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Thin fi lms of AlN are deposited by DC/RF reactive magnetron sputtering in Ar-N2 gas 
mixture. The properties of the layers are investigated by AES, SEM, LAXRD, and 
microindentation (hardness measurement). The optical constants (n, k, R, Tr) are measured 
with a Carry-5E spectrophotometer. A strong stoichiometry and monodispersity of the films 
is found. LAXRD has shown a hexagonal { 0002}  predominant orientation when the layers 
were deposited on silicon (100) substrates at ts  ≥  200 oC. The refractive index (n) is 2.08-
2.04 for the wavelengths from 400 to 900 nm. The microhardness (Knoop) for a film 
thickness ≥ 2000 nm is 6-7 GPa. The AlN layers are employed as protective films for the 
production of reference Al mirrors for spectrophotometers. 
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1. Introduction  
 

Aluminum nitride (AlN) layers are among the most attractive materials investigated over the 
past several years [1,2,3] due to their peculiar features, such as high electrical resistivity                    
(10

11
-10

13
 ohm.cm), high thermal conductivity [4], high hardness (11-15 GPa), wide band gap            

6.0-6.2 eV [5], high velocity of acoustic waves. These exceptional properties make AlN a very 
promising candidate for a variety of technological applications: surface passivation of thin films, 
barrier layers [6,7] in microelectronics [8], various surface acoustic wave (SAW) devices [9,10], 
protection of optical elements. There are different methods for obtaining AlN layers: chemical vapor 
deposition (CVD) [11], plasma enhanced CVD (PECVD) [12], pulsed laser deposition [13], ion 
implantation [14], reactive sputtering [15,16,17], and molecular beam epitaxy [18]. Due to its low 
cost, versatil ity and low-temperature deposition, the reactive sputtering is a preferable technique 
widely used for AlN layer deposition. 

In the present work, the properties (stoichiometry, homogeneity, morphology, structure, 
microhardness) and optical characteristics (transmittance, reflectance, refractive index and extinction 
coefficient) of AlN layers obtained by DC/RF magnetron sputtering of an Al  target in Ar-N2 gas 
mixture are described.  
 
 

2. Experimental 
 
 The AlN layers are obtained in an industrial high vacuum deposition system Z700P - 
Leybold Heraeus. It consists of a stainless-steel vacuum chamber (300 l volume), turbo molecular 

pump 
�
 < 2×10-6 Torr, measured with Penningvac PM 411S2 (1×10

-2
 – 1×10

-7
 Torr). The Penning 

cathode with an Al (4N) target (488 mm × 88 mm) is mounted parallel to the vertical axis of the 
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vacuum chamber. The cleaned substrates (SLW-glass, Si) are mounted on stainless-steel substrate 
carriers at 45 mm from the target and can rotate around the chamber axis with a desired velocity. 
Thus, the AlN layers can be deposited on static or rotating substrates. The substrates can be heated 

to 250 oC. The cathode is connected to a DC generator (7.5 KW) for DC magnetron sputtering, as 
well as to an RE generator (2.5 KW) for RF magnetron sputtering. The gas flow (Ar-N2) is 
controlled with precise flow rate meters and the partial pressures in the vacuum chamber during 
deposition were measured with Ionivac IM 110D.  The layers of AlN (40 nm – 5000 nm) were 
investigated with respect to their basic (morphology, structure) and microhardness properties by 
AES, SEM, LAXRD, and microindentation.  

The total transmittance Ttot and the absolute specular reflectances Rf,tot, Rb,tot and Rm of the 
samples were measured by a high-precision spectrophotometer (Cary 5E) at normal l ight incidence 
in the spectral range of 400 - 1200 nm with an accuracy of 0.1% and 0.5%, respectively. The 
subscripts “f”  and “b”  denote reflectance measurements from the front (fi lm) and back (substrate) 
side of the samples on glass substrates. Rm is the reflectance of the films deposited onto Si substrates. 
The transmittance T and the reflectance Rf of the films utilized in the calculation of the optical 
constants and thickness were evaluated from Ttot, Rf,tot and Rb,tot after applying a correction [19]. The 
model used for T and Rf after this correction is applicable for uniform layers on a semi-infinite 
substrate. The refractive index n, extinction coefficient k and the thickness d of the fi lms are 
determined simultaneously by a previously developed three-step algorithm [20]. It includes the 
application of the algebraic inversion method (TrfRm) [21], followed by double (Trf) and (Trm) [22] 
and single T(k = 0) [23] methods, and finally a selection of the most accurate solutions of all applied 
methods. The (TrfRm) method is based on three spectrophotometric measurements (T, Rf and Rm) for 
the simultaneous determination of n, k and d at each wavelength. The most accurate solution for d is 
used as a parameter in the double and single methods. The combination of these methods makes 
possible the evaluation of n and k with high accuracy: ∆n/n and ∆k/k are about 1-2% and 4-5%, 
respectively. The calculated thicknesses are in good agreement with those obtained by profilometry 
or cross-section SEM. 

