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Abstract 

Aluminum nitride (AIN) films have been deposited on negatively biased Si( 100) wafers by reactive r.f. magnetron sputtering in 
a mixed Ar-N, discharge. It is importatit to control the crystallographic orientation and the physical properties of the films with 
deposition parameters for the surface acoustic wave device application. The change in crystallographic orientation with the 
negative bias voltage has been evaluated from the calculation of the texture coefficient (TC) based on X-ray diffraction patterns. 
It is found that the TC of the (0002) plane is increased with increase in the bias voltage. With increase in the bias voltage, the 
compressive stress in the films is gradually relaxed and the column diameter in the films is slowly increased. A possible explanation 
for the above results is that, as the bias voltage increases, the adatom mobility at growing film surface is enhanced owing to the 
increase in the kinetic energy and the flux of bombarding positive ions. From the analysis of the plasma, the dominant positive 
ions in plasma are Nz ions responsible for the change in the crystallographic orientation of the films with the bias voltage. 
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1. Introduction 

Aluminum nitride (AlN) films are promising piezo- 
electric materials for surface acoustic wave (SAW) 
devices owing to the high ultrasonic velocity and fairly 
large piezoelectric coupling factor [ 11. Many researchers 
have reported the fabrication and the characterization 
of AlN thin films prepared by various preparation 
techniques, including molecular beam epitaxy (MBE) 
[2], chemical vapor deposition (CVD) [ 3-51 and reac- 
tive sputtering [6-91. Of these techniques, reactive sput- 
tering has the merits that it is an inexpensive process, 
that it constitutes a low temperature deposition method 
and that it provides good crystalline film fabrication. 

It is important to control the crystallographic orien- 
tation and crystalline quality of AlN films for the 
application of SAW devices. It is well known that thin 
film properties depend upon the sputtering parameters, 
especially the sputtering pressure and gas composition. 
Some researchers [9- 1 l] have reported that AlN films 
deposited at a low sputtering pressure have the pre- 
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ferred (0002) orientation, while those at a high sputter- 
ing pressure display the mixed orientation. Aita [ 121 
has proposed that the crystallographic orientation of 
the film changes from multiorientation to basal plane 
orientation as the nitrogen concentration increases. 
Until now, it has not been fully understood that deposi- 
tion parameters may play role in the crystallographic 
orientation change of the films. Of the deposition 
parameters in reactive sputtering, it has been reported 
that the negative bias voltage to the substrates is closely 
related to the physical properties of fabricated films 
[13, 141. The effect of substrate bias voltage during 
sputtering is known to enhance the kinetic energy of 
positive ions in the plasma and to change the micro- 
structure of deposited thin films. The effect of bias 
voltage on the crystallographic orientation of sputter 
deposited films is, however, far from being fully under- 
stood. 

In this work, AlN thin films were deposited on silicon 
wafers by the r.f. magnetron sputtering method. The 
changes in crystallographic orientation and internal 
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stress were studied to investigate the effect of substrate 
bias voltage on the deposition of AIN films. 

2. Experimental details 

The AIN films were fabricated by the r.f. magnetron 
sputtering of an aluminum target in gas mixture of 
argon and nitrogen. The aluminum target was 5 cm in 
diameter and had a high purity of 99.999%. The nitro- 
gen gas was distributed through the gas distribution 
ring around the substrate. The substrates used in this 
experiment were Si(100) wafers (2.5 cm x 2.5 cm). De- 
greasing was carried out ultrasonically in successive 
baths of acetone, ethanol and deionized water. Native 
oxide on Si wafer was removed through an etching step 
in diluted HF solution. The substrates were blown with 
dry N2 immediately prior to inserting them into the 
vacuum chamber. The vacuum chamber was evacuated 
below 1.5 x 10 - 6  Torr and a high purity Ar-N2 gas 
mixture was introduced. After the pre-sputtering of the 
aluminum target followed by a substrate etching pro- 
cess, AIN films were deposited on the Si at a negative 
bias voltage ranging from 0 to 300 V. Since the sub- 
strate was not heated, its temperature was below 150 °C 
and dependent only on the plasma heating. The experi- 
mental condition for the A1N films are listed in Table 1. 

