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Aluminum nitride thin films were deposited by dc magnetron reactive sputtering. The deposition 
parameters (cathode voltage, incident power, total pressure, and N2 partial pressure) were 
correlated and their influences on the compositional properties of the films were determined. The 
analytical tools used to characterize the aluminum nitride thin films were Rutherford 
backscattering spectrometry and the (d,p) and (p,y) nuclear reactions. From these techniques 
the thickness and stoichiometric ratio N/ Al of the films, the N and Al depth profiles, and the 
contamination levels of 0 and C were obtained. 

I. INTRODUCTION 

Aluminum nitride thin films have found widespread appli
cations in recent years due to their properties such as high 
hardness, low electrical conductivity, good chemical stabil
ity, and so on. Owing to the high acoustic velocity and 
large piezoelectric coupling factor of the wurtzite
structured AIN films, they have been used for the genera
tion and detection of surface acoustic waves. 1 In particular, 
aluminum nitride has very interesting applications in mi
croelectronic devices. AIN is a III-V compound with a 
large energy band gap, good thermal conductivity, stability 
up to very high temperatures, and chemical inertness. One 
of its uses is as an insulator in some metal-insulator
semiconductor (MIS) structures (AI-AIN-Si for 
example).2 Another application in semiconductor technol
ogy is the use of AIN films as cap layers for GaAs. The 
presence of a cap is required when the GaAs wafer is sub
mitted to high-temperature annealings (T> 800 ·C) dur
ing the fabrication of integrated circuits. This cap should 
prevent As evaporation and dopant outdiffusion and also 
minimize the stress in the cap-semiconductor interface. 
Aluminum nitride films have exhibited superior perfor
mance in all these aspects when compared to Si02 and 
Si3N4·

3 

Aluminum nitride films have been deposited by various 
methods such as chemical-vapor deposition,4 reactive 
evaporation,S reactive molecular-beam epitaxy,6 ion 
plating,1 ion implantation,8 ion-beam-assisted deposition,9 
dual ion-beam deposition, \0 and reactive sputtering.1,3,l1 
Each method leads to films with different compositional, 
structural, and mechanical characteristics. The choice of 
one particular deposition method depends on the features 
required for the specific application that one has in mind. If 
it is desirable to avoid high temperatures of the substrate 
and the hydrogen incorporation during deposition and to 
minimize the contamination level with other gaseous spe
cies the deposition of aluminum nitride films by magnetron 

reactive sputtering is a good choice, since the secondary 
electrons are confined by the magnet and cannot heat the 
substrate and we can obtain a clean (basically Ar and N2) 
and controlled (monitoring with a quadrupole mass spec
trometer) atmosphere in the deposition chamber. 

The reactive sputtering method itself was studied by 
various authors, among them Berg et aJ. 12 During deposi
tions of titanium nitride films, Berg et al. noticed the pres
ence of hysteresis loops when they made graphs of the 
sputtering rate and nitrogen partial pressure versus the ni
trogen flow and related them to situations of rapid transi
tions occurring during the nitridation and denitridation of 
the target. In Ref. 12 these authors proposed a mathemat
ical model to describe the process. The explanation they 
gave abandoned the commonly accepted idea of a "critical 
pressure" and, instead, worked only with well-known 
physical properties such as flow, ion current density, sput
tering yield, sticking coefficients, and others. Previous to 
the work of Berg et al., Maniv and Westwood\3,14 were the 
first to investigate the reasons for hysteresis in reactive 
sputtering. McMahon, Affinito, and Parsons's and Affinito 
and Parsons,16 on the other hand, were the first to explore 
the problems of reproducibility in reactive sputtering dep
osition of thin films, introducing an earlier model also 
based on physical properties. In Ref. 15 various operating 
modes in the deposition of AINx thin films by dc reactive 
sputtering were investigated. Rapid transitions between the 
metallic and nitrided target situations were observed when 
they controlled the gas flow rates at constant power and 
when they controlled the power at constant flow rates. 
However, by means of controlling the voltage at constant 
flow rates they could obtain experimental points inside the 
instability region and neither hysteresis nor sharp transi
tions were observed. 

In the present work we deposited AIN x thin films by dc 
magnetron reactive sputtering under different conditions of 
N2 partial pressure, total pressure, and incident power. We 
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studied the correlations among the deposition parameters 
and we could relate them to the compositional character
istics of the films. The thicknesses and stoichiometries of 
the films were determined by nuclear reaction analyses and 
by Rutherford backscattering spectrometry. 

