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AlN thin films have been epitaxially grown on a (lll)Si substrate by ECR dual ion beam sputte1 
The effects of the initial growth process on film properties, such as crystal orientation and crystaHinity, · 
investigated by RHBED patterns and AFM images. A single crystal AlN film with a (001) plane parallel t< 
substrate was obtained on ( 111 )Si at a substrate temperature of more than 600QC by growing a half ate 
layer of aluminum before the deposition process. A half atomic layer of aluminum on ( 111 )Si was enou~ 
prepare the single crystal AIN film. C-axis oriented AlN thin film was obtained on (lll)Si with sut 
nitriding at a substrate temperature of more than 300°C, 

L. Introduction 

Aluminum nitride (A1N) thin films grown on 
;ilicon substrates are very promising materials for GHz­
)and bulk and surface acoustic wave (SAW) devices 
)ecause of their high acoustic velocity and 
)iezoelectricity, also their passivation and insulating 
Jroperties [1-3]. Epitaxial growth techniques for AlN 
'ilms with high crystallinity and a smooth surface are 
tery important for these applications. There have been 
nany reports on the epitaxial growth of AIN films on 
;ilicon substrates by chemical vapor deposition (CVD) 
4,5J and molecular beam epitaxy (MBE) [6]. In these 
·eports, the growth conditions, such as the pretreatment 
Jf the substrate surface, growth temperature, growth rate 
md the kind of gas source, have a great influence on 
:rystallinity, crystal orientation and surface morphology. 
We have been considering that controlling the initial 
~rowth process is very important to the preparation of 
1igh-quality AIN film. 

In this paper, AIN films are prepared on (111 )Si 
'Y electron cyclotron resonance (ECR) dual ion beam 
;puttering methods which can separately control the 
tluminum flux rate and nitrogen ion beam energy. The 
lffects of the initial growth process, such as surface 
1itriding and aluminum metallization, on film properties 
;vere investigated by RHEBD patterns and AFM image. 

Fig. I ECR dual ion beam sputtering system. 
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2. Experiments 

The ECR dual ion beam sputtering met 
used to grow AIN films. Figure 1 shows the 2 

for this system. Table I shows the best de 
conditions for preparing single crystal AlN 
sapphire substrates [7]. The (lll)Si substrate wa 
by thermal annealing at soo·c for about 1 t 
vacuum of less than 2 X 1 O· 7 Torr. The natural S 
can be almost completely removed by this treat1 
carbon contamination remains on the surface bee 
removal of carbon is more difficult than that of 
The control method for the initial growth pro< 
pretreatment before the growth process, is descrit 

Table I Deposition conditions 

Target Aluminum 

Substrate temperature 30o-soo·c 

Nitrogen gas flow rate 8CCM 

Argon gas flow rate 4CCM 

Nitrogen ion beam 100 eV, 0.32 mAl 

ECR microwave power 300W 

Argon ion beam 800 eV, 0.7 mAl< 

Final pressure less than 2 X 10-7 

Deposition pressure 7.0 X 10·5 Tor 

In this experiment, two types of pretreatrr 
examined. One is substrate nitriding by a nitr 
beam using an ECR ion source before the d1 
process and the other is the aluminum metalliz1 
few layers on (lll)Si substrates. Surface nitri 
carried out by irradiating nitrogen ion beams 
energy of 100 eV and current density of0.32 mi 
an ECR ion source. Aluminum was deposite 
beam sputtering at a flux rate of OSA/s. The a< 
of aluminum was carried out onto a (lll)Si 
heated to a desired temperature from 300"C to 8( 

aluminum coverage on the (lll)Si substrate is 
% at the deposition time of 6 sec. 

Reflection high-energy electron dif 
(RHEED) and x-ray diffraction (XRD) were 



investigate the crystallinity, crystal orientation and 
epitaxial relationship. An atomic force microscope 
(AFM} was used to examine the surface morphology. 

