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Abstract 

The growth of large-size single crystals of aluminium 
nitride has been obtained by UHV reactive rf-sput- 
tering at high temperature (lOSO°C). The growth 
mode was studied in situ by electron spectroscopy 
(HREELS, LEED) and by ex-situ High Resolution 
Transmission Electron Microscopy (HRTEM) . The 
deposition of a bufler layer at lower temperature 
(700°C) yielded a thick mosaic layer with a very 
low surface roughness. Electron microscopy has evi- 
denced the presence of a thin interfacial layer com- 
posed of small and slightly misoriented domains, 
suggesting therefore a 3-D growth of the layer before 
the temperature transition; it has also confirmed the 
very good crystalline quality of the final thickfilm: the 
constituent domains of theJilm are large (100 nm) 
and their respective misorientation is less than 0-I 
degree. 0 1997 Elsevier Science Limited. 

Rbume’ 

La croissance de monocristaux de nitrure d’alumi- 
nium de grande taille a Pte’ obtenue par pulvtrisation 
cathodique reactive (rf) en ultra haut vide et a haute 
temperature (1050” C) . Le mode de croissance de ces 

films a et6 e’tudie in situ par spectroscopic hlectroni- 
que (HREELS, LEED) et ex-situ en microscopic 
tlectronique en transmission a haute resolution 
(HRTEM). Le depot pre’liminaire d’une couche 
tampon h plus basse temperature (700°C) permet 
dbbtenir un film presentant une faible mosaiiite 
ainsi qu’une rugositk de surface reduite. La micro- 
scopie e’lectronique a mis en evidence la presence 
dune couche interfaciale constituee de domaine de 
taille rtduite et legdrement d&orient&, suggerant 

*To whom correspondence should be addressed. 
Now at Glaceries de St-Roth - R&D Center, 169 Rue des 
Glaces Nationales, B-5060 Sambreville B.P.50 Belgium 

une croissance tridimensionnelle du jlm avant la 
transition en temperature. Elle a en outre permis de 
confirmer la bonne qualite cristalline du film com- 
plet: les domaines constitutifs du film sont de grande 
taille (lOOnm), et leur disorientation respective est 
inferieure a 0.1 degre. 

1 Introduction 

Aluminium nitride is a wide band gap semicon- 
ductor which exhibits properties (high melting point, 
very good thermal conductivity, thermal expansion 
coefficient similar to Si, piezoelectricity...) that are 
very interesting for numerous electronic applica- 
tions.’ Epitaxial growth of AlN has already been 
achieved by CVD2 or reactive MBE3, but reactive 
sputtering has only, up to now, resulted in highly 
oriented films4 or in epitaxial films containing a 
high density of dislocations as observed by Meng et 
al.s These authors evidenced the growth of wurtzi- 
tic AlN and an epitaxial orientation relationship 
for films grown at temperatures ranging from 600 
to 1000°C. They also showed that although it is 
often assumed that misfit stresses relax during the 
first stage of growth by formation of misfit dislo- 
cations at the interface, this is not the case for AlN/ 
Si, suggesting therefore a coincidence interface 
with a ratio of 5 :4. Finally, real-time measure- 
ments of substrate bending during the deposition 
showed the presence of variation of intrinsic stres- 
ses resulting from the island growth mode. 

A minimum growth temperature (T/Tm > 0.3) is 
usually needed to obtain epitaxial growth and good 
quality single crystals. However, when the lattice 
misfit is too high (> 20%) and results in the for- 
mation of strained layers, with high density of 
defects and dislocations, 5$ the energy brought by 
the high temperature is not sufficient, with regards 
to the refractory nature of aluminium nitride, to 
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overcome the strains and reorganise the film, 
resulting in a columnar growth as we have pre- 
viously observed. 7 To overcome these problems 
that give rise to lower quality films, several authors 
have, in the case of the growth of gallium nitride, 
deposited a buffer layer of AlN&‘O or GaN” at 
low temperature. It has been shown that with the 
presence of this buffer layer, the density of dislo- 
cations decreased rapidly with increasing thickness. 
Kuznia et al. have compared the use of AlN or 
GaN as a buffer layer for the growth of gallium 
nitride.” They showed that the use of a thin buffer 
layer improves the material quality, but they also 
showed that the total epilayer thickness must be of 
a minimum of 4p.m in order to obtain the best 
result. This minimum thickness is probably related 
to a poor quality of the buffer layer. It was grown 
at a temperature which was probably too low and 
at deposition rate which was probably too fast. 