II. EXPERIMENTAL DETAILS 

The aluminum nitride thin films were deposited in a 
Balzers BAS-450 magnetron sputtering system equiped 
with a feedback mechanism to maintain the pressure at a 
constant level. The gas inlet was automatically regulated 
by a valve control unit that maintained a constant prede
termined pressure inside the chamber with the pumps op
erating. One of the instruments used to monitor the process 
was an ionization vacuum gauge that measured the total 
pressure in the range of 102-10 - 4 Pa. Since each gas flow 
could be switched on and off independently we could mea
sure the pressure of Ar and N2 separetely and then let both 
gases flow together. The pressure-dependent ion current of 
a hot-cathode gauge head was used for the measurements. 
The measured ion current was converted into a corre
sponding voltage by an electrometer amplifier and dis
played on the indicating instrument. The emission current 
was held constant by a control circuit. The ion current was 
then proportional to the pressure within the measuring 
gauge. Another apparatus we used to control the total and 
partial pressures of the gases was a quadrupole mass spec
trometer for the mass range 0.5-64 amu. Its lowest- and 
upper-pressure limits of operation were 1 X 10 - 8 and 
1 X 10 - I Pa, respectively. In the system, the ion mass was 
analyzed by a quadrupole and detected by a Faraday col
lector. 

The films were deposited on silicon (100) wafers. Be
fore deposition the wafers were chemically cleaned and 
submitted to rf sputter etching in Ar ( PAT = 3 X 10 - I Pa, 
power = 300 W) for 7 min. The base pressure inside the 
chamber was always below 8 X 10 - 5 Pa, achieved with a 
turbomolecular pump of 1500 lis pumping speed. The Al 
99.999% target (7 X 17 cm2) was submitted to presputter
ing in an Ar ambient (PAT = 3 X 10 - I Pa, dc power = 200 
W) for 50 min to remove the Al20 3 layer prior to alumi
num nitride deposition. The dc power supply was used to 
deposit the AINx films. During the process the incident 
power was kept constant. Dividing the incident power by 
the target area we obtain the power density, which is the 
usual parameter for comparing results obtained in different 
sputtering apparatuses. The plasma composition varied 
from one deposition set to the other but it was always 
composed by Ar-N2 mixtures (see Table I). To obtain 
films with homogeneous concentrations we kept the shut
ter closed in the first 5 min of deposition and only after
wards we started the deposition on the substrates, which 
lasted 1 h in most cases. To obtain the deposition rates of 
Table I we divided the thickness of the films by their cor
responding deposition times. During deposition we could 
follow the process monitoring the partial and total pres
sures, the voltage, current, and power. 

The aluminum nitride films were analyzed by nuclear 
reaction analyses (NRA) and Rutherford backscattering 
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TABLE I. Aluminum nitride deposition parameters by dc magnetron reo 
active sputtering and thin-film stoichiometries. 

Sample P'o' N2 concentration dc power Deposition N/AI 
no. (XIO- 1 Pal in plasma (%) (W) rate (A/s) in film 

3 67 290 1.08 0.88 
2 3 67 430 1.83 0.86 
3 3 67 570 2.55 0.74 
4 3 57 290 1.44 0.86 
5 3 57 430 2.02 0.77 
6 3 57 570 2.67 0.73 
7 3 7 290 > 12a 0.39 
8 3 7 430 > 12a 0.36 
9 3 7 570 > 12a 0.35 

10 4 80 400 1.58 0.83 
II 4 75 230 0.56 0.88 
12 3 73 280 0.98 0.88 
13 3 67 230 0.65 0.88 
14 3 33 240 1.67 0.87 
15 3 17 240 6.67 0.77 
16 3 10 240 7.22 0.56 

aThe aluminum peak width III the RBS spectrum is greater than the total 
interval of energy measured in the present experimental setup. indicating 
that the film has a thickness greater than 14400 A. corresponding to a 
deposition time of 20 min in this specific case. 

spectrometry (RBS). Some of the reactions used were the 
14N(d,p) 15N and the 160(d,p) 170 with incident deuter
ons of 610 keV. 17 These reactions have a plateau in the 
excitation curve allowing us to extract the total amount of 
14N in the thin films and to determine the contamination 
level of 160. In the spectrum of the detected protons the 
areas under the peaks were compared to the ones obtained 
from convenient standards with known concentrations of 
14N and 160 and transformed to stoichiometric ratios. The 
other reactions we used were the 14N(p,y) 150 and the 
27AI(p,y) 28Si, occurring, respectively, at 278 and 326 
keV,18 both having narrow (width -1 keY) resonant 
peaks in the excitation curve allowing us to profile the 
depth concentration of these elements in the film. The y
ray yield at each incident proton energy could be converted 
to the concentration of 27 Al or 14N atoms in a thin slab at 
a certain depth in the film. This conversion was made using 
the y-ray yields of convenient standards (pure Al and 
AIN), estimating the densities of the films and the stopping 

12 .. power of protons in these films. The C contammatton 
could be checked out by the 12C(d,p) 13C reaction at 610 
keY. 