3. Results and discussions 
3.1. Growth of AIN films on (lll)Si with 
surface nitriding 

AIN films were deposited on ( 111 )Si with surface 
nitriding at the growth temperature of 300-800'C and 
film thickness of 1000A. Table II shows crystal 
properties estimated by RHEED pattern. C-axis """'"•c•" 
AlN film and poly-crystalline film were obtained on 
(11l)Si with surface nitriding at a growth temperature of 
500'C-800'C and 300"C-400'C, respectively. Single 
crystal AIN can not be obtained because of the exJstettce 
of a non-crystal silicon nitride (SiN) phase on (lll)Si. 
Figure 2 shows the RHEED pattern of AIN film grown 
on (111 )Si with surface nitriding at growth temperature 
of 800'C. This RHEED pattern appeared when the 
sample was rotated around the c-axis of AIN at an interval 
of 30 degrees. This result is the same as that of CVD 
methods reported by Chubachi et al [ 4]. The A1N film 
grown on (lll)Si with surface nitriding consists of two 
types of epitaxial growth with a differential direction in 
the a-axis. In this paper, this film is called c-axis oriented 
film. 

Table II The crystal properties of AIN films on the 
( 111 )Si with surface nitriding at the various growth 
temperature. The propertiy was estimated by RHEED 
pa~tern~. The open circles and open triangle indicate c: 
ax1s onented and poly-crystalline phase, respectively, 

Ts('C) 300 400 500 600 700 800 

phases !':, !':, 0 

Fig.2 RHEED pattern of AJN film grown on (lll)Si .with 
surface nitriding. 

Next, A1N film with a thickness of about 30A 
was estimated by RHEED in order to determine the initial 
growth process in detail. The RHEED pattern of AIN 
film with thickness of 30A have a hollow pattern. These 
RHEED patterns indicate that AlN film grown on 
(111 )Si with surface nitriding is non-crystal. The 
RHEED patterns of AIN with a thickness of 200A have a 
ring pattern. These results suggest that the crystal 

properties of AlN films grown on ( 111 )Si with surface 
nitriding change from non-crystal to poly-crystal and 
from poly-crystal to c-axis oriented with increases in 
film thickness. We thought that this change of crystal 
properties would have an influence on the growth 
temperature and growth rate. However, we can not 
investigate this phenomenon in detail in this paper. 

(a) (b) 
Fig,3 RHEED patterns of AIN films grown on (lll)Si 
with a 0.5 atomic layer of aluminum. (a) :electron beam 
incident to the [I 1 0] direction of (111 )Si,(b): electron 
beam incident to the ( 11 0} direction of (111 )Si. 

3.2. Growth of AIN films on (lll)Si with AI 
metaHization 
(a) Effects of Allayer on (lll)Si 

Effect of aluminum metal1ization on (lll)Si 
before the deposition process~ which affects the initial 
growth process, was investigated to determine the 
influence on film properties, such as crystallinity, 
uniformity and orientation. AlN film was deposited on 
( 111 )Si with a 0.5 atomic layer of aluminum under the 
growth temperature of 800'C. It was confirmed from 
XRD patterns that (001) plane of hexagonal AlN is 
parallel to the (111 )Si. Figure 3 shows the RHEED 
pattern of AIN film grown on (lll)Si with a 0.5 atomic 
layer aluminum. The film thickness was I oooA. 
Figure 3-(a) shows the case of an electron beam incident 
to the. [1101 direction of (lll)Si. This RHEED pattern 
rnr>fr\l"m" to the theoretical pattern of an electron beam 

to the [110] direction of hexagonal AIN. On the 
other hand, Fig.3-(b) shows the case of an electron beam 
incident to the [1 fO] .direction of (lll)Si. This RHEED 
pattern conforms the theoretical pattern of an electron 
beam incident to [1 IO] direction of hexagonal A!N. 

results indicate that a (001) plane of AlN is 
epitaxically grown on (lll)Si. But it seems that the 
epitaxial growth mode is not layer by layer, i.e., is three­
dimensional growth, because RHEED patterns were 
spotty. The epitaxial relationship is as follows: 
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Flg.4 AFM images of AlN films grown on (111)Si with a 
0.5 atomic layer of aluminum. 



(OOl)AIN//(lll)Si, [110]AIN//[110}Si. 

