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Abstract

The characteristics of low-pressure (< 10 mTorr) Ar radio-frequency (rf) discharge in film
deposition environment was investigated experimentally using a rf sputtering system without
magnetron, and the observed effects of process conditions, such as absorbed rf power, substrate
bias voltage, working pressure, and gas flow rate on the rf discharge were interpreted in terms of
energy balance and sheath capacitance considerations. It was shown that the Ar gas flow had a
marginal effect on the discharge. However, the absorbed rf power, substrate bias voltage, and
working pressure exhibited strong effects on the target self-bias voltage and ion current density in
the discharge, and the energy delivery from the source to the discharge was efficient when these

parameters were set in the optimized range.



. INTRODUCTION

Sputtering techniques are widely used to deposit thin films of thickness ranging from a few
nanometers to hundreds of nanometers. Low-pressure radio-frequency (rf) discharge has been
extensively studied both experimentally and theoretically (Koening et al., 1970; Coburn et al.,
1972; Keller et a., 1979; Kohler et al., 1985; Kohler et al., 1985; Metze et al., 1986; Lieberman,
1988; Manenschijn et al., 1991; Lieberman et al., 1994; Miller et a., 1997; Panagopoulos et al.,
1999), and the dynamics of rf plasma sheaths have attracted significant attention due to their
importance in various rf discharge applications. For al radio frequencies, there is a critica

parameter, o7, that controls the ion modulation in the rf sheath, where @ is the frequency of the
applied field, and z; istheion transit time through the sheath. Neglecting the ion entering velocity

(Bohm velocity) at the sheath edge and assuming a collisonless shesath, z; is given by
(Panagopouloset al., 1999)
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where m; istheion mass, S and Vg, are the sheath thickness and sheath voltage, respectively, and
e is the elementary charge. For low frequencies and/or short ion transit time (wz; <<1), the
variation of ion bombarding energies at both target and substrate surfaces follows the variation of
the corresponding sheath voltages because the ions are subjected to the sheath voltages occurring
at the time they enter the sheaths. For high frequencies and/or long ion transit time (wz; >> 1), the
ions respond to time-average sheath voltages because they are subjected to various field
oscillations during travel through the sheaths. In low-pressure Ar rf discharge (13.56 MHz), the

ions respond only to time-average electrical fields becausewr; >> 1. The powers dissipated in the



two electrode sheaths are the entire source of power that maintains the discharge during capacitive
excitation, and the plasma bulk usually defines the boundary conditions of the sheath problem.
Lieberman (1988) analyzed theoretically the capacitive rf sheath for time-independent,

collisionless ion motion in the sheath and inertialess electrons (@z; >>1). The unique feature in

Lieberman’s model is the assumptions that the electron density is equal to the ion density at the
sheath edges and zero at the electrodes. Metze et a. (1986) analyzed the sheath voltage waveforms

using an equivalent circuit model of a plasma reactor for the transit time z; of ions through the
sheath less than 1/ f , where f isthe frequency of the applied voltage. In this model, the sheath
thickness corresponds to the steady-state thickness related to the instantaneous voltage Vg, (t)

across the sheath. So this model is a quasi-steady-state model and is valid for frequency less than 1
MHz for Ar plasmas of ion density equal to 10" cm™. Miller et al. (1997) developed a semi-
analytical model to connect both extremes.

In this study, A Perkin-EImer Randex-2400 model sputtering system without magnetron
shown schematically in Figure 1 was used to study the characteristics of low-pressure Ar rf
discharge. The plasma was excited and maintained by a rf power supply through a rf coupling cail
and capacitive tuning network (Figure 2). A bias voltage can be applied to the substrate by the
substrate bias tuning technique. In low-pressure Ar rf discharge, the target is negatively self-
biased. Relationships including the rf power, substrate bias voltage, and target negative self-bias
voltage were obtained for low-pressure Ar rf discharge. An expression for the ion current density

was derived from energy balance considerations.

