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Abstract 

A1N deposits, prepared by low-pressure chemical 
vapour deposition ( LPCVD),  with or without N20  
addition in the source gases, have been examined by 
several complementao~ transmission electron micro- 
scopy ( T E M )  techniques, including electron diffrac- 
tion (ED),  high-resolution electron microscopy 
(HR E M) ,  electron energy loss and extended energy 
loss Jine structure spectroscopies (EELS  and 
EXELFS ), to determine both the structures and local 
chemical compositions. 

The mc~jm" d(ff~,rences between the compounds lie 
in the occurrence o[" micro- and nanostructura[ 
changes, as dendrites and extended d~:/~,cts. It is 
suggested that the observed structural changes are 
induced by oxygen impurities. The implications qfl the 
results [br the interpretation c~[ some physical 
properties g[the compounds are diseussed in terms o[ 
these changes. 

Mit Hi(['e t,on verschiedenen komplementdren Tech- 
niken im Rahmen der Transmissions-Elektronen- 
mikroskopie ( TEM ), Elektronenbeugung ( ED), 
Hochaz{/tdsungsmikroskopie ( H R E M )  und Ener- 
gieverlustspektroskopie (EELS  und EXELFS  ) 
werden durch LPCVD vorbereitete AlN-Riickstdnde, 
mit oder Zugabe yon N 2 0  in die Quellengase 
untersucht, um sowohl ihre Struktur als auch ihre 
lokalechemische Zusammensetzung zu bestimmen. 

Die Hauptunterschiede zwischen den beiden Typen 
yon Verbindungen bestehen in der Verdnderung yon 
Mikro- und Nano-struktur, wie z.B. das AuJ?reten yon 
Dendriten und weitreichenden Defekten. Es ist 
anzunehmen, daft diese Strukturverdnderungen yon 
Sauerstoffunreinheiten hervorgerufen werden. Des- 
weiteren wird untersucht, wie sich diese Strukturver- 
~inderungen au/die Interpretation einiger physikalis- 
eher Eigenscha/ten dieser Verbindungen auswirken. 
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Des dOp6ts d'A IN prdparbs par LPC VD, avec ou sans 
addition de N20 clans les gaz vecteurs, ont ~tO examinOs 
au moyen de plusieurs techniques compl~mentaires de 
microscopie Olectronique par transmission (TEM) ,  
notamment la diffraction dlectronique (ED),  la 
microscopie Olectronique b haute r~solution ( H R E M  ) 
et la spectroscopie des pertes d'dnergie (EELS  et 
EXELFS  ), afin de dOterminer ~ la fois leurs structures 
et leurs compositions chimiques locales. 

Les d(fJ~;rences majeures entre ces deux types de 
composOs rdsident dans des changements de micro- et 
de nano-structure, comme I'apparition de dendrites et 
de d~/auts Otendus. On est en droit de penser que ces 
changements de structure sont induits par des 
'impuret~s' d'oxyg~ne. On examine aussi les roper- 
cussions que ces changements de structure peuvent 
avoir quant ~t l'interprOtation de quelques unes des 
propriOtc;s physiques de ces composds. 

1 Introduction 

Aluminium nitride (A1N) coatings obtained by low- 
pressure chemical vapour deposition (LPCVD) are 
of considerable interest in advanced material 
sciences, since they have important potential applic- 
ations, particularly as electronic substrates, refrac- 
tory materials and high-temperature oxidation- 
resistant compounds. Moreover, as already widely 
discussed, their physical properties are known to be 
strongly dependent on the microstructure and, 
therefore, on the processing parameters. 

A first approach to obtaining information on the 
microstructure and surface morphology of the 
deposits was by the use of X-ray diffraction (XRD) 
and scanning electron microscopy (SEM) techni- 
ques. 1'2 It has been suggested that the compounds 
could be stabilized against hydrolysis by incorporat- 
ing a small quantity of oxygen. 
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The present work is thus primarily concerned with 
establishing the influence of oxygen on microcrystal 
growth and on local structure at an atomic level. The 
experimental applicability of the TEM techniques to 
the study of these coatings is also demonstrated, 
together with the details of microcrystal shapes and 
sizes, chemical compositions and nanostructures, 
shown by the results. 

