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(57) Abstract: Plasma processing in a capacitively-coupled reactor with trapezoidal- waveform excitation. The invention concerns

o a method for exciting at least one electrode of a capacitively coupled reactive plasma reactor containing a substrate. The electrode
is excited by applying a RF voltage with a trapezoidal waveform comprising a ramp-up, a high plateau, a ramp-down and a low
plateau. The plasma density can be controlled by adjusting the duration of the ramp-up, the duration of the ramp-down, the ampli

o tude and the repetition rate of the trapezoidal waveform. The ion energy distribution function at the substrate can be controlled by
adjusting the amplitude and the relative duration between the high plateau and the low plateau of the trapezoidal waveform.



"Plasma processing in a capacitively-coupled reactor with trapezoidal-

waveform excitation."

BACKGROUND OF THE INVENTION

A method and system are disclosed for exciting at least one electrode of a

capacitively coupled reactive plasma reactor containing a substrate.

The present invention may advantageously be applied to:

- Plasma-enhanced Chemical Vapour Deposition (PECVD) of thin films, for

example of amorphous, micro- and nano-crystalline alloy of silicon and/or

germanium and/or carbon for photovoltaic solar cell manufacture; also

deposition of other thin films such as Si02, Si3N4 etc for flat-panel display and

integrated circuit manufacture;

- Plasma etching of thin films, including Si, Si02, Si3N4, metals etc for

FPD manufacture, integrated circuit manufacture, photonic device manufacture;

and

- Other plasma surface modification processes such as ion implantation,

surface modification, hardening etc...

I n general, parallel-plate reactors excited by capacitively-coupled radio-

frequency (RF) power, with frequency from 0 .1 to 200 MHz for example, are

widely employed for depositing, etching and modifying thin films in domains

including microelectronics and solar panel manufacture.

I n large-area plasma processing (deposition or etching) of substrates in

parallel-plate capacitive plasma reactors using conventional sinusoidal

excitation, the plasma density and therefore the deposition or etch rate, can

only be increased by increasing the applied radiofrequency voltage. This

simultaneously increases the average energy of ions striking the substrate. I n

many applications, such as PECVD of silicon thin films, excessive ion energy

damages the substrate or deposited film, so that only low voltages can be used,

resulting in limited processing rates. Furthermore, the shape of the ion energy

distribution function (IEDF) in conventional sinusoidally excited reactors is

complex, typically saddle-shaped, and cannot be controlled.



Historically, sinusoidal waveforms have been used, first single frequency,

and more recently two or three-frequency, but without synchronization of the

different generators. Optimal processing of the substrate requires complete

control of the energy of ions arriving at its surface, independent of the ion flux.

For example, for etching high ion energies are needed, whereas for silicon

deposition the ion energy must be kept below a threshold value around tens of

electron volts.

Some independent control of ion flux and energy has been achieved by

varying the RF frequency: at higher frequency the sheath impedance is lower,

giving higher plasma densities, higher ion fluxes and lower ion energies for a

given RF input power. However, in a symmetrical reactor, which has parallel

electrodes of equal area, the equivalence of the sheaths in front of the two

electrodes remains, so that both electrodes have equal ion bombardment.

Further problems occur in large area high-frequency reactors due to standing

wave effects, causing non-uniform processing across the wafer.

Document WO 2009/115135 proposes that by using two frequencies f +

2f, of equal voltage amplitude the symmetry of the sheaths is broken, and the

division of the voltage between the two sheaths should be continuously

controllable by varying the phase delay between the two frequencies, allowing

control of the ion energy at each surface.

In Patterson, M.M., H.Y. Chu, and A.E. Wendt, "Arbitrary substrate

voltage wave forms for manipulating energy distribution of bombarding ions

during plasma processing. "; Plasma Sources Science & Technology, 2007.