 
 

          3. Results and discussion  
 

The deposition rate of the layers obtained by RF magnetron sputtering in all experiments is 
30-50 nm/min. The best results are found at N

2
 concentrations in the gas mixture between 41-64% at 

a total  sputtering pressure Ps = 8.10-3 torr. After a given time period, the deposition with DC 
magnetron sputtering leads to a “poisoning”  (nitri fication) of the Al target (generating an insulating 
AlN fi lm) and the cathode current grows rapidly. For this reason, our experiments are carried out 
predominantly with RF magnetron sputtering.  

Initially, a series of experiments were carried out in order to establish the reproducibility of 
the obtained results, regarding the stoichiometry and homogeneity of the layers. AES was employed 
for establishing the stoichiometry and, in combination with ion etching (Ar+, 3 KeV), for checking 
the homogeneity in depth of the AlN layers. In addition to the nitrogen peak  (381 eV), the peaks of 
aluminum (low energetic LVV and high energetic KLL) which shift (by 8 eV and 6 eV, 
respectively) towards lower energies were followed, since these shi fts unambiguously point out the 
formation of a nitride bond of Al. The peaks of oxygen and carbon (strong active pollutants) were 
also examined. The latter can be found only on the surface of the layers and disappear quickly after 
the first step of etching. No other elements were found on the surface.   
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                                     a)           b) 

Fig. 1.  AES spectra of the AlN layers (surface) deposited on: a) heated (200 
o
C) and b) cool 

(23 
o
C) substrates at different N2 concentrations in the gas mixture. No visible differences in 

the spectra can be observed. 
 
 

The homogeneity of the layers is investigated on 40-60 nm thick layers. From etching 
experiments on 500 nm thick layers, the reliability of the results is confirmed (Fig. 2). The AES 
profiles show perfect homogeneity in depth of the layers. They also show some quantity of oxygen 
uniformly built in the layers. After adjustment of suitable deposition conditions (prolonged pre-
evacuation of the vacuum chamber to 1.10-6 torr, pre-sputtering of the Al target), the oxygen 
concentration drops down to 1.5-2.8 at%, as defined by electron probe microanalysis. The oxygen 
concentration is independent of the Ar-N2 gas mixture and slightly decreases when the deposition is 
carried out on heated substrates.    

      
 
 
 
 
 
 
 
 
 
 
 
 
                                         a)              b) 

 
Fig. 2.  AES profi les of the same layers as in Fig. 1 (a,b). The homogeneity in depth of the 

layers is clearly seen. 
 
 
 The stoichiometry of the AlN layers defined by electron probe microanalysis (EPMA) and 
AES show a high stability; the maximum deviation of the aluminum content in the layers does not 
exceed 8.3%. Under the described deposition conditions, the maximum deviation is 0.3% from 
sample to sample.       
 
 
 
 
 
 

0 200 400 1400
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Al-LVV

41%N2

ts

o= 200oC

ON

C

Al-KLL

A
ug

er
  S

ig
na

l  
[a

.u
]

Energy [eV]
0 200 400 1400

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Al-LVV

64%N2

ts

o = 23oC

ON

C

Al-KLL

A
u

ge
r 

S
ig

na
l  

[a
.u

]

Energy  [eV]

0 4 8 12 16 20 24 28
0

50

100

150

200

250 t = 23oC
64%N2,  d = 500 nm

 Al
 N
 O
 Al - 1387 eV
 Si - 92 eV

A
ug

er
 S

ig
na

l [
a.

u]

Etching time [min]
0 4 8 12 16 20 24 28 32 36

0

50

100

150

200

250 t = 200oC
41%N2, d = 45 nm

 Al
 N
 O
 Al - 1387 eV
 Si - 92 eV

A
ug

er
 S

ig
na

l [
a.

u]

Etching time [min]



B. Mednikarov, G. Spasov, Tz. Babeva 
 
 

1424 

   
 
         
            
                       
    
        
 
 
 
 
 
 
 
 
 
           
                                                   
  
 
  
 
 

 
Fig. 3. SEM pictures of AlN layers: (a) �  (a') surface and cross-section of the layers with 
thickness 4.5 � m  deposited on  heated  (200 oC) substrates and (b) �  (b') with  thickness  

4.9 � m deposited at 23 oC. 
 
 

 The morphology and crystallographic structure of the AlN layers are investigated with SEM  
(Fig. 3) and LAXRD (Fig. 4). The layers are deposited by RF magnetron sputtering (PRF = 2400 W, 
UDC = 250 V) at 64% N2 in the Ar-N2 mixture on static glass substrates (SLW) adjusted in front of 
the aluminum target. The minimal rotation velocity of the substrates is not sufficient to obtain layers 
thicker than 1 � m at the applied maximum RF power (2400 W), so in this case the experiments are 
carried out on static substrates. This way of deposition leads to the formation of a less dense and 
homogeneous structure. 