2 Experimental 

2.1 Chemistry 
LPCVD is one of the most attractive techniques for 
producing A1N coatings because they are directly 
obtained by thermal decomposition of raw vapours 
or gases. The experimental device used for the 
elaboration of the samples is described by Aspar. 2 It 
consists of a vertical hot-wall reactor composed of a 
graphite susceptor heated by high-frequency induc- 
tion. The temperature is measured using an optical 
micropyrometer. 

In the present experiments, the source gases were 
hydrogen (H2) , ammonia (NH3), nitrogen (N2) with 
or without nitrous oxide (N20). The aluminium 
source, aluminium chloride vapour (A1C13), was 
supplied by evaporation of solid A1C13 at 80°C and 
carried by N 2. The A1C13 vapour and the NH 3 gas, 
both diluted with N2, were introduced separately in 
the reaction zone to avoid the formation of 
complexes. 3 The substrates consisted of graphite 
coated with a CVD-deposited SiC layer. 

The standard A1N deposition parameters were: 
total pressure 130 Pa, substrate temperature 1000°C, 
and experimental ratios A1C13/NH 3 = 2 and 
Nz/A1C13 =200. For A1N deposits prepared by 
progressively introducing N2 O in the gas mixture, 
identical total pressure and substrate temperature, 
but different experimental ratios, A1C13/NH 3 = 1"35, 
N20/A1C13=15"5, H2/NH3=10 and N z / N 2 0 =  
17'6 were used. Henceforward, these two kinds of 
compounds will be referred as 'pure' A1N and as 
'oxygen-doped' A1N, respectively. 

resolution of 0-20 nm (i.e. the first zero cross-over in 
the microscope transfer function for the optimum 
defocus value, - 5 8 n m ,  corresponding to the 
minimum size of the object details whose images are 
directly interpretable). 

For TEM and ED, standard bright-field (BF) and 
dark-field (DF) procedures were used, with magni- 
fications and camera lengths of about 50k and 
930 mm, respectively. 

For HREM, a careful operating procedure was 
followed at direct magnification of 1M in the axial- 
illumination bright-field (AIBF) mode, via a Sofretec 
(CF1500) high-resolution TV camera, for image 
acquisition, and a Synoptics advanced software 
package (SysTEM), for microscope control and on- 
line image processing, namely: (i) fine astigmatism 
correction, (ii) accurate coma-free alignment, and 
(iii) identification of the zero-contrast focus position, 
using ultra-thin amorphous regions adjacent to the 
areas of interest. The experimental images and 
the corresponding digitized diffractograms were 
examined on a TV screen with about 18M magni- 
fication and on a high-definition (1024 x 768) RGB 
monitor screen, respectively. The simulated images 
were computed using standard (MacTEMPAS 4) 
multislice techniques, since no additional improve- 
ment is really needed for relatively simple structures 
consisting of low-Z elements, 5 such as those 
investigated here. 

2.3 Electron spectroscopy 
For EELS, an on-line Gatan (666) parallel detector 
spectrometer, with an attainable energy resolution 
of 1.5 eV (full width at half maximum of the zero-loss 
peak), was used. Appropriate electron probe dia- 
meters, varying from 10 to about 40 nm, were chosen. 

For the quantitative chemical analyses the EELS 
spectra were processed using standard Gatan 
software. For analysing the EXELFS modulations a 
software developed in the laboratory was used. 6 

3 Results 

2.2 Electron microscopy 
Thin specimens, adequate for electron microscopy, 
were then prepared from the above samples by 
mechanical polishing and by Ar + ion milling at 
liquid N 2 temperature. An operating difficulty, 
characteristic of most ceramics, which is that 
electrostatic charging effects under the electron 
beam of the microscope may occur, has been 
overcome by carefully pasting the specimens onto 
the supporting copper grids with droplets of silver 
lacquer. 