16(2) : p. 257-264, the authors disclose that the control of ion energy

distribution at a substrate in a decoupled plasma source such as an inductively

coupled plasma (ICP) or helicon can be achieved by tailoring the wave form

shape of a radio-frequency bias applied to the substrate, using a programmable

waveform generator in combination with a power amplifier.

The present invention proposes to improve prior art techniques with

simultaneous plasma generation in a parallel plate reactor and control of the

Ion Energy Distribution Functions (IEDF), either mono-energetic or more

complex, for better optimization of plasma etch and deposition processes.



An object of the present invention is an appl ication of an electrica l

asym metry effect in a capacitively cou pled reactive plasma reactor.

Another object of the present invention is a com plete control of the

growth mode of t hin f ilms deposited at low tem peratu re .

SUMMARY OF THE I NVE NTIO N

In at least preferred embodi ments, the present invention provides a

method for exciti ng at least one electrode of a capacitively cou pled reactive

plasma reactor conta ining a substrate . Accordi ng to the invention :

- the electrode is excited by applyi ng a RF voltage with a trapezoidal

waveform , and

- the plasma density and f luxes of ion ic and neutra l species to a substrate

are control led by adj usti ng the duration of the ramp-up and/or the duration of

the ramp-down of the tra pezoida l waveform ..

The plasma accordi ng to the present invention can be created and

mai ntai ned with a control la ble period ic trapezoida l waveform .

Accord ing to the present invention, trapezoidal waveform mea ns a sig nal

havi ng a rea liza ble approxi mation form of a tra pezoid . Sa id trapezoidal

waveform preferably com prises a ramp-up, a h igh platea u, a ramp-down and a

low plateau .

The present invention provides a plasma excitation method usi ng non-

sinusoida l waveforms to decou ple ( i.e. to independently control) the plasma

density and f luxes of ion and neutra l reactive species from the ion

bom ba rdment energy.

I n other words, the tech niq ue proposed by the present invention allows

decou pl ing of plasma density control from ion energy control, allowing the

hig hest possi ble particle f luxes to the substrate (hig hest processi ng rates) with

the lowest ion energ ies, and gives great flexi bi lity in the control of the ion

energy distri bution at the substrate, i.e. an opti mal process qual ity. Numerous

appl ications in both plasma deposition and etch processes will benefit.

Fu rthermore such a control of ion energy to specific surfaces of the reactor

allows opti ma l plasma clea ning of the reactor.



High ion and neutral fluxes to a substrate without high ion energies can

be generated for an a-Si :H PECVD process for example, therefore allowing

higher deposition rates while conserving film quality.

With the method according to the present invention, it is henceforth

possible to use a different process regime in nc-Si :H or c-Si :H PECVD. This

regime consists of lower pressure, less dilute (SiH4/H2) gas mixtures and

higher plasma density, which has been shown to give increased deposition rates

and less dust-formation in reactors, compared to the standard method.

Advantageously, the ion energy distribution function at the substrate is

controlled by adjusting the relative duration between the high plateau and the

low plateau of the trapezoidal waveform.

According to the invention, the plasma density can be controlled by

adjusting the repetition rate of the trapezoidal waveform.

Advantageously, the plasma density and/or the ion energy distribution

function at the substrate can also be further controlled by adjusting the voltage

amplitude of the trapezoidal waveform.

The duration of the ramp-up and the duration of the ramp-down may be

between 1-lOns, preferably between 5-10ns. The present invention discloses

the use of a linear ramp, rather than a prior art sinusoidal increase, which

optimises the power delivered to the electrons for a given amplitude.

Conveniently, the amplitude of the trapezoidal waveform is between 50-

lOOOv.

The pulse repetition of the RF voltage also contributes in determination of

the plasma density. Preferably, the duration of period of the trapezoidal

waveform is between 10- 1000ns.

The duration of the high plateau and the low plateau of the trapezoidal

waveform are varied continuously or discretely in order to achieve, averaged

over many periods, any arbitrary effective ion energy distribution function at the

substrate.

