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Highly stoichiometric hexagonal AlN films of different thicknesses ranging from ≈10 nm to >1 µm were synthetized on 
silicon (100) substrates under the same deposition conditions by dc reactive magnetron sputtering. The X-ray diffraction 
and reflectometry, ellipsometry, scanning electron and atomic force microscopies, and nanoindentation techniques were 
applied to study the effect of the film thickness on the structure, refractive index and hardness. Fine granular structure 
transforms into the ordered columnar form possessing (002) texture with increasing film thickness, the refractive index 
being affected only slightly. The most notable feature is the existence of a particular film thickness around 800 nm where 
the texture perfection reaches a maximum. This result was verified on a repeatedly deposited film of the same thickness. 
The texture extreme at 800 nm brings about a significant hardness enhancement which surpasses 20 GPa, presumably due 
to the hampered dislocation formation and/or motion. 
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1. Introduction 
 

AlN thin films are used in a wide variety of applications 
such as electroacustic and optical devices, thermal 
conductors, protective coatings, and insulating layers [1-3]. 
It was found that preferrential orientation of polycrystalline 
AlN films affects and often improves the properties of 
practical use such as piezoelectricity [4] or hardness [5]. A 
low surface roughness is also required. Hence, it is 
important to study the conditions under which highly 
oriented AlN thin film structures with a low surface 
roughness can be grown. Different techniques have been 
used to deposit AlN films, amongst them chemical vapour 
deposition, molecular beam epitaxy, pulsed laser 
deposition or reactive magnetron sputtering [6-8]. The 
substrate type and deposition conditions have proved to be 
important for the growth of well aligned grains. In this 
paper, we investigate the effect of the film thickness on the 
structure and surface morphology on a series of AlN films 
prepared under the same conditions on the same type of the 
substrate. The study is completed by hardness and 
ellipsometry measurements. 
 
2. Experimental 
 

The deposition was performed onto silicon (100) 
substrate at room temperature in a balanced dc magnetron 
sputtering system. Reactive sputtering was produced on a 
high-purity (99.999%) aluminium target, operated at 100W 
DC cathode power and 6,5cm away from the substrate. The 
vacuum pumping system consisted of a turbomolecular 

pump backed by a mechanical pump which provided a base 
pressure lower than 10-6mbar; the working pressure was 2-
4x10-3mbar. Argon and nitrogen gases were introduced into 
the chamber by separated mass flow controllers. The 
deposition conditions providing 1:1 stoichiometry were 
reached after correlating the nitrogen incorporation in the 
layer to the argon/nitrogen ratio in the sputtering gas, as 
described in our previous study [9]. The different 
argon/nitrogen ratios studied ranged from 96%/4% to 
15%/85%, and the RBS and ERDA results showed that the 
ratio 20%/80% (5.9sccm/23.6sccm) provided AlNx films 
with x~1 at ~50Å/min deposition rate. These flow rate 
conditions were used for all samples, which were grown at 
different deposition times to get the different layer 
thicknesses studied in the present work. The final film 
thickness was checked by a Dektak 3030 profilometer 
(Table 1) and these values are taken below as the nominal 
thicknesses to identify the samples. 

The atomic structure inside the layers was examined by 
X-ray diffraction (XRD). The XRD measurements at CuKα 
wavelength were performed on Siemens D 5000 
diffractometer both in Bragg-Brentano (BB) and surface-
sensitive grazing incidence (GI) modes. The angle of 
incidence in GI mode was set to 0.5°, 1°, 1.5°. This angle 
controls the sample depth which primarily contributes to 
the diffracted intensity. The microstructure and surface 
morphology of the layers were inspected by scanning 
electron microscopy (SEM) and atomic force microscopy 
(AFM), respectively. The X-ray reflectivity (XRR) 
measured on a high-resolution Stoe diffractometer at 



Superficies y Vacío 16-1, 22-27, marzo de 2003 Sociedad Mexicana de Ciencia de Superficies y de Vacío 
 

23 

Table 2. Ratio of the integral intensities of the 001 and 101 
diffractions in the BB diffraction patterns. 
 

sample AlN36 AlN34 AlN16 AlN35 
I002/I101 5.5 40.0 ∝ 4.7 

 

Table 3. Comparison of the lattice parameters with those of the 
unstrained bulk phase calculated as ∆ = (afilm – abulk)/ abulk. The reference 
lattice parameters of the bulk phase are indicated in the last line. 

sample ∆a (%) ∆c (%) 
AlN33 + 0.85 - 0.64 
AlN27 + 0.53 - 0.32 
AlN36 + 0.51 - 0.33 
AlN34 + 0.38 - 0.24 
AlN16 + 0.39 - 0.22 
AlN35 + 0.38 - 0.21 
bulk 0.31114 nm 0.49792 nm 

 

Table 1. Thicknesses of the films determined by the Dektak profilometry, ellipsometry, and X-ray reflectivity. The refractive index measured by 
ellipsometry is indicated in the last column. 