The crystal structure and crystallographic orientation 
of the films were characterized from X-ray diffraction 
(XRD) data using a Rigaku D/MAX-RC diffractome- 
ter (12 kW). To investigate the crystallographic orienta- 
tion normal to the substrate surface, a 20 -0  scan 
operation was performed with intraplanar rotation. On 
the basis of the XRD data, the preferred orientation of 
the films was evaluated by a texture coefficient (TC) 
calculated from the following equation [15]: 

I(hkil) / 1 I(hkil) 
TC(hkil) = Io(hkil) / N ~ Io(hkil) 

where TC(hkil) is the texture coefficient of the (hkil) 
plane, I is the measured intensity, I 0 is the correspond- 
ing standard intensity of AIN powder [ 16] and N is the 
number of reflections. Since the number of the reflec- 
tion planes in the 30-60 ° region is 5, the value of TC 

Table 1 
Sputtering conditions of  A1N films 

Target Alurninium (99.999%; 
5 em diameter) 

Substrate Si(100) wafer 
Base pressure (Torr) 1.5 × 10 -6 
Target-to-substrate distance (cm) 6.0 
R.f. power (W) 160 
Sputtering pressure (mTorr) 8.0 
Ar gas flow rate (standard cm 3 min -1) 3.0 
N 2 gas flow rate (standard cm 3 min -I)  9.0 

varies from 0 to 5. The higher deviation of the texture 
coefficient from unity indicates the higher preferred 
orientation of the film. 

The thickness measurement of AIN films was per- 
formed using a stylus instrument (Alpha-step 200, Ten- 
cor Inc.) and the internal stress of films was measured 
by the laser interferometric method (Tencor Inc. Flexus 
F 5200). In addition, the surface morphologies of the 
AIN films were observed by using scanning electron 
microscopy. Optical emission spectroscopy (OES) was 
used to identify the chemical species in the plasma, in 
which the resolution of wavelength is 0.1 nm and wave- 
length range was from 200 to 800 nm. 

3. Results and discussion 

Fig. 1 shows the XRD patterns of AIN films with 
substrate bias voltage. Since the crystallographic orien- 
tation of A1N films changes during film growth, the film 
thickness is fixed about 1.0 lain. As the negative bias 
voltage increases, A1N films display the (0002) pre- 
ferred orientation, indicating that the c axis of the 
hexagonal AIN structure is perpendicular to the sub- 
strate surface. Although weak peaks of (10T1), (10i2) 
and (11~0) planes appear at lower bias voltages (no 
bias and - 5 0  V), these peaks vanish at higher bias 
voltages. As the bias voltage is applied to the substrate 
above -100  V, the deposited films display the (0002) 
preferred orientation. Although the lattice constant of 
the c axis is little changed, the full width at half-maxi- 
mum of the (002) plane decreases with increasing bias 
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Fig. 1. X-ray diffraction patterns of  AIN films at an r.f. power of  
160 W and a nitrogen concentration of  75% as a function of  the 
negative bias voltage. 
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Fig. 2. Variations in the TC of  the (0002) plane as a function of  the 
bias voltage. 

voltage (not shown in this work). The deposition rate 
of the films is about 8.0 nm min -] and scarcely affected 
by the bias voltage. 

As mentioned above, the TC of (0002) plane is 
calculated from the XRD data, provided that the peak 
of (200) plane of silicon substrate placed exactly at the 
position of (10T0) plane of A1N films. The effect of 
substrate bias voltage on the TC of (0002) is shown in 
Fig. 2. As the negative bias voltage increases, the value 
of TC is increased and almost saturated above - 200 V. 

In general, the bias voltage is known to increase the 
kinetic energy and the flux of positive ions in the 
plasma and, as a result, to change the microstructure Of 
the deposited films [13, 14]. Fig. 3 shows the relation 
between the internal stress and the bias voltage. Al- 
though all the films display a compressive stress state 
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Fig. 3. Variations in the internal stress in the films as a function of  
the bias voltage. 

regardless of the bias voltage, the stress in the films is 
gradually relaxed and reaches maximum relaxation at 
- 200  V and increases to the compressive stress state, as 
the bias voltage increases. 

Fig. 4 shows scanning electron micrographs of the 
cross-sectional image of AIN films. All the films display 
columnar growth and the column diameter increases 
slightly with increase in the bias voltage. The grain size 
at the film surfaCe increases with increasing bias 
voltage, as seen by observing the surface morphology of 
the films. 