According to the invention, the proportion at each electrode of the DC

sheath voltages between the plasma and electrodes is determined by adjusting

the relative duration of the high plateau and the low plateau of the trapezoidal

waveform.



According to a preferred embodiment of the present invention, the

trapezoidal waveform at the electrode surface may be obtained by using a

corrective feedback of the RF voltage waveform. Therefore, the waveform of the

signal applied to the electrode is precisely determined.

The method according to the present invention has the advantage that

the substrate may be disposed on the powered electrode or on the unpowered

electrode.

According to the present invention, either the powered electrode or the

powered electrode may be bombarded, reducing deposition where it is not

wanted and therefore enhancing the supply of deposition precursors to the

substrate.

In accordance with another aspect of the present invention, the growth of

thin films on the substrate is adjusted between amorphous and nano- or micro-

crystalline growth by applying the trapezoidal waveform and a complement of

said trapezoidal waveform. Advantageously, it was observed that the

trapezoidal waveform according to the present invention allows the deposited

film structure to be switched from amorphous to microcrystalline, simply by

changing from the original waveform to its complement.

Advantageously, the capacitively coupled reactive plasma reactor may be

a large-area symmetric plasma reactor. Such a reactor is notably used in

production of photovoltaic solar cell.

According to another aspect of the present invention, there is provided a

system comprising a waveform generator to excite at least one electrode of a

capacitively coupled reactive plasma reactor containing a substrate. This

waveform generator is configured to:

- excite the plasma reactor by applying a RF voltage with a trapezoidal

waveform, and

- adjust the duration of the ramp-up and/or the duration of the ramp-

down of the trapezoidal waveform, the voltage amplitude and the repetition

frequency in order to control the plasma density and fluxes of ionic and neutral

species to a substrate.



The foregoing and other objects, features and advantages of the present

invention will become more readily apparent from the following detailed

description of a preferred embodiment of the invention which proceeds with

reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic of a capacitively-coupled plasma reactor excited

by a waveform generator according to the present invention;

Figure 2 is a graph illustrating the trapezoidal waveform according to the

present invention;

Figure 3 is a diagram of tailored excitation waveform control system

comprising a corrective feedback system;

Figures 4a and 4b are graphs illustrating actual voltage waveforms and

their complements, realised in a test reactor according to the present invention,

and

Figures 5a and 5b are graphs illustrating idealised example of voltage

waveforms and their complements according to the present invention.

DETAILED DESCRIPTION

A simplified schematic of a capacitively-coupled plasma reactor, shown in

Fig. 1, comprises a processing chamber 1, a powered electrode 2, and an

unpowered electrode 3 . Radio-frequency power from a generator G is applied

through a blocking capacitor CI to the powered electrode 2 . The substrate 4 to

be processed can be placed either on the powered electrode 2 or on the

grounded or unpowered electrode 3 . Plasma 5 is generated inside the volume of

processing chamber 1 between the powered electrode 2 and the substrate 4 .

I n all plasma reactors so-called sheaths 6 and 7 form between the bulk

plasma and all the surfaces surrounding it (the electrodes, substrates and

processing chamber walls). Sheaths have a high impedance, which is principally

capacitive. I t is the sheath impedance that limits the current flowing through the

plasma 5, and therefore determines the power absorbed by the electrons. The

majority of the RF voltage applied across the electrodes is divided between the



two sheaths 6 and 7 in front of the respective electrodes. The central plasma

has a high conductivity and therefore only supports small voltage differences.

Therefore the sheaths contain large RF electric fields. The non-linear

characteristic of the sheaths rectifies this RF field to produce a large DC electric

field causing positively-charged ions to be accelerated away from the plasma

and to strike the reactor surfaces with high energy.

If one electrode is much smaller than the other, the sheath in front of it

will have a smaller capacitance. As the current through the system is conserved,

the same RF current must flow through both sheaths, therefore the RF voltage

will be bigger across the sheath in front of the smaller electrode. The

conductance current through a sheath is a non-linear function of the voltage

across it, there is a rectifying effect and the blocking capacitor will charge up.