The electron microscope used was a Philips 
(CM30ST), operating at 300kV, with a point 

3.1 'Pure' AIN 
Figures l(a) and l(b) show low-magnification TEM 
BF (bright-field) and DF (dark-field) pictures which 
are typical of the general aspect of the samples 
elaborated without N20. The material consists of a 
juxtaposition of microcrystals. In the areas of large 
thickness, some continuous contrast lines, which 
are frequently angular, indicate probable crossed 
crystals. On the border of the specimen holes 
(bottom of the figures), where thinner microcrystals 
are located, the average microcrystal size is of the 
order of 2 to 3 pm. 

The selected-area ED pattern, shown in the inset, 
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Fig. 1. Low-magnification TEM (a) bright-field and (b) dark- 
field images illustrating the microcrystalline structure of the 
'pure" AIN coatings. Note the average microcrystal size of the 
order of 2 to 3/~m. The inserted ED pattern, for (110) zone axis, 
confirms the normal AIN wurtzite 2H-type crystalline structure. 

corresponds to one of these microcrystals, well 
oriented along the (110) direction. It indicates 
without any ambiguity that the observed structure 
corresponds to the wurtzite 2H-type crystalline 
structure of the pure A1N. v The three-dimensional 
unit cell model and the corresponding two- 
dimensional ~110) projection are given in Fig. 2. 

(a) 

I 110 ] 

G • G © 
0.498 m'n 

(b) 
Fig. 2. Perspective view of the A1N wurtzite unit cell and the 

corresponding {110) projected structure. 

This structure is clearly visible in the AIBF 
HREM images shown in Fig. 3. The two pictures 
correspond to the same specimen area, a very thin 
edge having a uniform thickness of about 5 nm (the 
amorphous part corresponding to the border of an 
adjacent hole can be seen in the top of the pictures), 
but observed with different defoci, - 1 1 3  nm and 
- 8 9  nm, respectively. According to the very good 
image match with the computer-image simulations, 
shown in the insets together with the projected 
atomic potentials, the atomic columns are known to 
appear with 'black' or 'white' contrast, for these 
values of defocus. Note that, in fact, the limited 
microscope resolution does not permit the 
0"106nm projected A1-N distance to be resolved, 
but only the distance between two neighbouring 
(A1 N) bi-columns, which is 0.265 nm (cf. Fig. 8). 

Figure 4 shows another high-magnification 
HREM image displaying features common to most 
of the images recorded. It corresponds to a 'wedge- 
shaped' microcrystal. The crystal thickness, which 
increases progressively from top to bottom, can 
easily be determined by image matching with 
simulations for the chosen defocus, - 9 0  nm. Three 
examples, corresponding to thicknesses of about 10, 
12 and 15 nm, are inserted. Note that the true (110) 
projected structure is recognizable only very close to 
the thin edge (within 1 to 5 nm). Elsewhere the image 
becomes more and more complicated throughout  
the remainder of the field, with also sharp variations 
in contrast, including reversals from black to white. 
However, the image symmetry, expected from the 
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Fig. 3. Axial-illumination bright-field HREM images of a 'pure' AIN microcrystal with uniform thickness, observed in {ll0) 
direction. The corresponding atomic projected potentials and image simulations, for the two indicated defoci, clearly reveal the wurtzite 

structure (top: 'black' atoms; bottom: 'white' atoms). 

wurtzite 2H-type structure (space group P63mc), is 
conserved. 

Figure 5 shows typical examples of EELS spectra 
obtained from individual microcrystals and exhibit- 
ing the characteristic N-  and A1-K edges at 400 eV 
and 1560 eV, respectively. The deduced N/A1 atomic 
concentration ratio is 1 T0-05, in agreement with 
both the A1N chemical stoichiometry and the 
wurtzite crystalline structure. 