Sample  Thickness (nm)  Refractive Index 
 Profilometry Ellipsometry XRR  

AlN31 ≈ 10 16.3 ± 1.4 15.8 ±  0.1 1.883 ± 0.133 
AlN33 46 59.7 ± 0.2 60.0 ± 0.1 1.993 ± 0.003 
AlN27 150 135.8 ± 11.2 176.0 ± 0.2 --- 
AlN36 200 245.2 ± 3.1 256. 0± 0.2 1.871 ± 0.025 
AlN34 600 627.5 ± 7.8 --- 1.861 ± 0.018 
AlN16 800 793.8 ± 69 --- 1.871 ± 0.072 
AlN35 1585 1508.4 ± 5.3 --- 1.902 ± 0.008 

 
CuKα1 wavelength provided an additional information on 
the surface roughness and the film thickness. The latter 
parameter, together with the refractive index, was obtained 
also from ellipsometry measurements performed on 
Gaertner L117 ellipsometer at 632.8 nm wavelength and at 
an incidence angle of 70º. Finally, the film hardness was 
determined in a Nanotest Berkovitch indenter with variable 
load ranges in order to get an indentation depth profile. 

 
3. Results 
 

The polycrystalline hexagonal structure of wurtzite type 
(file No. 25-1133 of JCPDS-ICDD diffraction database 
PDF-2) was detected in the films by XRD. An example of 
GI diffraction pattern for the film 200 nm thick is shown in 
Fig. 1. Here the diffractions coming from the film 
monotonically decrease while that one of the substrate 
increases with increasing angle of incidence α. With 
increasing film thickness, an optimum balance between the 
absorption path and the irradiated volume of the film is 
shifted to larger incidence angles. Consequently, the film 
diffractions reach maximum intensity level at the incidence 
angles α>0.5°. Only one broad peak around the position of 
002 diffraction was detected at a very grazing angle of 
incidence α=0.3° for the thinnest film of ≈10 nm thickness 
which suggests the presence of a fine granular structure. 
The diffraction patterns of this sample could not be 
evaluated numerically.  

As it can be seen from Fig. 1, the relative diffraction 
intensities are markedly different from those of the random 
polycrystalline bulk phase, some diffractions being even 
absent, which is the case also of other samples. The 002 
diffraction is always the strongest one both in GI and BB 
diffraction patterns (Fig. 2) which may be understood in 
view of a broad rocking curve, measured with the detector 
fixed at the position of 002 diffraction, which stretches up 
to the grazing incidence/exit regions (Fig.3). These facts 
indicate a preferred orientation of (001) planes parallel to 
the substrate. Such one axial hexagonal texture with c axis  

perpendicular to the substrate has been detected in AlN 
films previously [10-12] and usually is connected with the 
columnar film growth which we observed by SEM (Fig. 4). 

The texture perfection can be quantified by the full width 
at half maximum (FWHM) value of the rocking curve 
measured on the characteristic texture diffraction. In our 
case, a texture comparison between different films based 
on this FWHM value was precluded by different rocking 
curve shapes. While the rocking curves of the films 600 nm 
thick and more have a typical bell-like shape, those of the 
thinner films are composed of a central ridge superimposed 
on a broad background (Fig. 3). Obviously, a sharper 
rocking curve and a much broader one are present together, 
the former and the latter coming presumably from well 
oriented grains inside the columns and more random matrix 
outside, respectively. Therefore we compared the texture 
perfection from the ratio of the integral intensities of the 
002 and 101 diffractions (Table 2), in fact the strongest 
ones in BB diffraction patterns. As the (101) planes make a 
large angle with the (001) ones (61.58° in the hexagonal 
lattice of bulk AlN), the 101 diffraction is competitive to 
the 002 one in terms of texture and the ratio is thus directly 
related to the contribution of the hexagonal (002) texture 
component. Still more competitive 100 and 110 
diffractions (from the planes making 90° angle with the 
(001) one) were too weak to be used. The ratio could not be 
evaluated in the films 46 nm and 150 nm thick where the 
101 diffraction is hidden in the background. 