We have applied this procedure - called ‘two- 
step growth’ and used for semiconductors other 
than the III-V nitrides12 - to the growth by rf- 
sputtering of AlN layers. The very good quality 
single crystalline films were grown on Si(1 1 1) and 
studied in situ by electron spectroscopy (LEED, 
HREELS) and ex-situ by High Resolution Trans- 
mission Electron Microscopy (HRTEM). 

2 Experimental 

The substrates were Si(1 1 1) resistively heated at 
a temperature of 1050°C during deposition. The 
films were grown by reactive rf-sputtering of a pure 
Al target in a mixed atmosphere of N and Ar. The 
base pressure of the sputtering chamber was 
1 x lop7 Pa. The total deposition pressure was 
5.5 x 10-l Pa. Precise control of the partial pressure 
of each gas in the chamber allowed us to obtain a 
higher stability of the plasma, giving access to very 
low deposition rates (500 A h-l at 105O’C). 

Ex-situ chemical preparation of the substrate is 
based on the RCA method of Ishizaka and Shir- 
aki.13 The growth procedure was basically as fol- 
lows; after outgassing, clean Si(1 1 1) surfaces with 
a sharp (7 x 7) reconstruction were obtained and 
the growth started with the depositionOof the buffer 
layer at 700°C during the first tens A of growth. 
The temperature was then raised to 1050°C and 
the thicker part of the film deposited at constant 
temperature. After deposition, the sample was 
annealed at the growth temperature under nitrogen 
atmosphere (5 x 10-l Pa) for 30min and under 
UHV at 600°C for 15 min. The details of sample 
cleaning and deposition procedure have been pre- 
sented in a previous paper.7 The total deposition 
time was typically of the order of several hours. 

Transmission Electron Microscopy (TEM) was 
carried out in cross section. Samples were 
mechanically thinned to 30pm and then ion 
milled with Ar + . Conventional and high resolution 
TEM were performed on a Topcon 0002-B oper- 
ating at 200 kV. Surface diffraction patterns were 
obtained on a four-grid LEED optics. Auger 
measurements were performed with a cylindrical 
mirror analyser (CMA) and an axial electron gun 
(0 < Ep < 10 keV). HREELS spectrometer was a 
double hemispherical system (SEDRA-ISA Riber). 
The spectrum presented here was measured in the 
specular geometry and with an incidence angle of 
45”. The primary energy of the electron beam was 
7 eV. For the samples presented here, no charging 
of the film surface was detected, and the neutrali- 
sation gun has not been used. 

3 Results and Discussion 

Typical LEED patterns of thick AlN films 
obtained by this two-step growth method showed 
very sharp spots as can be seen in Fig. 1 (a). This 
pattern exhibits a hexagonal symmetry a priori 
compatible with both the cubic and hexagonal 
forms of AlN. Several films were grown with 
coverage ranging from O-1 pm to 0.6 pm, giving the 
same surface electron diffraction pattern. Mea- 
surements of the lattice parameter on several of 
these LEED diagrams gave an average value of 
3.1 A, which is close to the bulk value, indicating 
fully relaxed films. A general overview in AES 
allowed checking of the contaminations; the only 
one found was residual oxygen which was deter- 
mined to have concentrations lower than 1 atomic 
percent, which is difficult to quantify in that range. 
No carbon contamination was detected in the sen- 
sitivity range of AES. Preliminary PEELS results 
(to be published) have confirmed the very low 
concentration of oxygen contamination (-0-l 
atomic percent). 