This is the so-called DC bias effect, and leads to higher energy ion

bombardment at the smaller electrode, and lower energy ions at the large

electrode.

However, in large area reactors the two electrodes are necessarily of very

similar size, and the RF voltage is generally divided almost equally between the

two sheaths 6 and 7, providing equivalent energy ion bombardment to both

sides, ie to both the substrate and the opposite electrode.

The technique of the present invention replaces the sinusoidal signals with

a variable trapezoidal waveform applied to the electrodes, as shown in Fig 2 .

A trapezoidal waveform comprises a ramp-up during ti, a high plateau

during t2, a ramp-down during t3, and a low plateau during t4.

The total voltage across the plasma and therefore the sum of the voltages

across the two sheaths is given by the amplitude V, typically 50-1000V. Heating

of electrons, which controls the ionization and therefore the plasma density and

fluxes to the substrate, occurs during the ramp-up and ramp-down times t i and

t3 typically 1-10 ns. The faster the slew rate (V/ti or t3), the greater the current

allowed through the capacitive sheaths 6 and 7, the more efficiently the

electrons will be heated and the denser the plasma. In order to prevent

standing-wave effects and non-uniformity, the optimal time may be in the range

5-10 ns. The plasma density is also determined by the overall pulse repetition

rate, l/(ti+t 2+t3-i-t4) . Preferably, ti+t 2+t3+t4 is in the range 20-100ns.



The division of V across the two sheaths 6 and 7 is determined by the

relative duration of the constant-voltage periods, t 2 and t4. If t l is negligible

(for example <5ns) and t4 is long (for example 100 ns), the majority of the

voltage develops across the sheath in front of the powered electrode, and

therefore this electrode receives high energy ions, and the opposite electrode

has minimum-energy ion bombardment. Therefore if the substrate is on the

unpowered electrode, optimal thin film Si deposition conditions could be

achieved : high flux of ions and neutral film precursors but low energy.

Conversely, if the substrate is on the powered electrode, it receives high

energy ions. Such conditions are more suitable for etching applications in

general, although also for some types of thin film deposition that require

greater ion-bombardment such as hydrogenated amorphous germanium.

Indeed, varying t 2 and t4 allows complete control of the ion energy at the

substrate. I f t 2 and t4 are equal then the waveform is symmetrical and the two

sheaths are equal. More complex variants can be imagined in which t 2 and t4

are varied continuously on the timescale of the process in order to achieve,

averaged over many periods, any arbitrary effective Ion Energy Distribution

Function (IEDF) at the substrate which may be considered optimal for the

process in question.

Figure 3 concerns an embodiment of a plasma reactor system allowing

waveform tailoring during deposition of thin films. Such an embodiment would

be of utility when implemented, for example, for the PECVD of nc-Si :H in large

area devices such as thin film solar cells, particularly when considering the film

thicknesses required for practical photovoltaic devices. When deposited by the

standard radio-frequency (RF) PECVD technique, the deposition rate of nc-Si :H,

is limited by the fact that for a greater deposition rate, a higher injected power

into the plasma is required, causing an increase ion bombardment (IB) of the

growth surface, and decreasing the material quality.

The present invention allows to reduce the sheath potential at the

substrate, control the substrate ion bombardment energy during PECVD of nc-

Si :H, and thus either enhance or suppress nanocrystalline growth.

An embodiment of the principle is realised using the experimental setup

shown in figure 3 . The substrate 11 is on the unpowered electrode 12 which

also constitutes walls of the processing chamber 13, except on the powered

electrode side.