The RBS (Ref. 19) was accomplished with incident a
particles of 2 MeV. The experimental spectra were fitted 
using the RUMP code,20 where we assumed a density of 3.26 
g/cm3 for the films during the calculations. The stoichio
metric ratios N/ Al thus obtained were compared to the 
ones obtained from NRA. The thicknesses of the films 
extracted from the RBS fittings were compared to the ones 
obtained via profilometer measurements. All data agreed 
within an error of 5%. 

III. RESULTS AND DISCUSSION 

A. Sputtering deposition parameters 

In an attempt to compare the present results with the 
ones from the literature we took the graphs of the cathode 
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FIG. I. (a) Cathode voltage vs nitrogen flow rate. The power is held at 
295 W. (b) Cathode voltage vs power. The nitrogen flow rate is held at 
1.50 cmJ/min. Reproduced from Ref. 13 with permission. 

voltage versus nitrogen flow rate at constant power and of 
the cathode voltage versus power at constant nitrogen flow 
from the article by McMahon and co-workers l5 (Fig. l). 
In Fig. 1 ( a), starting with a pure Al target, we can see the 
linear decrease of voltage with the increase of N2 flow rate 
from F to D and then a· sudden voltage drop to B. At this 
point we already have the formation of nitride on the target 
surface. By decreasing the N2 flow an opposite transition is 
observed from C to E leading to a hysteresis loop DBCE. 
The reverse situation, starting with a target covered by 
aluminum nitride, is seen in Fig. 1 (b), which also presents 
a hysteresis. In our case we controlled the N2 partial pres
sure and made a graph of the voltage versus PN2 at con
stant power [240 W, Fig. 2(a)] and, controlling the inci
dent power, made a graph of the voltage versus power at 
constant N2 and Ar partial pressures [Fig. 2(b)]. Compar
ing Figs. 1 (a) and 2(a) we can see that the shapes of the 
curves are different but the hysteresis is present in both 
cases. However, the comparison between Figs. 1 (b) and 
2(b) evidences much greater modifications: The curve with 
a hysteresis obtained at constant N2 flow [Fig. l(b)] be-
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FIG. 3. Cathode voltage vs nitrogen partial pressure. The power is held at 
480 W. (.) represent experimental points obtained when we increase the 
nitrogen partial pressure while (~) show the path followed when the 
nitrogen partial pressure is decreased. 

comes a straight line with no hysteresis at all, in the graph 
of the cathode voltage versus the dc power at constant N2 
partial pressure [Fig. 2(b)]. Although the absence of hys
teresis had already been observed,15 from our knowledge 
this linear behavior had not yet been reported. 

In Fig. 3 we can see the analog of Fig. 2(a) but now at 
a greater dc power (480 W). The curves resemble each 
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FIG. 2. (a) Cathode voltage vs nitrogen partial pressure. The power is held at 240 W. (e) represent experimental points obtained when we increase the 
nitrogen partial pressure, while (0) show the path followed when the nitrogen partial pressure is decreased. (b) Cathode voltage vs power. The nitrogen 
partial pressure is held at 0.2 X 10 - I Pa and the argon partial pressure at 2.8 X 10 - I Pa. 
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other in shape, including the presence of the hysteresis 
loop, but we can see that the point at which the nitride 
formation starts is now shifted to higher N 2 partial pres
sures. This result can be understood if we remember that at 
greater incident powers the sputtering rate is also greater 
and the formation of the nitride on the target will demand 
greater nitrogen concentrations in the plasma. 

Modifications in the N2 concentration in the plasma 
lead to changes in the slope of the straight lines obtained in 
the graphs of the cathode voltage versus power as shown in 
Figs. 2(b), 4(a), and 4(b). From these figures we can 
notice that as we increase the N2 partial pressure in the 
chamber the slope of the straight line decreases, passes 
through zero, and becomes negative. 

B. NRA and RBS analysis 

Based on the study of the sputtering parameters we de
posited aluminum nitride thin films under the different 
conditions displayed in Table I. These films were analyzed 
by RBS and NRA. In Fig. 5 we can see typical RBS spec
tra of aluminum nitride films deposited on Si( 100) wafers. 
This set of films (samples 1-3 in Table I) was obtained at 
the same N 2 and Ar partial pressures and deposition times, 
but at different incident de powers. One of the results is 
that the thickness of the aluminum nitride films is in
creased as the de power is increased. In the graph such 
behavior can be observed by the shift to lower energies of 
the peak corresponding to the position of the interface be
tween the aluminum nitride film and the silicon substrate. 
In fact, these peaks correspond to the superposition of the 
aluminum signal and the silicon one at this interface. 

