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Abstract

Plasma parameters as electron density, electron collision rate, resonance frequency, and the bias voltage

were shown to be important for the characterization of the rf plasma. Using the Self Excited Electron

Resonance Spectroscopy (SEERS), the plasma parameters were compared at two different frequencies,

13.56 MHz and 40.68 MHz, in argon, oxygen, fluorine, and mixtures in low pressure. 

Increasing the generator frequency, more rf power has to be applied to achieve the same bias voltage. At

the lower pressure, the bias voltage indicates the mean energy of the ions impacting onto the substrate

and causing damage at the surface. The experimental results show that general ly more power was

dissipated in the plasma instead of the sheath if the substrate generator frequency was decreased. This

results in a significantly higher electron density at the higher frequency. The increase of mean ion

energy, owing to lower sheath thickness, has to be taken into account as a second order effect.

In order to show the influence of the frequency for process applications, the etch rate of SiO2 on Si were

determined in CF4. For the same generator power, there is no well pronounced dependence of the etch

rate of SiO2 on Si (CF4) on the frequency. For the same bias voltage, the etch rate of SiO2 increases

roughly with the frequency.
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1. Introduction 

A great number of work has been reported in the literature on the characterization of rf

discharges in a commercial reactor for materials processing applications. It is now reasonably well
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understood how plasma parameters such as electron density, electron temperature, and plasma potential

depend on neutral gas pressure, generator power, and reactor geometry. For most practical materials and

processing applications, one should also pay attention to the substrate bias conditions, since the

substrate bias controls the energy with which ions from the plasma impact onto the substrate bias

conditions, since the substrate bias controls the energy with which ions from the plasma impact onto the

substrate.

The present work has been motivated by a desire to explore the rf bias voltage as a variable in

optimizing substrate bias for selected applications in etch reactor. Real etching processes are utilized to

show the correlation of electron density and etch rate. Furthermore, SEERS is able to ensure stability

and scaling of plasma processes in RIE, PE, or PECVD systems for 13.56 MHz [1] and 40.68 MHz [2].

2. Experimental setup

A commercial RIE system was used for the experimental comparison of the both frequencies

(13.56 and 40.68 MHz). Details of the setup are shown in Fig. 1..  In contrast to the PLASMATHERM-

790 (see [2]) the geometric area ratio of the actual RIE system is higher, that means, the discharge in the

new vessel is more unsymmetrical. The chamber comprises a driven substrate electrode and a grounded

upper electrode in a cylindrical vessel. The lower electrode was powered at 13.56 MHz or 40.68 MHz.

The diameter of electrodes and chamber was 12 cm and 24 cm, respectively the electrode gap was

5.5 cm. The vacuum chamber and the electrodes consist of aluminum. The experiments were carried out

in inert gas (Ar) and electronegative gases (O2, CF4, and CF4/O2) at a pressure range from 1 Pa to 10 Pa.

The sensor for the discharge current measurement (SEERS) was mounted in KF 40 flange.

3. Diagnostics

The Self Excited Electron plasma Resonance Spectroscopy (SEERS) is based on the non-

linearity of the space charge sheath at the rf electrode, which provides harmonics with the modulated

sheath width and high-frequency oscillations in the bulk plasma. Using a hydrodynamic approach for the

plasma body, the inert mass of the electrons can be treated as an inductance and the collisions with

neutrals (including power dissipation in the expanding sheath) as a resistance. Taking into account the

capacitive behaviour of the space charge sheath, the plasma can be regarded as a damped oscillation

circuit. The nonlinear sheath capacitance excites the plasma by causing damped oscillations close to the

geometric resonance frequency which lies well below the plasma frequency (Languid frequency). For

asymmetrical discharges and sinusoidal discharge the current is  known to be the sum of a saw tooth

shaped part plus a damped oscillation. The details are described in Refs. [1 - 5].

SEERS allows the determination of the volume averaged electron density,
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(3)

electron collision rate,

and bulk power dissipated in the plasma body:

Using a fast numerical algorithm, the plasma monitoring system Hercules provides a temporal

resolution better than a second and performs SEERS measurements automatically. The peak voltage of

the substrate was measured by using a capacitive voltage divider. Because of unavoidable stray and

feedthrough capacitances at the powered electrode, a direct measurement of the discharge current is very

difficult in commercial systems. Hercules uses a special sensor in a coaxial geometry (50 S) inserted

into the wall (flange) of the recipient as a virtual part of the wall. By means of the nonlinear model, the

current pitch ratio of the current measured and the real discharge current can be determined. Therefore,

calibration depending on the sensor position is not necessary. An insulating layer up to a thickness of

100 :m on the sensor can be treated as a capacitance adding a very small series impedance (<< 50 S)

and therefore can be neglected. The measured discharge current is converted using a fast ADC

(analog/digital converter) with a bandwidth of 500 MHz and a sampling rate of 2 GS/s.

4. Experimental results

For the experiments the bias voltage or the generator power, respectively, were varied at a

pressure of 10 Pa and gases for the two frequencies, Ar, O2, CF4, and CF4/O2 at 13.56 and 40.68 MHz.