Figure 3 illustrates a powered electrode 10 with a diameter of 100mm,

and an inter-electrode distance of 19mm, resulting in an areal electrode

asymmetry of A s u s trate+waiis / eiect e of approximately 2.25. This asymmetry

suppresses the ion bombardment energy at the substrate through unequal

distribution of the sheaths between the powered electrode 10 and the walls +

unpowered electrode. The electrical asymmetry effect according to the present

invention would be even more effective on large-area and thus symmetrical

reactors. A gas flow rate mixture of Ar= 35sccm, SiF4=1.4sccm, and

H2=1.4sccm is used. This gas chemistry is chosen as it is known to produce nc-

Si :H material with a very high crystalline volume fraction over a wide range of

deposition conditions, with a deposition rate of 2.5A/s for example.

The substrate and electrode temperatures are 150°C and 100°C,

respectively, and a pulse repetition rate of 15MHz are used.

To produce the desired waveforms at the RF electrode, a corrective

feedback system is used. The ideally trapezoidal waveform is generated by a

Tektronix AFG3101 programmable waveform generator 14, and after

amplification by the amplifier 15 (Amplifier Research Model 150A220, 150W)

and propagation through a coupling capacitor C2, the voltage waveform present

at the RF feedthrough is measured using a high-voltage probe and an

oscilloscope 16. The Fourier transform of this signal is performed and compared

to the desired signal, thus allowing the calculation by the computer 17 of the

original signal necessary to produce either voltage "peaks" or "troughs" at the

powered electrode. Typical voltage waveforms after correction are presented in

Figures 4a and 4b for corrections resulting in both "peaks" (fig. 4a) and

"troughs" (fig. 4b), respectively. The experimental trapezoidal waveforms

obtained in Fig. 4a (4b) present a duration of the high (low) plateau tending to

zero.

The DC bias appearing on the RF electrode is also indicated, and indicates

the enormous shift possible in the distribution of the sheaths.

Voltage "peaks" concern a waveform in which the duration of the high

plateau is smaller than the duration of the low plateau. Voltage "troughs"

waveform is a complement of a voltage "peaks" waveform.

A dramatic shift in the DC bias potential at the powered electrode is

observed when simply inverting the voltage waveform from "peaks" to

"troughs", indicating an asymmetric distribution of the sheath voltage. By



enhancing or suppressing the ion-bombardment energy at the substrate

surface, (using "troughs" or "peaks", respectively) the growth of thin silicon

films by plasma-enhanced chemical vapor deposition can be switched between

amorphous and nanocrystalline growth for high and low ion bombardment

energies, respectively. The change in growth mode can be observed in-situ

using spectroscopic ellipsometry. This effect can be observed at pressures

sufficiently low that the collisional reduction in average ion bombardment

energy is not sufficient to allow nanocrystalline growth (<100mTorr).

Figures 5a and 5b concern idealised examples of voltage waveforms that

may appear at the RF electrode. The repetition rate of both waveforms is

10MHz. The example of Fig 5a shows a waveform with a peak-to-peak voltage

amplitude of 150V, a rise time t i of 5ns, an upper voltage level plateau time of

t2=10ns, a fall time t3 of 5ns, and a lower voltage level plateau of t4=80ns. I n a

symmetrical reactor, such a waveform would result in a greater proportion of

the sheath voltage appearing at the RF-powered electrode (for example

electrode 2 on figure 1), and a reduced ion bombardment energy at the

substrate holder (for example unpowered electrode 3 on figure 1) compared to

a sinusoidal excitation at the same frequency and voltage amplitude. The

example of Fig 5b shows a waveform with peak to peak voltage amplitude of

150V, a rise time t i of 5ns, an upper voltage level plateau time of t2=80ns, a fall

time t3 of 5ns, and a lower voltage level plateau of t4=10ns. In a symmetrical

reactor, such a waveform would result in a greater proportion of the sheath

voltage appearing at the substrate holder (for example unpowered electrode 3

on figure 1), thus increasing the ion bombardment energy relative to a

sinusoidal excitation at the same frequency and voltage amplitude.