In Fig. 6 are shown the deexcitation peaks obtained by 
the incidence of 610 ke V deuterons. The area under the 
14N signal was the one used to evaluate the amount of 

Ps 
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nitrogen in the film. The 160pt + 14Np6 and 160po peaks 

exhibit the effect of the presputtering time of the target 
with respect to the oxygen content of the films. The solid 
curve was obtained from an aluminum nitride film depos
ited after a presputtering of the Al target for 30 min 
(PAr=3XlO- 1 Pa, power = 200 W), while the dotted 
curve was obtained from a film deposited after 50 min of 
presputtering. The anal~sis of the above-mentioned 14N 
and 160 peaks in Fig. 6 led to an OIN ratio of 0.03 for the 
aluminum nitride film that was deposited after 50 min of 
presputtering (sample 10 in Table I), whereas for the alu
minum nitride sample that was deposited after 30 min of 
presputtering the O/N ratio extracted from the figure was 
0.08. It is noteworthy that these two samples had the same 
NI Al ratio, namely 0.83. We can conclude from these re-

N Al 

FIG. 5. RBS spectra obtained with 2.0 MeV incident a-particles back
scattered by aluminum nitride thin films deposited on Si( 1(0) at three 
different dc powers, namely 290, 430, and 570 W. The incident and de
tection angles were 0" and 160" to the substrate normal, respectively. The 
arrows indicate the energy edges of the aluminium and nitrogen signals at 
the outermost surface. The highest peaks come from the superposition of 
the aluminium and the silicon signals at the film-substrate interfaces. 
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FIG. 6. Spectra of the detected protons resulting from the incidence of 610 
keY deuterons on an aluminium nitride thin film. The protons coming 
from different excited states are indexed in the figure. The solid line 
spectrum came from a film deposited after 30 min of presputtering of the 
aluminium target. The dotted curves came from a film deposited after 50 
min of presputtering of the target. 

suIts that a presputtering of at least 50 min (200 W) is 
necessary to remove all aluminum oxide formed in the Al 
target surface. Furthermore, the carbon contamination is 
seen, from Fig. 6, to be very small in both samples, inde
pendently of the presputtering time. 

The (p,r) resonances in 14N and 27AI were made se
quentially, since the first one occurs with protons of 278 
keY and the second one with protons of 326 keY. With 
these resonances it was possible to obtain the I4N and 
27 Al depth profiles of the aluminum nitride thin films. The 
linewidths of the (p,r) resonances are 1.6 and < 1 keY 
respectively, so they are both rather close to the resolution 
in energy of the proton beam (about 1 keY). Using the 
calculated stopping powers for protons in AIN at the 
threshold energies of the corresponding (p, r) reactions we 
obtained depth resolutions of about 200 A in the profiles. 
Observing Fig. 7 we see that, as the incident energy of 
protons is increased, the normalized area under the r peaks 
("Counts," in the graph) is proportional to the concentra
tion of N (at lower energies) and Al (at higher energies) 
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FIG. 7. Nitrogen and aluminium depth profiles obtained, respectively, 
from the 14N(p,y) and 27Al(p,y) resonances of an aluminium nitride thin 
film. The arrows indicate the outermost edges of the film in the nitrogen 
and aluminium depth profiles. 
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in layers at increasing depths in the film. This figure shows 
the profiles of the sample 11 in Table I: an AINo 88 film of 
2000 A. . 

C. Relationships between deposition parameters and 
films characteristics 

Samples 1-9 in Table I were deposited in order to clarify 
the behavior displayed in Figs. 2(b), 4(a), and 4(b). Ar
gon and nitrogen partial pressure sets were chosen 
(PN2 = 0.2x 10- 1 and PAr = 2.8X 10- 1 Pa; PN2 = 1.7 
X 10 - 1 and PAr = 1.3 X 10 - 1 Pa; PN2 = 2.0 X 10 - 1 and 
PAr = 1.0 X 10 - 1 Pa) and the films were deposited at three 
different powers, namely 290, 430, and 570 W. The sto
ichiometric ratios of such films show that as the power was 
increased, at constant nitrogen concentration in the 
plasma, the stoichiometric ratio N/ Al showed a slight de
crease. This is due to the linear increase, under the same 
conditions, of the deposition rate or, in other words, of the 
sputtering rate. When the power is increased a greater 
sputtering rate takes place at the target. If the concentra
tion of N 2 is kept constant the consequence is that more Al 
atoms are sputtered from the target due to the increase on 
the power, but these Al atoms will share the same amount 
of nitrogen atoms available to react, leading to a decrease 
in the N/ Al stoichiometric ratio of the aluminum nitride 
film. Concerning the general content of nitrogen in these 
films, we can see that the films deposited at 
PN2 = 2.0X 10 - 1 Pa or 67% of N2 in plasma and at 