Il EXPERIMENTAL PROCEDURES



The geometry configuration of the rf discharge in the Perkin-Elmer Randex-2400 model
Sputtering system is symmetric, the target surface area At is equal to the substrate area As, and the
substrate is 200 mm in diameter. The spacing between the two electrodes (target and substrate) is
fixed at 7 cm. During low-pressure Ar rf discharge, the temperatures of both target and substrate
are maintained at room temperature by water cooling, the working pressure is set by adjusting the
opening of a throttle valve (Figure 1), the gas flow rates are regulated by MKS flow ratio
controllers, and the forward rf power generated by rf power supply is servo-stabilized in the range
of 80 - 1000 W. The power that sustains the discharge is called absorbed rf power, which is usually
not equal to the forward rf power due to the impedance mismatch between the rf power supply and
the plasma. The power difference between them is called the reflected rf power. Both the forward
and reflected rf powers are regulated during the low-pressure Ar rf discharge.

For low-pressure rf Ar gas discharge, the vacuum chamber was pumped down to a low base
pressure (< 2 x 10° Torr) by a turbo molecular pump backed by a rotary mechanical pump to
reduce the effects of residual air before introducing Ar gas into the chamber (Figure 1). The base
pressure was measured by a Granville-Philips ion gauge. During low-pressure Ar rf discharge, the
substrate bias and target self-bias voltages were measured directly. The effects of forward rf
power, substrate bias voltage, working pressure and Ar gas flow rate on the target self-bias voltage

and ion current density were investigated experimentally and representative results were discussed.

11 RESULTSAND DISCUSSION
A. Radio-frequency power dependence of ion current density and electrode bias

potentials



Electrically, plasma sheaths generated in low-pressure rf discharge can be modeled as pure
capacitors when wr; >>1, and the sheath behavior can be analyzed using an equivalent electrical
circuit of the discharge (Koening et al., 1970; Coburn et a., 1972; Keller et al., 1979; Kohler et al.,

1985; Kohler et al., 1985; Manenschijn et a., 1991; Lieberman et al., 1994). For a paralle-plate

capacitor, the capacitance C

, )
where &,is the electrical permittivity in vacuum (= 8.8542 x 10 F/m), &4is the dielectric
constant of the capacitor medium, A is the plate area (A= A; = Ag = 324cm’ in the present
sputtering system). For low-pressure rf discharge, ¢4 is determined by the working gas, working
pressure, and electrical power, whereas the areas of the two electrodes are fixed. The capacitance
varies with time due to the oscillation of the sheath thicknessS(t). This oscillation produces a
displacement current (displacement of electrons) which represents the reflected rf power P, . The

reflected power can overload the power supply, and thus preventing effective delivery of the power
to the discharge in the absence of an impedance matching network between the power source and
the plasma. Figure 2 shows a schematic of the electrical power matching network used in the
present sputtering system. A single power supply is used, and the rf power is split between the
target and the substrate electrodes. Figure 3 shows the equivalent electrical circuit (Koening et al.,
1970).

Assuming that the ion density n; isequal to the electron density n, in the bulk of the plasma

and that the electrons are in thermal equilibrium with the local plasma potentia (Boltzmann-

Maxwellian distribution), the ion current density j through the sheath can be expressed as (Smith,

1995)



j=0.6n.e kBTe , ©)

where T, is the electron temperature (degree in Kelvin) of a Boltzmann-Maxwellian distribution,
kg is the Boltzmann constant. The ion current densities in both sheaths are determined by the
electron temperature and density in the plasma bulk. T, is determined by particle conservation
alone, and is independent of n, and, therefore, input power. T, is weakly dependent on the
working pressure. n, is determined by the total power balance in the discharge and is a function of
pressure. It can be expressed as (Lieberman et al., 1994)

Pa
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where P, and ug = /% are the absorbed rf power and Bohm velocity, respectively, ¢ is the
i

total energy lost per ion lost from the system, and Ay is the effective area given by (Lieberman et

al., 1994)

At = Alhy +IEhR)1 (5)

where |  7cm and R =100 mm are the discharge length and electrode radius, respectively, and

h; ~ 0.86(3+ é)‘l/ 2 and hg = 0.80(4+/13)‘1/ 2 represent the effects of working pressures on
i i

the ion distributions at the axial and radia sheath edges, where 4; is the mean free path of ions.
The total energy lost per ion lost from the system ¢ isgiven by (Lieberman et al., 1994)
e =¢&c + 2Ty + &5, (6)

where ¢c, 2T, and &; represent the energy loss per electron-ion pair created, the mean kinetic



energy lost per electron lost from the system, and the mean kinetic energy lost per ion across the
sheath.