HREELS spectra of a thick film also indicates a 
very good crystalline quality of the layer (Fig. 2). A 
high signal to noise ratio and a resolution close to 
the theoretical one for the configuration used are 
known to be a sign of high quality layers. This 
spectrum shows the well-known structures charac- 
teristic of aluminium nitride, the most important 
one being at 106meV and a shoulder appearing at 
80meV easy to separate here thanks to the good 
resolution. The determination of the dielectric 
constants of AlN has been performed from this 
spectrum and is detailed in another paper.i4 At the 
interface, a measurement of the angular dispersion 
of the dipole lobe shows the following steps in the 
growth: before the temperature transition, the 
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(a) (b) 

Fig. 1. (a)LEED pattern of the AIN(O0 1) grown by the two step-growth method (Ep = 81 eV) and (b) cross-section diffraction 
pattern showing superimposition of AlN (1070) with Si(2 1 1) zone axis patterns. 

roughness of the surface increases, indicated by the 
increasing angular dispersion (up to 20”); when the 
temperature is increased to 1050°C this dispersion 
slowly improves to become very sharp at high 
thickness (N 6”, insert of Fig. 2). The evolution of 
the roughness suggests a first step including three- 
dimensional growth of AlN at low temperature. 
This is in agreement with the results of Hiramatsu 
et al., who have evidenced for the growth of AlN 
on sapphire l5 that below 600°C the buffer layer is 
amorphous, and above it is constituted of three- 
dimensional crystallites and incorporates defects 
during the island growth process. In our case, the 
quality of the buffer layer is already quite good, 
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Fig. 2. HREELS spectrum of a 0.35pm thick film deposited 
by the two-step growth method on Si(1 1 1). The insert shows 

the angular dispersion of the dipole lobe. 

needing less energy to reorganise when the tem- 
perature is increased. This improvement in our 
results is certainly due to a deposition at higher 
temperature, but also mainly to the much lower 
deposition rate that we were able to reach in our 
system. 

The crystalline structure of the films and their 
orientation with respect to the substrate were spe- 
cified using TEM. The diffraction patterns of the 
films, for a cross-section in the (I 0 70) axis of the 
aluminium nitride confirms the hexagonal symme- 
try for the aluminium nitride (Fig. l(b)). From the 
pattern, we can also determine that the orienta- 
tional relationship between the film and the sub- 
strate is AlN(0 0 0 l)//Si( 1 1 1) and Si( 17 O)// 
AlN(i2 TO), which is in agreement with the ones 
found in the literature.5,16 We can also see from 
the pattern that we have a perfect epitaxy of 
AlN(0 0 0 1) on Si( 1 1 1) in spite of the 20% misfit 
at the interface and for this orientation. 

The quality of the film is also confirmed by TEM 
bright field imaging. At low resolution, we can see 
that the layer is homogeneous, and the interface 
abrupt (Fig. 3(a)). Relatively few extended defects 
were observed, and the tilm does not present a 
columnar growth as in the case of a deposition in 
one step at high temperature.7 The homogeneity in 
the contrasts of the image suggests that the misor- 
ientation of the crystallites in the film remains very 
low. At higher resolution (Fig. 3(b)), we can dis- 
tinguish an interfacial layer, about 100 A thick, this 
layer is obviously to be correlated to the layer 
deposited during the first step of the growth. 
However, it is possible that after the temperature 
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Fig. 3. (a)TEM images of a 0.35,xm thick aluminium nitride formed by the two-step growth method. Image (b) shows the buffer 
layer of AlN deposited at lower temperature. 

transition, the quality of the layer is slowly 
improving and that its thickness is higher than the 
one deposited before the transition. It is also pos- 
sible that the increase in temperature results in a 
reorganisation of the buffer layer from the top 
through the substrate, in which case the thickness 
would be smaller. From the information we have 
up to now, it is not possible to decide which 
transformation is occurring, but as the interface 
between the interfacial layer and the main film is 
quite sharp, it is most probable that a front of 
reorganisation is moving towards the substrate and 
stops when the strains in the layer are too high to 
be overcome by the energy of the heating. 

