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The substrate tuning technique was applied to a radio frequency magnetron sputtering system to
obtain a variable substrate bias without an additional source. The dependence of the substrate bias
on the value of the external impedance was studied for different values of chamber pressure, gas
composition and rf input power. A qualitative explanation of the results is given, based on a simple
model, and the role of the stray capacitance is clearly disclosed. Langmuir probe measurements
show that this system allows independent control of the ion flux and the ion energy bombarding the
growing film. For an argon flow rate of 2.8 sccm and a radio frequency power of 300 W
(intermediate values of the range studiethe ion flux incident on the substrate was
1.3x10?°° m 2 s 1. The maximum ion energy available in these conditions can be varied in the
range 30—150 eV. As a practical application of the technique, BN thin films were deposited under
different ion bombardment conditions. An ion energy threshold of about 80 eV was found, below
which only the hexagonal phase was present in the films, while for higher energies both hexagonal
and cubic phase were present. A cubic content of about 60% was found for an ion energy of 120 V.
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[. INTRODUCTION holder and ground. As a consequence, the flow of rf current
through the substrate varies, which induces a controlled dc
The effects of ion bombardment during the growth of thinpjas potential at the film surface.
films has been widely reportédt changes the properties of  Magnetron sputtering has become one of the most widely
thin films, such as morphology, composition, structure,ysed techniques in both research and production of thin
stress, electrical conductivity, and others. Various mechafiims?® In a rf magnetron sputtering system, the discharge is
nisms have been proposed to account for these effects: iafbnfined close to the cathode surface by the magnetic field.
implantation, preferential sputtering, transfer of momentumhis allows work at lower pressures, which makes the sput-
or energy from ions to growing film. These effects stronglytering of the target more effective and increasing the growth
depend on the intensity of bombardment which, in turn, israte. However, as the discharge is confined close to the tar-
determined by both the ion flux and the ion energy. Moreget, a less dense plasma is located close to the substrate
over, a critical value of the ion/atom arrival rate ratio, which electrode, resulting in a low ion bombardment there. But if
depends on ion energy, has often been found to improve thgee magnetron cathode is not completely balanced, the
properties of the films, such as stress relief in evaporated Gglasma region extends along the axis towards the subStrate.
films,! hardness of carbon nitride coatifgs the synthesis In this article we present the results of the substrate tuning
of the BN cubic phas%.Therefore, an accurate control of technique applied to a rf magnetron sputtering system. The
bombardment intensity is needed in order to deposit filmsjependence of the substrate bias on the external impedance
with the desired properties. is studied for different values of chamber pressure, gas com-
In addition to techniques in which an ion beam is dil’eCtedposition, and rf input power. The ability of this system to
at the growing film, the deposition methods based on plasregulate the ion bombardment on the substrate is discussed.
mas involve varying intensities of ion bombardment of thewe also present the results of depositing boron nit¢ihd)
substrate. Even when the substrate is grounded, a certaifin films in different bombardment conditions using this
degree of ion bombardment is present as the plasma potentiglchnique.
is always positive in relation to ground. When an ion-
assisted deposition is desired, a negative dc bias voltage nellg EXPERIMENT
to be deve'oped at the substrate electrode. For non- The Sputter chamber consisted of a Cylindl’ical vessel with
conducting materials the dc bias voltage is commonly sup? diameter of 40 cm. A base pressure of about*1Ba was
plied by an additional rf source. But there is a simple alter-established in the chamber before the sputtering started. Two
native called “substrate tuning.” This method, first independent mass flow controllers were used to regulate ar-

developed by Logdtin a rf diode sputtering system, is based 9on and nitrogen flows. The total gas flow was varied be-

on an adjustable external impedance between the substrdieen 1.4 and 5.6 sccm, which corresponds to a variation of
the total pressure betweernxd0 ? Pa and X 10 ! Pa.

*Published without author corrections. Figure 1 shows a diagram of our experimental system. An
¥Electronic mail: alousa@electra.fae.ub.es US’'GUNII magnetron cathode was placed near the center of
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an Ar flow of 1.4 sccm and two rf power values. In this experiment the stray
77Jr7r capacitance was minimized.
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Fic. 1. Diagram(not scaled of the experimental system.

lll. RESULTS

Figure 2 shows the experimental dependence of substrate

the chamber with a nonconducting targeéxagonal BNN3  bias on tuning network capacitance, for an argon flow of 1.4
in. in diameter, and connected to a rf power source througlsccm and rf power of 200 and 500 W. A sharp minim(am
an automatic matching network. The parallel magnetic fielchegative maximumof substrate bias is obtained when the
measured in the erosion zone on the target was 37 mT. Omet inductive reactance of the tuning network resonates with
the substrate surface the magnetic field was perpendiculathe substrate sheath capacitance, as discussed below. This is
with an intensity of 3.5 mT. This situation corresponds to aaccompanied by a visible focusing of the plasma into the
somewhat “unbalanced” magnetrdrin which some of the region between the target and the substrate. High values of
field lines from the annular magnet do not pass into the cynegative substrate bias are limited by the presence of stray
lindrical central magnet. capacitance in the system. This effect is clearly observed in