The a and c lattice parameters of the films determined 
from the XRD are larger and smaller, respectively, in 
comparison with the unstrained bulk phase (Table 3). In the 
presence of one axial texture along c axis perpendicular to 
the substrate, such a macrostrain leads to a tensile in-plane 
stress in the film. The lattice distortion is at maximum in  
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Figure 1. Grazing incidence diffraction patterns of the film 200 nm 
thick at different angles of incidence α. The bars in the middle pattern 
show the positions and relative intensities of the diffractions for 
hexagonal AlN phase according to the JCPDS-ICDD diffraction 
database PDF-2. 
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Figure 2. Bragg-Brentano diffraction pattern of the film 200 nm 
thick. The bars have the same meaning as in Fig. 1. In addition to 
regular Si 400 diffraction coming from the substrate, “forbidden” Si 
200 one is detected. The unidentified diffractions labelled as “S” 
come also from the substrate as the lower pattern measured on the 
bare substrate proves. Note that differently to Fig. 1, the intensity 
scale is logarithmic. 
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Figure 3. Rocking curves of the films 46 nm and 800 nm thick 
measured with the detector fixed at the 002 diffraction angle. The 
angle ω is the incidence angle measured from the sample surface. 
 

Table 4. Grain size D and rms value of microstrain 2ε  

determined from the Williamson-Hall plot. 
 

Sample D (nm) 2ε  

AlN33 30.4 ± 3.5 (4.15 ± 0.65)×10-3 
AlN27 41.9± 3.5 (2.33 ± 0.39)×10-3 
AlN36 42.3 ± 1.7 (2.71 ± 0.18)×10-3 
AlN34 39.6 ± 0.6 (2.64 ± 0.07)×10-3 
AlN16 85.5 ± 19 (3.09 ± 0.45)×10-3 
AlN35 43.6 ± 2.3 (2.41 ± 0.23)×10-3 

 

 

the 46 nm thick film and gradually is relieved with 
increasing film thickness. 
The Williamson-Hall plot (Fig. 5) [13] enables us to 
determine the grain size and microstrain, which both 
contribute to the diffraction line broadening, in a rather 
simple way. The results of this analysis are gathered in 
Table 4. There is no systematic thickness dependence of 
the grain size which oscillates around 40 nm, however, the 
grain size in the film 800 nm thick is approximately twice 
of that in other films. On the other hand, the value for the 
film 46 nm thick is ≈10 nm below the average. Though it 
could not be evaluated, the grain size in the ≈10 nm thick 
film without distinct diffraction peaks is obviously still 
smaller and limited by the film thickness. The root-mean-
square (rms) value of microstrain in the 46 nm thick film is 
apparently larger than in the thicker films, otherwise there 
is no systematic dependence on the film thickness. 

The surface roughness of the films evaluated from AFM 
measurements (Table 5) shows a monotonic increase with 
increasing thickness. The two thinnest films exhibit 
extremely low values, probably due to the small grains. On 
the other hand, the 800 nm thick film has nearly the same 
roughness as the thickest one due to the largest grains. A 
difference between the surface morphologies of the thin 
and thick films can be seen in Fig. 6. 

For thinner films, the surface roughness could be 
evaluated also from the simulations of the XRR curves and 
the values are in a reasonable agreement with AFM results 
(Table 5). The film thicknesses determined from the XRR 
simulations are shown in Table 1. For thicker films, the 
XRR oscillations were too dense to arrive at reliable 
simulations. 

The refractive index as well as the thicknesses of the 
films were determined by ellipsometry (Table 1). At the 
wavelength used, the films are transparent (AlN is non-
absorbing in the λ>550nm spectral region). For thinner 
films, the thickness values obtained by the ellipsometry 
(and also by the XRR) are generally larger than those 
resulting from the Dektak profilometry (Table 1). This 
observation may be attributed to the fact that non 
destructive optical methods are sensitive also to the inner 
thin film/substrate interface whose width starts to play a 
role for small film thicknesses. On the other hand, 
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Figure 4. Cross-section SEM image of the film 1585 nm thick. The 
columnar structure is clearly visible. 
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Figure 5. Williamson-Hall plot for the film 200 nm thick constructed 
from the set of the indicated diffractions. The grain size and rms value of 
microstrain are calculated from the intercept of the vertical axis and 
slope, respectively. 

Table 5. Surface roughness σ determined by the atomic force microscopy and X-ray reflectivity. 
 

Sample AlN31 AlN33 AlN27 AlN36 AlN34 AlN16 AlN35 
σAFM (nm) 0.149 0.159 0.601 1.01 1.22 2.16 2.25 
σXRR (nm) 0.15 0.10 0.60 --- --- --- --- 

 

profilometry is not as accurate as ellipsometry for very thin 
films. 

Finally, the hardness measurements were performed. The 
stylus was impressed into the surface with an increasing 
load and after reaching a pre-determined maximum value, 
the load was reduced and the penetration depth decreased 
due to the elastic recovery of the deformed material. The 
depth and load were continuously monitored to allow the 
hardness data to be derived. The hardness values were 
taken for the indenter impressions of 10% of the total film 
thickness which is usually considered as a reliable 
measurement, not affected by the substrate [14]. For this 
reason, reliable hardness values could be obtained only for 
the two thickest films (Table 6). 
 