This relationship is the same as that in previous reports 
[ 41. Figure 4 shows AFM images of this AIN films 
grown on (lll)Si with a 0.5 atomic layer of aluminum. 
It was found from the AFM images that the surface 
roughness of this AIN film with a 0.5 atomic layer of 
aluminum was smoother than that of the AIN film grown 
by CVD methods [4]. It was confirmed from these results 
that a 0.5 atomic layer of aluminum on ( 111 )Si was 
enough to prepare single crystal AIN film. It was 
considered that epitaxial AlN film could be obtained by 
using a (lll)Si substrate with an aluminum layer 
because the growth of a non-crystalline-SiN phase was 
disturbed by the aluminum layer. In general, single 
crystal AIN with smooth surface can not be obtained 
using (111)Si because non-crystalline SiN is grown on 
(lll)Si by introducing nitrogen gas before the growth 
process. Recently, it has been well known from scanning 
tunnelling microscopy (STM) studies that a clean surface 
of (lll)Si reconstructs to (lll)Si 7 X 7 structure at a 
surface temperature of more than 6000C in ultra high 
vacuum. Aluminum forms several ordered surface phases 
on the (111 )Si 7 X 7 structure depending on the substrate 
temperature and aluminum coverage [9-11]. One of the 
several ordered surface phase is the y -phase. The 
aluminum atom of this phase is adsorbed by the dangling 
bond of the silicon atom. However, there is a lack of 
consensus even about the periodicity of this phase. Very 
recently, K.Nishiyama et al. have reported that y -phase 
of aluminum has a strong influence on the epitaxial 
growth of (OOl)AlN on (lll)Si with an aluminum layer 
[12]. Unfortunately, they do not discuss the mechanism 
of this epitaxy in detail. 

Fig.5 RHEED pattern of AlN films grown on (lll)Si 
with a 0.5 atomic layer of aluminum at the growth 
temperature of SOO'C and film thickness of 30A. 

Next, AlN film with a thickness of about 30A 
was estimated by RHEED in order to determine the initial 
growth process in detail. Figure 5 shows the RHEED 
pattern of the AIN film grown on (111 )Si with a 0.5 
atomic layer of aluminum at the growth temperature of 
800'C. The RHEED patterns shown in Fig.5 are more 
streaky than that of AIN having a film thickness of 1000 
A.(Fig. 3-(a)). This RHEED has almost a spotty pattern. 
If the electron beam incidence is rotated around the c-axis 
of the AIN, two types of RHEED patterns appear at 
interval of 30 degrees. It was found from this result that 
single crystal AlN with a thickness of only 30A can be 

obtained, but three-dimensional growth, i.e., islan 
growth, already occurred at the initial growth proces 
K.Nishiyama et al. reported that (OOl)AlN can 1:: 

epitaxially grown on (111 )Si with a 0.6 atomic layer c 
aluminum by MBE, and that the RHEED pattern of th 
AlN film with a thickness of less than 300A is ver 
streaky, with the AIN grown layer by layer [12]. It seerr 
that the difference in these results is due to the growl 
conditions, such as the aluminum flux rate an 
background pressure before the growth process. 

T~ble ill The cry?tal properties of AIN films on (lll)Si 
wlth a 0.5 atom1c layer of Al at the various growth 
temperature. AI layers were grown at the same 
t<?mperature as. that of preparing AlN. The twofold 
ctrcles, .open ct~cles and open triangle indicate single 
crystall~ne, c-ax1s onented and poly-crystalline phase, 
respectt vely, 

Ts('C) 300 400 500 600 700 800 

phases !'::, !'::, !'::, 0 © © 

(b) Dependence of growth temperature 
We investigated the dependence of crysta 

properties on growth temperature. The growtt 
temperature ranged from 3oo·c to SOOT. The substrat< 
temperature was controlled at the desired temperature afte 
thermal annealing at 800"C for an hour. Substrate 
pretreatment, such as preparing an aluminum layer an< 
surface nitriding, was carried out at the same temperatun 
as the growth process. Table ill shows the crysta 
properties of the AlN films estimated by RHEEI: 
patterns. Single crystal AIN film with (OOl)AIN parallel 
to the substrate, c~axis oriented films, and poly­
crystalline films can be obtained at a growth temperatun 
of 700-SOOOC, 600"C and 300-SOO"C, respectively. These 
results indicate that not only the disturbed preparation 01 

the non-crystalline SiN phase between the substrate anc 
AlN film but also the existence of an aluminum layer 
with periodicity were enough to obtain single crystal Air\ 
film. Namely, the periodicity of the y -phase of th~; 