Hence, theion current density j through the sheath is determined by the absorbed power P,

and electron temperatureT,, , and can be expressed as

. . P
j=r = s =2 1(Ty), 7
et

where j; and jg areion current densities into the target and substrate sheaths, respectively. The

. P P
ion current density j islinearly dependent on —2 for T, ~ constant.
T

For monatomic gas (e.g., Ar) discharge at low pressure and high power, all the absorbed

power P, is responsible for ion acceleration across the sheaths (Godyak et al., 1991). For a
symmetric rf discharge geometry, the absorbed power P, isgiven by

P, = j(AV7 + AVQ)A, (8)
where AV, =V, -V, and AV; =V -V, are voltage differences across the target and substrate
sheaths, respectively, where V, is the time-average plasma bulk voltage (~ 10 V), and V and Vg

are the time-average voltages at the target and substrate surfaces, respectively. From Eqg. (8), the

ion current density j can be obtained from the measured P, , V;, Vg, i.e,

— Pa
AVp -V 1-Vs)'

] 9)

where electrode area A (= 324 cm?) is given for present sputtering system. Figure 4 shows the

variation of the ion current density j with the absorbed rf power P, for low-pressure Ar rf

discharge under conditions of substrate bias voltage of —200 V, working pressure of 3 mTorr, and



Ar gas flow rate of 20 sccm. The ion current density increased with absorbed rf power, agreeing
well with the prediction of Eq. (7).
The time-average voltage across the sheath is given by (Lieberman et al., 1994)
2

Vo Jd (10)
e,y

Therefore, the time-average voltages across the target sheath can be expressed as

u
vy =—%+2vp Vg oo BB gy Pa (11)
&
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From Eq. (11), it is obvious that the target is negatively self-biased because % >> Np —Vs. For
J

high sheath potential, &r ~ ¢ because & >> ¢c and & >>T,. Roughly, &; ~ e)V|. Therefore,

1/2
Vi OCKUB/:';) f(T,)PY2. (12)

‘90
The absolute value of the target self-bias voltage V. increases with the square root of the absorbed
rf power P, for fixed substrate bias voltageV,. Figure 4 also shows the variation of target self-
bias voltage V,; with absorbed rf powerP,. The experimental results agree well with the
prediction of Eq. (12).

Eq. (11) shows that V. +V is constant when the absorbed rf power P, is fixed. Hence, the
absolute value of V. will decrease with increasing absolute value of negative V . Figure 5 shows
the variation of V;and V;+Vg with Vg for low-pressure Ar rf discharge under conditions of
forward rf power P; of 750 W, working pressure of 3 mTorr, and gas flow rate of 20 sccm. The

results show that the experimental trends are in good agreement with the above interpretations for

substrate bias voltages between 0 and —300 V. As shown in Figure 5, V. +V, decreased with the



decrease of Vg below —300 V. This is because the absorbed rf power P, decreased when the

negative substrate bias voltage was less than -300 V, as shown in Figure 6. The substrate was not

self-biased. The negative substrate bias voltage Vg, was applied independently through the
substrate bias adjuster (Figure 2). The change in Vg affected the impedance Zg between the
substrate and the bulk of plasma and the impedance Zg; between the substrate and the ground