4. Discussion 
 

The most distinct structural change with increasing film 
thickness is a gradual built-up of the columnar hexagonal 
(002) texture (Table 2). In thinner films, the column 
density is low and a less ordered matrix outside the 
columns gives a visible contribution to the 002 rocking 
curve (Fig. 3) while in thicker films, the columnar structure 
with well aligned grains occupies most of the film volume 
(Fig. 4). On the other hand, the texture perfection is not 
directly proportional to the film thickness. Particularly, the 
101 diffraction is absent only in GI and BB diffraction 
patterns for the 800 nm thickness which results in an 
“infinite” texture parameter (Table 2). We verified this 
result by a repeated deposition of this particular thickness 
under the same conditions and obtained similar diffraction 
patterns with the only 002 and 004 diffractions in BB mode 
and with the dominant 002 and well resolved 103 

diffractions in GI mode (Fig. 7). The presence of the latter 
diffraction is due to the fact that the (001) lattice planes 
make the smallest angle with the (103) ones, namely 
31.63° in the hexagonal lattice of bulk AlN. 

The structure of a thin film is the result of the processes 
taking place at the growing film surface. These processes 
are governed by an interplay between the surface migration 
of adatoms and the interfacial reaction in which they are 
involved. The built-up of the surface roughness with 
increasing film thickness indicates the roughening during 
the growth (Table 5) which occurs when the adatom 
mobility is limited. Obviously, the gas pressure in the 
reaction chamber was above the thermalization threshold, 
i.e. the adatoms impinged on the growing surface 
thermalized rather than ballistically. Such conditions are 
favourable for crystalline grain formation and growth. At 
the thickness larger than ≈800 nm, the grains presumably 
precluded each other in further growth and smaller grains 
proved to be energetically more favourable, deteriorating 
also the (002) texture. With a larger source-target distance 
and/or sputtering pressure, i.e. with more thermalized (less 
energetic) adatoms, we could have arrived even at a 
transition from the hexagonal (002) to (100) texture (c axis 
parallel to the substrate) as it was shown for dc sputtered 
AlN films previously [12]. 

The values of the refractive index (their average error is 
only 1.8 %) are not very different (Table 1) which means 
that the mass density of the films is not much affected by 
the texture perfection. On the other hand, the refractive 
index of AlN monocrystals amounts to 2.2 which indicates 
that the columnar structure in the films is rather porous and 
less compact. In fact, the ellipsometry is sensitive to the 
total electron density and does not distinguish between 
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Figure 6. AFM images of the films 46 nm and 800 nm thick showing 
different surface morphologies. 
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Figure 7. Grazing incidence and Bragg-Brentano diffraction patterns of 
the repeatedly deposited 800 nm thick film. 

microscopic voids (grain boundary areas, intercolumnar 
space etc.) and the atomic scale voids such as vacancies. 

The hexagonal wurtzite form is known as the hardest 
crystalline phase reported for AlN [15]. Comparing Tables 
2 and 6 it can be seen that the hardness is crucially affected 
by the texture perfection. Presumably, better aligned grains 
form more distinct columns with well resolved boundaries 
which hamper the dislocation formation and/or motion 
inside the layers. .Since the hardness is dependent on the 
elastic properties of a material, too, different grain size and 
microstrain values in the films 800 nm and 1585 nm thick 
may also play some role. In fact, the hardness at the 800 
nm thickness approaches the values reached in dc sputtered 
AlN films with a bias optimized for maximum hardness 
[5]. 

 
5. Conclusions 
 

Highly stoichiometric AlN films in a broad thickness 
range from ≈10 nm to >1 µm were deposited by dc 
magnetron sputtering under the same conditions. The 
structure of AlN films is hexagonal and exhibits a 
transition from a fine granular to ordered columnar form 
with increasing film thickness. Below ≈50 nm thickness, 
the crystalline grains are rather small and possess the 
largest lattice distortion (macrostrain) and structural 
disorder at the atomic level (microstrain). The lattice 
distortion indicates a tensile in-plane stress and is relieved 
with increasing film thickness while the grain size and 
microstrain values are not affected systematically. The 
most important behaviour is a gradual built-up of the 
hexagonal (002) texture inside the columns with increasing 

film thickness which peaks at 800 nm. This result shows 
the existence of an optimized film thickness in terms of 
texture whose value depends on the particular deposition 
conditions used. Such an optimized texture apparently 
needn’t provide a low surface roughness as the grain size 
grows with the texture perfection and deteriorates the 
surface morphology. The film thickness affects only 
slightly the refractive index of the films and the same is 
thus true for the mass density. On the other hand, the 
mechanical properties, particularly the hardness, are 
improved substantially when the texture perfection is at 
maximum, presumably due to the hampered dislocation 
formation and/or motion. The results obtained have the 
implications for mechanical and optical applications of 
AlN films. 
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