. PN2 = 1.7 X 10 - 1 Pa or 57% of N2 in plasma present sto
ichiometric ratios lying in the region between N/ Al = 0.73 
and N/ Al = 0.88, this last value being already in the sat
uration region. The films deposited at PN2 = 0.2 X 10 - 1 Pa 
or 7% of N2 in plasma, however, exhibit a nitrogen content 
much lower then the above-mentioned ones. 

The smaller the percentage ofN2 in the plasma the more 
stable is this plasma. This statement is confirmed by the 
spread of the experimental points around the straight lines 
in Figs. 2(b), 4(a), and 4(b) and by visual observation of 
the plasma which starts presenting some sparks when the 
N2 partial pressure is increased. 

As general observations from Table I we can see that at 
a constant power, an increase in the N2 content in the 
plasma produces aluminum nitride films richer in nitrogen 
(see, for example, samples 14, 15, and 16). This behavior 
can be observed until a saturation point is reached (about 
40% of N2 in the plasma, for a power of 240 W), when 
films slightly hypostoichiometric (N/ Al = 0.88 and not 
N/ Al = 1) are obtained. On the other hand, if we maintain 
the N2 concentration fixed in the plasma and increase the 
incident power, the nitrogen content in the films decreases 
as we can observe in samples 4--6, for example. The depen
dence of the deposition rates on the nitrogen partial pres
sure indicates a situation, at lower nitrogen partial pres
sures, with a high deposition rate (samples 7-9, for 
example) characteristic of a metallic target and another 
one, at greater nitrogen partial pressures, with a lower dep
osition rate (samples 11-13, for example) characteristic of 
a partially or totally nitrided target. In between there is a 
rapid transition that occurs at about 20% of N2 in the 
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plasma for a power of 240 W or a power density of 2.0 
W cm - 2. This behavior was already observed by other 
authors. Aita and Gawlak21 deposited aluminum nitride 
films by rf reactive sputtering varying the power density 
from 0.6 to 0.8 W cm - 2 when the N2 content was in
creased from 0% to 100%. Nevertheless, they also found 
the transition region at about 20% of nitrogen in plasma in 
the graph of the growth rate versus the percentage of N2. 
Svub and Musil22 deposited AINx films by dc magnetron 
reactive sputtering, as in the present work, and also found 
the above-mentioned transition region at about 20% nitro
gen in plasma using a power density of 11.5 W cm - 2. 

IV. SUMMARY AND CONCLUSIONS 

In the study of the dc magnetron reactive sputtering we 
established correlations among the deposition parameters 
cathode voltage, N2 and Ar partial pressures, and incident 
power and compared them to the ones reported in the 
literature. As new aspects we should mention the linear 
behavior, without hysteresis, that we found between the 
cathode voltage and the power at constant N2 and Ar par
tial pressures and the dependence of the slope of the 
straight line on the percentage of N 2 in the plasma. 

Concerning the analytical tools we used, we should em
phasize the usefulness of the (d,p) reactions, since at once 
we obtain the total 14N content in the film and determine 
its contamination level with 160 and l2C. On the other 
hand, the (p,y) reactions provide sequential depth profiles 
of the elements 14N and 27 AI, besides of an absolute mea
surement of the stoichiometric ratio, when we use a pure 
Al sample as a standard for the last reaction. 

We noticed that two main factors compete in modifying 
the sputtering rate, the deposition rate, and the stoichio
metric ratio N/ Al of the films: These factors are the inci
dent power during deposition and the percentage of N2 in 
the plasma. The greater the incident power, at constant N2 
and Ar partial pressures, the greater are the sputtering and 
the deposition rates and the smaller is the N/ Al ratio in the 
film. On the other hand, the greater the percentage of N2 in 
the plasma, at constant power, the smaller are the sputter
ing and the deposition rates and the greater is the N/ Al 
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ratio in the film. However, these dependencies are not lin
ear; they exhibit a saturation behavior at higher percent
ages of N2 in the plasma. Aware of these correlations, it is 
now possible to deposit AINx films with predetermined 
stoichiometries. 
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