(Figure 3), resulting in the change of the total impedance of the plasma, which produced a
mismatch between the impedances of the rf source and the plasma. The mismatch impedances
prevented the rf source from delivering efficiently power to the plasma, resulting in the decrease of

the absorbed rf power P, even though the forward rf power P; was fixed at 750 W. Therefore, the

system must be tuned to match the impedances of the rf source and the plasma. The present system
was tuned to work well for substrate bias voltage in the range of 0 to -300 V. In this range, the

reflected rf power P, isless than 3% of the forward rf power Ps .
The variation of the forward rf power P; may cause changes in the rf source impendence,

which can also lead to a mismatch between the impedances of the rf source and the plasma and
prevent the rf source from efficiently delivering power to the plasma. Figure 7 shows the effect of

the forward rf power P; on the absorbed rf power P, for Ar rf discharge under conditions of
substrate bias voltage V¢ of -200 V, working pressure of 3 mTorr, and gas flow rate of 20 sccm.
Theratio of P, /R, increased with the forward rf power P; . For forward rf power P; between 400
to 750 W, the absorbed rf power P, was larger than 95% forward rf power P; . However, when the
forward rf power P; was less than 400 W, the ratio of P, /P, decreased dramatically with the

decrease of the forward rf power P; .



B. Effectsof working pressure and gasflow rate on low-pressure rf discharge
The significance of working pressure and gas flow rate on low-pressure Ar rf discharge was

investigated experimentally under conditions of forward rf power P; of 750 W and substrate bias

voltage V¢ of -200 V. The working pressure can be adjusted by controlling the throat valve

opening (Figure 1). However, the adjustable range of the working pressureis limited by the Ar gas
flow rate. Figure 8 shows the Ar gas flow rate dependence of the adjustable range of the working
pressure. The adjustable range of working pressure increased with the Ar gas flow rate. Figures 9 -
11 show the variations of absorbed rf power P,, ion current density j, and target self-bias
voltageVy , respectively, with the working pressure and Ar gas flow rate. The results show that the
gas flow rate had secondary effect on the low-pressure Ar rf discharge. However, the working
pressure had a significant effect on this discharge. The absorbed rf power P, increased with
increasing working pressure continuously, reaching a maximum at ~2.5 mTorr, and then decreased
above ~2.5 mTorr working pressure (Figure 9). Alternatively, the ion current density j increased
and the target self-bias voltage V; decreased with increasing working pressure, both reaching

steady-state values for the working pressure greater than 2.5 mTorr (Figures 10 and 11).

At low pressures (<10 mTorr), the pressure effect on the sheath thickness is margina
(Pennebake, 1979). As mentioned previously, the electron temperature T, is weakly dependent on
the working pressure. However, increasing the pressure enhances both the discharge rate of Ar
atoms and the recombination rate between electrons and ions due to the increase of particle
collisions in the bulk plasma space. The mean free path of particles in the bulk plasma space is

given by

10
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where T , d, and p are the temperature of the bulk plasma, particle diameter and working pressure,
respectively. Eq. (13) shows that the electron mean free path is significantly longer than that of the
Ar ions due to the smaller size of the electrons. Hence, the increase of the recombination rate
between electrons and Ar ions is less than the discharge rate of Ar atoms. This leads to an increase

inthe Ar ion density n; in the bulk plasma with an increase in the working pressure, which equals
the electron density n,. In view of Eq. (3), the ion current density j increases with n,. The

experimental trend shown in Figure 10 is in good agreement with the former interpretation. The
increase of the Ar ion density in the bulk plasma changed the plasma impedance, thus, producing a
mismatch between the rf source and plasma impedances, which leaded to the decrease of the

absorbed rf power P, . This is the reason why the absorbed rf power P, decreased for the working
pressure above 2.5 mTorr (Figure 9). The decrease of the absorbed rf power P, leaded to a

decrease in the target self-bias voltage V5 , asindicated by Eq. (12).

IV CONCLUSIONS

Relationships including the forward rf power, substrate bias voltage, and target self-bias
voltage were observed in experiments at different conditions of low-pressure Ar rf discharge
performed in a Perkin-Elmer sputtering system without magnetron. The effects of the forward rf
power, substrate bias voltage, working pressure, and Ar gas flow rate on the target self-bias
voltage and ion current density were interpreted in the context of both energy balance and sheath
capacitance considerations. It is found that the Ar gas flow rate only determined the adjustable

range of the working pressure, while its effect on the discharge was secondary. However, the

11



forward rf power, substrate bias voltage, and working pressure exhibited strong effects on the
plasma discharge, and the energy delivery from the rf source to the discharge was most efficient

when the former parameters were in their optimized ranges.
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