To explain the above experimental results and to 
identify the chemical species in the plasma, an OES 
study has been carried out, the results of which are 
shown in Fig. 5. No change in the optical emission 
spectrum was found on variation in the bias voltage; 
this can be understood by remembering that the nega- 
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Fig. 4. Cross-sectional scanning electron micrographs of  AIN films with various bias voltages: (a) no bias; (b) - 100 V; (c) - 2 0 0  V; (d) - 3 0 0  V. 
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Fig. 5. Optical emission spectrum of the plasma at an r.f. power of 
160 W, a sputtering pressure of 8 mTorr and a nitrogen concentration 
of 75%. 

tive bias voltage could change only the kinetic energy 
and the flux of the positive ions in the plasma. By 
indexing the emission peaks from [17], it is found that 
the strong emission lines of Ar atom (415.8 nm), A1 
(396.1 nm), N 2 (380.5 nm) and N~- (391.4 nm) are de- 
tected in the glow discharge plasma. It may be worth 
pointing out that the very weak peaks of Ar ÷ ions can 
be detected in the background level in contrast with 
very strong peaks of N ;  ions. In addition, other posi- 
tive ions (N ÷, AI ÷, Ar 2÷ etc.) are not detected owing 
to the very small amount of these species. Although a 
quantitative analysis of chemical species in the plasma 
cannot be carried out owing to the limit of the OES, it 
is considered that the dominant species in the plasma 
are not Ar ÷ ions but N2 + ions because of the high 
nitrogen concentration, which are responsible for the 
above results. 

The effect of the negative bias voltage on the fabrica- 
tion of AIN films can be explained as follows. Sundgren 
and coworkers [13, 14] have extensively studied the 
effect of bias voltage on reactively sputtered TiN films. 
At lower bias voltages the adatom mobility is enhanced 
and the grain size increases, owing to the increase in 
momentum transfer from the bombarding positive ions, 
i.e. "ion-bombardment-enhanced diffusion". As the 
bias voltage, however, increases further, the effects 
of resputtering, defect formation and ion entrapments 
are increasingly pronounced, i.e. "collisionally induced 
defect formation". The latter effects give rise to de- 
struction of the columnar growth morphology and a 
great enhancement in the compressive stress of the 
films. Since the growth morphologies of all films in this 

work are of a columnar structure, ion-bombardment- 
enhanced diffusion predominates in this range of bias 
voltages. Increasing the bias voltage to the substrate 
increases the kinetic energy and the flux of the positive 
ions in the plasma. Since the dominant positive ion is 
N2 + , the kinetic energy transfer by the positive ion 
(N2 + ) bombardment increases the adatom mobility at 
the growing film surface an increase in the bias voltage. 
It is generally considered that the basal plane in the 
hexagonal structure has the lowest surface energy and 
the maximum atomic density. The TC value of the 
(0002) plane therefore, is increased an increase in the 
bias voltage. In addition, it has been reported that the 
defect density is observed to decrease initially with 
increasing ion irradiation in the growth of TiN films 
using only self-ion N2 + bombardment to eliminate ar- 
gon incorporation [18]. The relaxation of compressive 
stress and the increase in column diameter may there- 
fore be attributed to the increase in adatom mobility by 
N ;  ion bombardment at the film surface. Conse- 
quently, the above-mentioned results in this work may 
result from the relatively low range of the negative bias 
voltages in which the effect of ion-bombardment-en- 
hanced diffusion predominates over the effect of colli- 
sionally induced defect formation. 

4. Conclusions 

The crystallographic orientation of A1N films de- 
posited on Si(100) by reactive sputtering have been 
investigated as a function of the negative bias voltage. 
We can summarize the experimental results as follows. 

(1) The TC of the (0002) plane increases with in- 
crease in the bias voltage and the weak peaks of other 
planes vanish above - 100 V. 

(2) As the bias voltage increases, the compressive 
stress of the films is relaxed and shows maximum 
relaxation at - 200  V. 

(3) All the films show columnar growth and the 
column diameter of AIN films increases slightly with 
increase in the bias voltage. 

(4) The dominant positive ions in plasma are N~ 
ions according to the OES study and, as the negative 
bias voltage increases, N~- ions are considered to play 
an important role in the change in the crystallographic 
orientation of A1N films. 
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