3.2 'Oxygen-doped' AIN 
Figure 6(a) shows a low magnification TEM BF 
picture typical of most of the samples prepared with 
a N20  gas flow. The material appears to consist of a 
disordered assembly of similar microcrystals, having 
a planar random arrangement parallel to the surface 

plane of the coating (here, the observation plane) 
and exhibiting 'feather-like' shapes, with an average 
size of about 1 ~m x 100 nm. 

Intermediate magnification pictures, see Fig. 6(b), 
reveal the presence of dendrites, appearing on both 
sides of more homogeneous central zones. However, 
dendrites are not visible in the crystal tips. This is 
shown in Fig. 7, which shows examples of TEM DF 
images obtained by selecting the 1-11 diffraction 
spot, the incident electron beam direction being 
parallel to the { 110) zone axis. The associated ED 
pattern, where the - 11-1, 1-11 and 2-22 reflections 
appear amongst the more intense, is inserted. As for 
'pure' A1N, such ED patterns also confirm the 
wurtzite 2H-type crystalline structure. The projec- 
tion of the c axis onto the image plane is in this case 
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Fig. 4. High-magnification HREM image of a 'wedge-shaped' 'pure' AIN microcrystal. Note the image changes when the crystal 
thickness is progressively increasing, from top to bottom, in perfect agreement with the (inserted) computer simulations for the (110) 

projected wurtzite structure. 

parallel to the direction of the dendrites, demon- 
strating that they are generated by growth of the 
(001) planes. 

Figure 7 likewise shows another characteristic 
typical of the observed images, where a straight line 
appears across the central part of the microcrystals 
and generally persists to their extremities (another 
example of this type ofmicrocrystals can also be s, 

u . a .  

(a) 

I I I I I I I I I I I 

360 400 440 480 520 560 600 640 680 720 (eV) 

u.a. AI-K edge 

13m50 144.0 15'30 16120 17'10 18J00 18190 19180 20170 (eV) 

Fig. 5. Typical EELS spectra obtained from 'pure' AIN 
microcrystals. Their quantitative analysis, which leads to the 
atomic concentration ratio (N/A1) = 1 ¥ 0"05, confirms that the 

material is stoichiometric. 

(b) 
Fig. 6. Low-magnifica6on (a) and intermediate-magnification 
(b) bright-field TEM images showing the microcrystalline 
structure of the 'oxygen-doped' AIN coatings. Note the 
characteristic 'feather-like' morphology of the microcrystals, 
with an average size of about 1/~m x 100nm. Note also the 
occurrence of lateral dendrites and, sometimes, of central 

extended defects (top-left corner). 
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(a) 

(b) 

Fig. 7. TEM dark-field images illustrating the 'dendritic' aspect 
of the 'oxygen-doped' AIN microcrystals, (a) without or (b) with 

the presence of a central extended defect. 

in the top-left corner of Fig. 6(b)). Such high-contrast 
lines indicate the presence of isolated and extended 
structural defects. 

When examined in the HREM mode, the parts 
confined to the thin edges are revealed to be 
constituted by parallel stacking faults. A typical 
example is given in Fig. 8 where the bottom 
extremity of the defect shown in Fig. 7 is seen. It is 
clear that in the thinnest region, near the amorphous 
part, atomic shifts occurred in two particular (001) 
atomic planes. From the simulated images (for a 
microscope defocus of - ,58nm and a crystal 
thickness of 4 nm, giving rise to 'black' atoms) the 
atomic displacements can be determined accurately 
and the defect can easilybe identified as two intrinsic 
(I1 type) stacking faults, separated by eleven 
intermediate (001) planes. The corresponding pro- 
jected structural model is shown in the inset. 