The substrate holder was placed 4 cm from the cathodesig. 3, where an additional positive maximum of substrate
parallel to it, and had a ground shield aperture similar to thabias appears, along with a reduction of the negative maxi-
of the target. An external tuning device, consisting of a fixedmum value, when the stray capacitance is not minimized.
inductor and a variable blocking capacitor in series, was
placed between the substrate holder and ground in order to
obtain a variable plasma-to-ground impedance. Polished low

doped Si crystalling100 wafers and Corning 7059 glass 30
were used as substrates. The fixed deposition conditions are 20+
shown in Table I, the substrate self-bias being the variable
parameter. Film composition was determined from electron > 10F
probe microanalysi$EPMA) measurements, and film struc- & ol l 500w
ture was studied by Fourier transform infrared absorption g
spectroscopyFTIR). D10}k y
@ s
© 200W
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TaBLE |. Deposition conditions for BN films. (,3) 30 +
Target: sintered-BN 40
rf input power: 500 W(10.8 W/cnf)
Target self-bias: —-420 V -50 YR KR SN WO SR [ SN N S E—
Substrate self-bias: —40 V and—80 V 0 1 2 3 4 5 6
Gas mixture: 90% Ar, 10% N Capacitance (a.u.)
Total gas flow: 3 sccm
Pressure: ~1.5%x10"! Pa Fic. 3. Substrate self-bias vs tuning network capacitance for two rf power
Substrate temperature: 350 °C values. The data were collected in a plasma with,dldW of 3.7 sccm and
Deposition time: 25 min an Ar flow of 1.9 sccm. In this case, the stray capacitance was not mini-
mized.
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RF input power to the cathode (W) tuning network and the capacitive substrate sh&th.
Although a theoretical model of rf sputtering systems has
FiG. 4. Maximum negative substrate bias vs rf input power to the cathodgyaan develope?iit is difficult to apply to other results owing
for different gas flows and gas compositions. The stray capacitance is here he lack of lici uti h .
minimized. to the lack of explicit solutions to the equations. Here we use
a simple model(Fig. 6) to account qualitatively the main
_ _ ~ features in our system. The plasma boundaries at each of the
Figure 4 shows the dependence of the negative maximunhree electrodeétarget, substrate, and whakre represented
substrate bias on the rf input power to the magnetron cathodsy three capacitors. The possible presence of stray capaci-
for different gas flows and gas compositions. Little depentance is represented by a capaci@y;, in parallel with the
dence of substrate bias on power is observed. L-C tuning impedance. This equivalent circuit presents a
The infrared spectra of two characteristic BN films areminimum and a maximum of impedance in the path from the
shown in Fig. 5. All the films in this series were deposited inplasma to ground through the substrate for the conditions of

the experimental conditions shown in Table I, with the ex-resonance and antiresonance, respectively. For a fixed value
ception of substrate bias. These spectra were obtained Wy L, the corresponding values 6f are:

calculating the ratio of the experimental spectra of the BN

coated substrate to a background scan taken from an un- 1
Crm=mro— (1)
coated substrate. Lo? 1
@ T CetCqr

IV. DISCUSSION

The peak in negative substrate bias observed in our rf _ 1 2
magnetron sputtering system has a similar behavior to that AR , 1 '
reported for rf diode sputtering systefThis behavior has W Cor

This model gives a qualitative explanation of our experimen-

T T T tal results. The rf current flowing through the plastfram
the cathodgl ; is divided into the rf current to wall,,,, and
the rf current to substratég. A maximum ofl g is obtained
for the condition of resonance, and consequently a maximum
of negative bias of the substraf€igs. 2 and 3 since elec-
trons have a higher mobility than ions. In the same way,
either a minimum of the negative bias or a maximum of the
positive bias of the substrate is predicted by our model for
the condition of antiresonance for a capacitafigg,>Cg,
which is in accordance with our experimental res(fig. 3.
Moreover, as the stray capacitan€er is reduced, the con-
dition of antiresonance disappears, as observed experimen-
tally (Fig. 2).

Another experimental confirmation of the model is found
in the dependence @&y on rf input power of Fig. 2. As the
rf power is increased, the sheath thickness decrdasesso
Fic. 5. Infrared spectra of two boron nitride films deposited at diff- Cs mcreases,_ WhICh_IowerS the value @k [_Eq'_(l)]' L.
erent substrate bia®,). The rest of experimental conditions are shownin 1 n€ behavior of different gases shown in Fig. 4 is similar
Table I. to that observed in unbalanced dc magnetrbRsr a con-

Transmittance (a.u.)

1 1 1 1
1000 2000 3000 4000
Wavenumber (cm'1)

J. Vac. Sci. Technol. A, Vol. 15, No. 1, Jan/Feb 1997



65 A. Lousa and S. Gimeno: lon assisted deposition of thin films 65

stant input power, the value of the substrate bias increasetfeposition under controlled ion bombardment. A simple
with decreasing pressure, as predicted from the general beiodel allows us to interpret the experimental negative peak
havior of rf plasmas:° of the substrate bias as corresponding to a series resonance

The energy of ions reaching the substrate is proportiondbetween the capacitance of the plasma sheath on the sub-
to the potentiaMpg of the plasma with respect to the sub- strate and the inductive external inpedance. The presence of
strate. This energy is calculated by subtracting the substratgray capacitance causes antiresonance which diminishes the
bias,Vg,, from the plasma potential with respect to ground,resonance effect. Using the Langmuir probe it has been
Vpo. A Langmuir probé* was used to measutép,, the  shown that ion flux and ion energy can be controlled inde-
electron temperatur&,, and the plasma density. Values  pendently. lon flux is of the order of ¥ m 2 s™1, and ion
of Vpo=40 V, T,~ 8 eV andN ~ 5x 10 m 3 were ob- energy can be varied in the range 30—150 eV. This method
tained for an argon flow of 2.8 sccm and a rf power of 300has been applied successfully to the deposition of BN thin
W. Note that these results are practically unaffected byfilms with a high content of the cubic phase.
changing the substrate bias through the tuning circuit. From
these values and the Bohm sheath criterion, the ion flux to
the substrate may be estimatéd,and we found
$i=1.3x10°° m~2 571, On the other hand, using the reso- ACKNOWLEDGMENT
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