The resonance frequency as a function of bias voltage is shown in Fig. 2.. For Ar, O2, CF4, and

CF4/O2 at 13.56 and 40.68 MHz. Fig. 2. demonstrates the influence of gas type on the dependence of the

resonance frequency. In contrast to linear systems, the resonance frequency timely varies. The lower

resonance frequencies for 13.56 MHz indicates a lower electron density causing a decrease of the

retarding field within the rf sheath, comp. Fig. 4..

Fig. 3. shows the influence of gas type and generator frequency on the square of bias voltage
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versus the applied rf power. Please note that different generators and matchboxes were used at both

frequencies. For each of the frequencies and gases studied, the bias voltage became more negative as the

rf power increased and followed a nonlinear dependence on rf power. For a given rf power, the bias

voltage at 13.56 MHz was higher than at 40.68 MHz. The energy with which the ions from the plasma

impact onto the electrode or substrate, respectively, for a given rf power, is higher at 13.56 MHz as at

40.68 MHz. This change of ion energy distributions are related of ions to responds to the change in the

electric field within the sheath. If the bias frequency is so high that ions cannot respond to the changes

in the electric field within the sheath during one rf cycle, they are accelerated to a time-average velocity

while crossing the sheath. If ions can respond to the changes of electric field, they strike the substrate

with energies distributed between the minimum and maximum sheath potential.

Fig. 4. shows the electron density in Ar, O2, CF4, and CF4/O2 at 13.56 MHz and 40.68 MHz. For

equal gas and bias voltage, the electron density at 40.68 MHz is about one order of magnitude higher

compared to 13.56 MHz. The  electron density at 13.56 MHz increases with the bias voltage. An other

behaviour shows the electron density at 40.68 MHz. The electron densities in Ar, O2, and CF4/O2

increase with the bias voltage up to 250 V and decrease with increasing bias voltage about 250 V. The

reason can be seen in a change in the axial profile of electron density in Ar, O2, and CF4/O2. Ion or

electron density drops significantly within the bulk plasma, resulting in valley formation at increasing

pressure, power, and frequency [6, 7]. Note that the plasma monitoring system Hercules measures

volume averaged electron density. 

For CF4 and CF4/O2, being more complex, the discharge is slightly less stable yielding an

increased fluctuation of both frequencies. The rising density of negative ions results in a different

density profile CF4 and CF4/O2.

Fig. 5. presents the collision rate of electrons depending on bias voltage. The collision rate of

electrons depends on pressure and electric field inside the plasma body.

Hercules signals directly characterize fundamental plasma parameters (electron density,

collision rate, bulk power dissipated bulk body). The rf  current density j+ satisfies  the relation 

If the electron temperature is known, process parameter can obtained, it is evident that such

measurements provide a unique way of tool matching. Diagnostic tools like Hercules can help to save

most of the monitor- and specific test wafers used currently for the purpose of tool matching.

Examples for the etching of SiO2/Si with CF4 was carried out at 10 Pa. The lower electrode was
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powered and the upper electrode was grounded. The substrate were put on the surface of the driven

lower electrode. When the generator frequency of the substrate is increased, more generator power has

to be applied to achieve the same bias voltage. For each of the frequencies and gases studied, the bias

voltage shows a nonlinear dependence on rf power. For a given rf power, the bias voltage at 13.56 MHz

was higher than at 40.68 MHz resulting in an equal electron density and a lower ion energy at the higher

frequency. The sheath thickness decrease with increased frequency. At higher applied voltage, the

sheath thickness is nearly constant at both frequencies. Even  at the same generator power - despite a

lower bias voltage - the etch rate for 40.68 MHz is higher than for 13.56 MHz. The sheath thickness is

an important parameter for etching because ions experience fewer collisions traversing a narrower

sheath if the pressure is kept constant. Fewer collisions results in a more anisotropic ion energy

distribution at the electrode and, hence, more anisotropic etching.

5. Conclusions

The experimental results imply that more power was dissipated in the plasma instead of the

sheath, if the substrate generator frequency was increased. The much higher etch rate at 40.68 MHz,

compared to 13.56 MHz, is due to the higher electron density and, as a second order effect, the increase

of the mean ion energy.
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Fig. 1.: Experimental setup

Fig. 2.: Resonance frequency vs. bias voltage at 10 Pa

40 MHz: • Ar, Ž CF4, Ë CF4/O2, • O2

13 MHz: ~ Ar, • CF4, " CF4/O2, ª O2

Fig. 3.: Bias voltage vs. rf power at 10 Pa

40 MHz: • Ar, Ž CF4, Ë CF4/O2, • O2

13 MHz: ~ Ar, • CF4, " CF4/O2, ª O2

Fig. 4.: Electron density vs. bias voltage at 10 Pa

40 MHz: • Ar, Ž CF4, Ë CF4/O2, • O2

13 MHz: ~ Ar, • CF4, " CF4/O2, ª O2

Fig. 5.: Collision rate vs. bias voltage at 10 Pa

40 MHz: • Ar, Ž CF4, Ë CF4/O2, • O2

13 MHz: ~ Ar, • CF4, " CF4/O2, ª O2

Fig. 6.: Etch rate of SiO2 in CF4 at 10 Pa (PR mask)

Fig. 7.: Etch rate of SiO2 in CF4 at 10 Pa (resist mask)
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