The microstructure of the layers is not strictly homogeneous. It consists of equiaxed small 
grains near the substrate surface, causing the growth of columns with the rise of the layer thickness. 
The mean grain size is 0.12-0.15 � m on the heated substrates, while on the cool substrates it is 0.9-
1.0 � m. This can be explained by the theory of phase formation and crystal growth.  The columnar 
structure is clearly visible in all cases.  The homogeneity of the grains on cool substrates is better.
 The crystallographic orientation of the AlN layers is established with low-angle X-ray 
diffraction (LAXRD). The layers were obtained by RF and DC magnetron sputtering on Si wafers 
(100) rotating in front of the aluminum target at 64% N2 in the Ar-N2 gas mixture at a deposition rate 
of 30 nm/min.  
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                                                 N2 = 64%, ts = 200 oC, d = 60 nm 
                                                              
 

                        
 

                                                 N2 = 64%, ts = 23 oC, d = 56 nm 
                                                             

Fig. 4.  LAXRD of AlN layers deposited on Si substrates, N
2
 concentration in the gas 

mixture Ar-N2 64%: a)  RF sputtering, ts = 200 oC,  layers with strongly preferred orientation 
along    the   { 0002}   axis   (2�   =  36o);   b)  RF  or  DC  sputtering,  ts  =  23  oC,  layers   are  
                                       polycrystall ine without preferred orientation. 
 
 

 Due to the higher mobility of the atoms (molecules) on heated substrates, they can coalesce 
and grow in one direction. It is difficult to say when and where the AlN compound is generated: in 
the plasma medium, on the substrate or in both cases. With our experiments, this question cannot be 
answered.  It is assumed that the knowledge of this mechanism can elucidate better the act of 
preferred orientation of the AlN layers.   
 Table 1 shows microhardness  values (Knoop) of the AlN  layers deposited  on glass 
substrates at ts = 200 

o
C and 23 

o
C and at different concentrations of N2 in the gas mixture. The 

deposition conditions of the layers are the same as shown in Fig. 3 (condensation on static substrate, 
lower densification of the grains). There is no substantial difference in the microhardness values.  
 

 
 

%N2 in gas 
mixture 

Sputtering 
RF power = 
6.25 W/cm2 

Substrate 
temperature 

(oC) 

Thickness of 
the layers 

( � m) 

� H 
(Knoop) 
(GPa) 

64 RF 200 2,4 7.15 
64 RF 23 5,0 7.05 
41 RF 200 4,5 6.72 
41 RF 23 4,9 5.45 
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A tendency to decreasing microhardness with decreasing N2 concentration is observed, 
especially at the low substrate temperature. The microhardness is lower than that reported in [3].   
 The optical constants are determined for AlN layers deposited on glass and Si substrates 
(Fig. 5).      
            
            
         
            
        
 
 
 
 
 
 
 
 

Fig. 5. Optical characteristics of the AlN layers in the visible spectral range.  
 
 
 

 The layers are deposited on heated (200 oC) and cool (23 oC) rotating substrates. The 
transmittance (Tr) and reflectance (R) are measured on layers deposited on glass (SLW) substrates.  
The maximum transmittance (91%) is observed at 463-495 nm (heated substrates) and 506-555 nm 
(cool substrates). The minimum of the reflectance (7-8%) is in the same range. The refraction 
coefficient (n) in the range 400-900 nm decreases slightly (2.08-2.04) for layers on heated substrates 
and drops down to 1.93 for cool substrates. The extinction coefficient (k) increases from 400 nm to 
900 nm, reaching values of 0.029 (cool) and 0.077 (heated substrates), respectively. The results are 
in good agreement with those reported in [13,16]. 
 
 

4. Conclusions  
 

AlN layers deposited by reactive DC/RF magnetron sputtering in an industrial high vacuum 
deposition system in Ar-N2 gas mixture are obtained. By adjusting the deposition parameters, layers 
with desired properties can be formed.  It is found that 41-64% N2 in the Ar-N2 gas mixture is the 
optimal concentration for the achievement of good homogeneity and stoichiometry. The change of 
the substrate temperature strongly affects the crystallographic orientation of the layers. At                    
ts 

�
 200 

o
C, a preferred orientation along the {0002}  axis (2�  = 36

o
) is found. The morphology of the 

layers (0.1-0.12 � m mean grain size) and the microhardness are not influenced substantially by the 
substrate temperature. The maximum transparency of the layers (91%) is observed at 463-495 nm 
(heated substrates) and 506-555 nm (cool substrates). The minimum of the reflectance (7-8%) is in 
the same range. The refractive index is 2.08-2.04 and the extinction coefficient increases from            
400 nm (0.002) to 900 nm, reaching values of 0.029 (cool substrates) and 0.077 (heated substrates).  

The AlN layers obtained under these conditions are successfully employed as protective 
layers for reference Al mirrors [24].   
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