Figure 9 shows examples of the correlative 
characteristic EELS spectra, corresponding either to 
the outer (a) or to the inner (b) parts of the 
microcrystals. The observed differences mainly 
concern the O-K edge intensity distribution at 
532eV, which is just sufficient for reliable 
quantitative analysis. They reveal O/N atomic 
concentration ratios about two times higher for (a) 
than for (b), that is 0"7 +0"05 and 0"4T0.05, 
respectively, while the corresponding N/A1 ratios 
remain equal to 1-T-0"05, as for the 'pure' A1N 
compound. It should be noted that these average 
values, deduced from systematic studies on several 
microcrystals, correspond to sample thicknesses 

Fig. 8. Axial-illumination bright-field HREM image corresponding to the bottom right extremity of the central defect shown in 
Fig. 7(b). From the simulations ('black' atoms) the defect is revealed to be a double intrinsic stacking fault (I1 type). The corresponding 

structural model is inserted at the top. 
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Fig. 9. Typical EELS spectra obtained from the lateral (a) and 
the central (b) parts of  the "oxygen-doped" AIN microcrystals. 
Their analyses indicate O/N atomic concentration ratios about 

two times higher for (a) than for (b). 

much smaller than the plasmon mean free path for 
inelastic scattering. They will not be affected by a 
possible thickness effect on the EELS spectra, 8 
which would further decrease the O/N ratios in the 
inner (i.e. thicker) (b) parts of the microcrystals. They 
indicate that oxygen is mainly concentrated in the 
dendrites and also that it certainly does not replace 
the N atoms in the crystalline lattice. 

To clarify this last point, the EXELFS amplitude 
oscillations, which appear in a small range of spatial 
frequencies just above the AI-K edges, have 
been analysed. The analysis is based on the fact 
that the one-dimensional inverse Fourier transform 
of the EXELFS reciprocal-space oscillations is 
qualitatively similar to the real-space radial 
distribution function (RDF) of the atoms in the 
neighbourhood of the A1 atoms. As an example, Fig. 
10 shows the RDFs resulting from the spectra given 
in Fig. 5, for pure A1N, and Fig. 9 (curve (a)), for 
oxygen-doped A1N. In both curves, two analogous 
main peaks can be identified after a 0.047 nm phase 
shift correction: the first, at 0.145 nm, corresponds 
to the combination of the two A1-N distances 
(0" 1885 nm and 0" 1916 nm), while the second, around 
0'260nm, corresponds to the combination of the 
two A1-A1 distances (0"3069nm and 0"3111nm). 
But for the oxygen-doped A1N, an appreciable en- 
largement of the first peak can be seen, which can 
only be attributed to the additional AI-O distance 

0.145 
0.263 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 (rim) 
{al 

0.145 

 Fk0. 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 (tun) 

(b) 

Fig. 10. Typical RDFs obtained from the EXELFS modul- 
ations around the AI K edges, for (a) 'pure' and (b) 'oxygen- 
doped" A1N compounds. The enlargement of the first main peak 
reveals that single O atoms are inserted in the wurtzite AIN unit 

cells. 

(0.2185nm) corresponding to O atoms filling the 
empty octahedral sites of the hexagonal-close- 
packed structure. This clearly demonstrates that the 
O atoms can be in insertion in the crystalline lattice, 
as previously proposed by Hag~ge & Ishida. 9 

4 Discussion 

The present results reflect the morphological 
changes and the different microstructures, nano- 
structures and local chemical compositions existing 
in the microcrystals constituting the 'pure' and 
the "oxygen-doped' AlN coatings. The 'pure' A1N 
microcrystals were generally found to be rela- 
tively homogeneous, with the expected AIN wurtzite 
crystalline structure and with practically no defects. 
In contrast, the 'oxygen-doped' A1N microcrystals 
systematically showed inhomogeneities as dendrites 
located in their lateral parts. Moreover, their 
nanostructure appeared very dependent upon the 
observed microcrystals, a large part of them 
exhibiting central defects, the length of which 
usually extended over the whole microcrystals. The 
most structurally important feature of the observed 
defects lies in their 'single intrinsic stacking fault' 
structure, at least as observed at the ultrathin 
extremities of the microcrystals. Elsewhere, of 
course, the crystals are generally rather thicker than 
ideal and the HREM imaging is impossible, even for 
incident electrons with 300 keV kinetic energy. 