The present invention relates to a new way to excite plasma reactors for

processing of large area substrates. The conventional sinusoidal (single or

multiple frequency) radiofrequency voltage signal is replaced with a trapezoidal

waveform consisting of fast rising and dropping ramps (duration 1-10 ns,

amplitude 50-1000V) separated by constant voltage periods (20-100 ns). This

waveform allows both optimal plasma heating (control of the plasma density,

and therefore the flux of reactive neutrals and ions to the processed substrate)

and optimal control of the ion energy distribution function (IEDF) at the

substrate by varying the waveform shape. In particular, it will allow plasma



processi ng of substrates with hig h ion and neutra l f luxes but minima l energy,

allowi ng hig h rate PECVD of hig h-q ua lity silicon t hin f ilms for photovolta ic solar

cel l manufactu re . Control of the I EDF will a lso benefit large area plasma etch ing

appl ications, such as in integ rated microelectron ic circu it and flat panel display

man ufactu re .

Numerous variations and modifications will become appa rent to those

ski lled in the art once the above disclosu re is fully appreciated . It is intended

that the fol lowi ng cla ims be interpreted to embrace al l such variations and

modifications .



1 . A method for exciting at least one electrode of a capacitively coupled

reactive plasma reactor containing a substrate, characterized in that:

- the electrode is excited by applying a RF voltage with a trapezoidal

waveform, and

- the plasma density and fluxes of ionic and neutral species to a substrate are

controlled by adjusting the duration of the ramp-up and/or the duration of the

ramp-down of the trapezoidal waveform.

2 . Method according to claim 1, characterized in that the ion energy

distribution function at the substrate is controlled by adjusting the relative

duration between the high plateau and the low plateau of the trapezoidal

waveform.

3 . Method according to claim 1 or 2, characterized in that the plasma density

is further controlled by adjusting the repetition rate of the trapezoidal

waveform.

4 . Method according to any of preceding claims, characterized in that the

plasma density and/or the ion energy distribution function at the substrate is

further controlled by adjusting the voltage amplitude of the trapezoidal

waveform.

5 . Method according to any of preceding claims, characterized in that the

growth of thin films on the substrate is adjusted between amorphous and

nanocrystalline growth by applying the trapezoidal waveform and a

complement of said trapezoidal waveform.

6 . Method according to any of preceding claims, characterized in that the

duration of the ramp-up and the duration of the ramp-down are between 1-

10ns.

7 . Method according to any of preceding claims, characterized in that the

duration of the ramp-up and the duration of the ramp-down are between 5-

10ns.



8 . Method according to any of preceding claims, characterized in that the

amplitude of the trapezoidal waveform is between 50-1000v.

9 . Method according to any of preceding claims, characterized in that the

duration of period of the trapezoidal waveform is between 10-lOOOns.

10. Method according to any of preceding claims, characterized in that the

duration of the high plateau and the low plateau of the trapezoidal waveform

are varied continuously or discretely in order to achieve, averaged over many

periods, any arbitrary effective ion energy distribution function at the

substrate.

11. Method according to any of preceding claims, characterized in that the

proportion at each electrode of the DC sheath voltages between the plasma

and electrodes is determined by adjusting the relative duration of the high

plateau and the low plateau of the trapezoidal waveform.

12. Method according to any of preceding claims, characterized in that

trapezoidal waveform at the electrode surface is obtained by using a

corrective feedback of the RF voltage waveform.

13. Method according to any of preceding claims, characterized in that the

substrate is on the powered electrode or on the unpowered electrode.

14. Method according to any of preceding claims, characterized in that the

capacitively coupled reactive plasma reactor is a large-area symmetric plasma

reactor.

15. System comprising a waveform generator to excite at least one electrode

of a capacitively coupled reactive plasma reactor containing a substrate,

characterized in that the waveform generator is configured to:

- excite the plasma reactor by applying a RF voltage with a trapezoidal

waveform, and



- adjust the duration of the ramp-up and/or the duration of the ramp-down of

the trapezoidal waveform in order to control the plasma density and fluxes of

ionic and neutral species to a substrate.
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