aluminum which was obtained on the (lll)Si 7 XI 
structure at more than 7oo·c had a strong influence on 
the epitaxial growth of (OOl)AlN. We have previously 
reported that (OOl)AlN can be epitaxially grown on c­
plane sapphire at the substrate temperature of only 
320"C. We thought that the substr11te temperature of 
600'C would be enough to prepare epitaxial A1N film 
However, epitaxial AIN films can not be obtained on 
(lll)Si with a 0.5 atomic layer of aluminum at 600"C 
This is why the periodicity of the aluminum layer grown 
on (lll)Si at 600'C is not effective due to the growth of 
(OOl)AIN. There is a lack of consensus about the 
periodicity of the y -phase of aluminum [9], but we 
thought that these results, the AlN epitaxiai growth on 
(111 )Si with a y -phase of aluminum, were valuable in 
order to investigate the periodicity of the y -phase ol 
aluminum. 
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Next, AlN was grown on (lll)Si with a 0.5 
atomic· layer of aluminum at the desired temperature after 
the aluminum layer was grown on (lll)Si at 800'C. 
Table N shows the crystal properties of the AIN film 
estimated by RHEED pattern. Single crystal AlN can be 
obtained at a temperature of more than 400'C. The 
crystallinity of single crystal AIN estimated by this 
RHEED pattern increased with increases in the growth 
temperature. The epitaxial growth temperature of AIN 
film grown on (lll)Si with a 0.5 atomic layer of 
aluminum prepared at 800'C is about 300'C lower than 
that of AlN film grown on (111)Si with a 0.5 atomic 
layer prepared at the same temperature as that of the 
deposition process. These results indicate that the T­
phase can not be obtained at 600'C, but the y -phase or a 
related phase with similar periodicity, which is useful for 
(OOl)AlN growth, can be obtained at 400'C by preparing 
a 0.5 atomic layer of aluminum on (lll)Si at 800'C 
before the substrate temperature decreases to 400'C due to 
the start of the deposition process. 

Table N The crystal properties of AlN films on the 
(lll)Si with 0.5 atomic layer of AI at the various . 
growth temperature. AI layers were grown at 800'C. The 
twofold circles, and open triangle indicate single 
crystalline and poly-crystalline phase, respectively. 

Ts('C) 300 400 500 600 700 800 

phases !:, © © © © © 

(c) Effect on thickness of Allay er on ( 111 )Si 
We investigated the dependence of the crystal 

properties on the coverage or thickness of the aluminum 
layer on (lll)Si. Less than a mono-layer of aluminum 
on (111)Si will be part of the first layer of AlN after the 
crystal growth. However, when the AIN film is applied 
to piezoelectric devices, the aluminum layer under the 
single crystal film is very valuable. AlN film with a 
thickness of 100A was grown on 0.5,1.0 and 5.0 layers 
and 500A of aluminum on (111)Si at 800'C. It was 
found from the RHEED pattern that all of the AlN films 
had single crystal phases. However, the crystallinity of 
these films decreased with increases aluminum layer. 
A.V.Zotov et al. reported that aluminum desorbs from a 
(lll)Si 7 X 7 structure clean surface after the aluminum 
adsorbs with about 60 % of the dangling bond for silicon 
under a substrate temperature of more than 600'C and low 
aluminum flux rate of less than 0.1Ais, and three­
dimensional growth such as island growth does not 
appear [9]. All surfaces with a 0.5-5.0 atomic layer of 
aluminum have almost the same structure in this work. 
But, we thought that the surface structures of (111)Si 
with a o.5 layer and 5ooA layer of aluminum were 
different by considering the aluminum flux rate of 0.5Ais 
and the appearance of AlN island growth with the 
thickness of only 30A described in the previous section. 
Unfortunately, we have no information about the 
periodicity of 500A aluminum layer on (111)Si at 800'C. 

If the single crystalline AlN film on (111 )Si with 500A 
aluminum layer were used for piezoelectric devices the 
crystallinity of this film would have to be improved by 
examining the best growth condition. 

4. Summary 

Aluminum nitride (AlN) films have been prepared 
on a (lll}Si substrate by ECR dual ion beam sputtering. 
The effects of the initial growth process on film 
properties were investigated. The results were as follows. 
(1) A (001) plane of AlN was epitaxially grown on 
(11l)Si with surface nitriding at a substrate temperature 
of more than 300'C. This film consists of two types of 
epitaxial growth with a differential direction in the a-axis. 
(2) A (001) plane of AIN can be epitaxically grown on 
(lll)Si with aluminum metallization. 
(3) A half atomic layer of aluminum on (111)Si was 
enough to prepare epitaxial single crystal AlN film. 
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