The question of the influence of the oxygen on the 
occurrence of both the dendrites and the extended 
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defects now arises. Concerning the dendrites, it is 
known from the EELS and EXELFS results that 
they certainly contain oxygen atoms in insertion in 
the crystalline lattice and, as demonstrated by ED 
results, that they are generated by the growing of the 
(001) planes. Taking into account the hydrogen 
blocking effect on the development of these (001) 
faces, ~° it can therefore be concluded that the 
formation of the dendrites is very probably a con- 
sequence of oxygen hydrogen chemical reactions, 
which could appreciably reduce the blocking effect. 
The resulting O atoms in the structure could then be 
distributed more or less homogeneously within the 
dendrites. 

Concerning the isolated defects, the basic question 
is again the following: how do these defects form 
when the microcrystals are growing, and do they 
contain oxygen atoms? Because of their absence in 
the pure A1N microcrystals and, in contrast, their 
abundance in the oxygen-doped A1N microcrystals, 
it is probable that these defects could have been 
created, like the dendrites, during the progressive 
introduction of N~O in the gas mixture used as a 
precursor. This has to be correlated with the fact that 
other A1N defect structures are known to have a 
large affinity for oxygen as an impurity.~ ~ - ~ 3 These 
chemically induced stacking faults could also have 
been capable of progressively accommodating single 
O atoms, one per original unit cell, in agreement with 
the average EELS and EXELFS results found in the 
central regions where they are located. It should then 
be possible that oxygen atoms remain locally 
concentrated in the corresponding basal planes. 
However, it is unfortunately not yet possible to 
prove this by means of EELS spectroscopy, since the 
local detection of small amounts of such light atoms 
is not feasible at present. Moreover, till now, no 
experimental evidence of this has been obtained by 
means of HREM imaging, although the presence of 
the O atoms can modify the image contrast, just 

sufficiently to be noted. See, for example, the 
comparative simulations shown in Fig. 11, which 
emphasize that O atoms are not present in the 
stacking faults shown in Fig. 8. Another possible 
explanation is that the O atoms may rapidly be 
evacuated ,during their observation under the 
electron beam, particularly in the ultrathin areas 
required for HREM. Extensive HREM obser- 
vations are in progress to clarify these points. 

5 Concluding Remarks 

Thus a new insight is gained into the structural 
changes that may accompany the elaboration of 
some A1N coatings. 

The consequences of these features are certainly 
important in understanding the behaviour of these 
materials. Their  physical characteristics may 
effectively depend upon the dendrite distribution, for 
example, or upon the defect size, and in particular 
upon the ease with which they can deform in 
response to high mechanical stresses or to high 
temperatures. 

In conclusion, it is pointed out that this work was 
intended not only to give useful information for 
chemists and physicists involved in ceramics 
research but also to illustrate the power of HREM 
combined with ED, EELS and EXELFS for 
studying, at the atomic level, the nanostructure of 
a wide range of analogous materials. The authors are 
current ly performing similar studies on SiC 
compounds. 14 The authors would also emphasize 
that the actual limitations of the methodologies will 
soon be overcome with the availability of the next 
genera t ion  of  very h igh- reso lu t ion  e lect ron 
microscopes, with point resolutions well below 
0.2 nm, and equipped with highly coherent field- 
emission guns, permitting much smaller probes to be 
formed. 
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Fig.  11. H R E M  c o m p u t e r - i m a g e  s i m u l a t i o n s  ( b o t t o m )  a n d  c o r r e s p o n d i n g  p r o j e c t e d - s t r u c t u r e  p o t e n t i a l s  ( top) ,  w i t h  (left) o r  w i t h o u t  
( r ight)  O a t o m s  i n s e r t e d  in t he  b a s a l  p l a n e s  o f  t he  t w o  s t a c k i n g  faul ts .  C o m p a r e  w i t h  t he  e x p e r i m e n t a l  i m a g e  s h o w n  in Fig .  8. 
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