraction 

profiles were approximated by Gaussian curves and that there was no interaction between 

tilt and twist [19]. Then, the density of randomly distributed edge dislocations (Ne) given by 

Ne = twist2/(4.35|be|2) where bs is the Burgers vector equal to < 0211 >/3, was evaluated to be 

7.4 × 108 cm-2. For the polarity test, samples were dipped in 20% KOH solution at 70°C for 

3 minutes. Etch pits appeared, but the area without etch pits were not etched at all, thus 

revealing the Al-polarity of modified-MEE-grown AlN [20]. 

 

4 Conclusion  In summary, the surface morphology and crystalline quality 

of directly-grown AlN on sapphire substrates by modified MEE changed with growth 



temperature and V/IIII ratio. Optimization of these parameters led to a superior-quality AlN 

as confirmed by its smooth and atomically flat surface, smaller XRD linewidths both for 

symmetric and asymmetric planes.  
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Figure captions 

 

Fig. 1 

Flow pattern of modified MEE. The 3s/cycle is composed of 1s initial supply of NH3 

followed by 1s of simultaneous supply of NH3 and TMA and lastly, 1s of TMA. 

 

Fig. 2 

Surface AFM images of AlN grown at (a) 1195, (b) 1200 (optimal), (c) 1205, and (d) 

1210 °C.  The surface is rough at 1195 °C (a), atomically flat at 1200 °C (b), and with pits 

above 1205 °C (c and d). AlN epilayers were grown using V/III = 174.  

 

Fig. 3 

Variation of XRD FWHM of symmetric (0002) and asymmetric )2110(  planes due to Tg. 

The structural is best at Tg = 1200 °C. The epilayers were grown using V/III = 174. 

 

Fig. 4 

Surface AFM images of AlN grown under V/III ratios of (a) 119, (b) 174, (c) 228, and (d) 

282. The rough surface with V/III = 119 (a) became atomically flat with V/III = 174 (b), but 

pits appeared with further increase of the V/III ratio above 228 (c and d). Tg was 1200 °C. 

 

Fig. 5 

Variation of XRD FWHM of symmetric (0002) and asymmetric )2110(  planes due to the 

V/III ratio. The structural quality is best at V/III = 174. Tg was 1200 °C.  
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