We can see stronger differences in the contrasts 
of this first layer than in the thick film, indicating 
that it is constituted of very small domains slightly 
misoriented and having a distribution of orienta- 
tion (Fig. 4), but we did not detect the formation of 
clearly defined domains as was the case in the 
columnar growth. The misorientation of these 
crystallites is of the order of 1”. The presence of 

Fig. 4. HRTEM image of the interface between the buffer 
layer and the substrate. 

defects confirms the initial three-dimensional 
growth. The thick film deposited on top of the 
buffer layer is also composed of these domains, but 
with a much larger size (100 nm instead of 10 nm) 
and a smaller misorientation (N 0.1” instead of 1”). 
This shows that the final layer deposited by the 
two-step growth method results in a well-organised 
film as was suggested by electron spectroscopy. We 
did not notice a strong difference in the quality of 
the layer with respect to its thickness as was the 
case for Kuznia et al.” The better quality of our 
buffer layer probably allowed us to obtain a very 
good epilayer for a much smaller thickness. 

Moreover, whilst the buffer layer seems to be less 
organised, it can be seen on Fig. 4 that the inter- 
face between the AlN and the substrate is structu- 
rally sharp and we can easily distinguish the 
interfacial arrangement of the first layer of AlN. 
This layer seems to be very little influenced by the 
presence of the substrate. We did not measure any 
significant relaxation at the interface in the inter- 
planar distance nor in the arrangement of the first 
atomic layer. 

During the growth of small crystallites in the 
buffer layer, we may assume that the epitaxial 
orientation with the substrate allows a lesser accu- 
mulation of global strains at the interface and this 
is possible thanks to the near 5 : 4 coincidence ratio 
at the interface and despite the large misfit (Fig. 5). 
For this orientation, the areas of good fit (labelled 
A in Fig. 5) are densely distributed within the 
interface and the structural relaxation of bad 
matching areas would be energetically unfavour- 
able because they would affect the coherency of 
good matching areas. Then, during the growth of 
crystallites, the amount of strain which is accumu- 
lated in them may be relaxed at the low angle 
boundary between the crystallites. The very low 
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Fig. 5. Schematic representation of the 5 : 4 near coincidence 
orientation at the AlN/Si interface. Areas of good match are 

labelled (A), strain is concentrated in areas labelled (B). 

deposition rate and the relatively high temperature 
we were able to use during our experiment is cer- 
tainly critical for this mechanism to operate. Time 
and energy are necessary to let the film relax at 
different stages of its growth. We can also conclude 
from such a sharp interface that the chemical 
interaction at the interface probably remains small. 
PEELS measurements and a fine analysis of the 
interface structure are still in progress to obtain a 
chemical and structural information at the inter- 
face. 

4 Conclusions 

We have shown in this paper that it has been pos- 
sible to grow large single crystalline films of alu- 
minium nitride by reactive rf-sputtering at high 
temperature. A very good crystalline quality was 
achieved by the deposition of a buffer layer of AlN 
at low temperature (700°C) in order to avoid dis- 
locations in the whole thick film. The sputtering 
conditions consisted of a low pressure and low 
power plasma that resulted in a good quality buffer 
layer for this deposition temperature and allowed 
to reorganise quicker at the temperature transition, 
facilitating the crystalline growth of the thick film. 
A combination of HREELS and HRTEM has 
shown that this buffer layer is growing in a 3-D 
mode and is constituted of slightly misoriented 
domains. It has also been shown that the resulting 
thick film showed a low surface roughness and 
large domains (100 nm) with a very small misor- 
ientation. 
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