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As microelectronic device features continue to shrink approaching atomic dimensions, control of

the ion energy distribution on the substrate during plasma etching and deposition becomes

increasingly critical. The ion energy should be high enough to drive ion-assisted etching, but not

too high to cause substrate damage or loss of selectivity. In many cases, a nearly monoenergetic ion

energy distribution (IED) is desired to achieve highly selective etching. In this work, the author

briefly reviews: (1) the fundamentals of development of the ion energy distribution in the sheath

and (2) methods to control the IED on plasma electrodes. Such methods include the application of

“tailored” voltage waveforms on an electrode in continuous wave plasmas, or the application

of synchronous bias on a “boundary electrode” during a specified time window in the afterglow of

pulsed plasmas. VC 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4819315]

I. INTRODUCTION

Low pressure (0.1 mTorr to 10 Torr), cold (gas tempera-

ture 300–500 K), weakly ionized (degree of ionization

10�6–10�1) glow discharge plasmas are used extensively in

the processing of electronic materials, especially for etching

and deposition of thin films.1,2 Such plasmas also find appli-

cation in surface modification (e.g., hardening, corrosion re-

sistance), lighting, environmental remediation, and even

medicine.3 In glow discharge plasmas, energetic electrons

create reactive radicals and ions by dissociation and ioniza-

tion of a feedstock gas. In plasma etching, radicals adsorb

and react on the substrate surface to produce volatile prod-

ucts, thereby etching a film. Anisotropic (vertical) etching is

obtained when the surface reaction is induced (or assisted)

by energetic (>50–100s of eV) positive ion bombardment.

Such ions gain directional energy (perpendicular to the sub-

strate) in the sheath that forms over any surface in contact

with plasma. In plasma deposition, radicals adsorb and react

on the surface to deposit a film. The deposition rate and the

film microstructure and properties are greatly influenced by

low energy (10s of eV) ion bombardment.

As integrated circuit features continue to shrink approach-

ing atomic dimensions, precise and independent control of

the flux and energy distributions of plasma species becomes

increasingly important.4 Specifically, the ion energy at the

substrate is critical since it drives surface reaction rates. The

ion energy must be high enough to achieve anisotropic etch-

ing at reasonable rate, but not too high as to cause loss of

selectivity or substrate damage. Importantly, it is not only

the average ion energy, but the ion energy distribution (IED)

that is of primary interest. In many instances, in order

to achieve selective etching, the IED must be carefully

controlled to lie in a narrow energy range. An example is

atomic layer etching (ALET) of Si using chlorine as a reac-

tant.5,6 In the etching step of this cyclic process, an ion flux

is used to remove the top Si layer with adsorbed chlorine.

This process must be selective to the underlying silicon, i.e.,

the ion energy must be between a chemical sputtering thresh-

old and a physical sputtering threshold. The separation

between these two thresholds is �10 eV. A well defined IED

is also important for controlling film microstructure and

properties in plasma enhanced chemical vapor deposition

(PECVD), for example, the transition from amorphous to

microcrystalline silicon.

II. DC SHEATH

Sheath formation is a consequence of the much smaller

mass of electrons compared to ions. When a surface is first

exposed to plasma, the surface receives a much higher elec-

tron flux compared to the positive ion flux. Hence the surface

charges negatively with respect to the plasma. An electric

field is thus established that attracts positive ions and repels

electrons (i.e., pointing toward the surface) so that, at steady

state, the net particle current to a floating surface is zero.

For simplicity, consider a plane wall immersed in an oth-

erwise infinite plasma. Also, assume a time-independent

(quiescent) plasma potential so that a dc sheath develops.

The transition from the “bulk” plasma to the wall is shown

schematically in Fig. 1, which shows the charge density (a)

and potential profile (b).1 The bulk plasma is electrically

quasineutral with almost equal densities of positive and neg-

ative charges. The presheath is also quasineutral but the den-

sity of the charged species decreases from the bulk value.

For an electropositive plasma, the electron (and ion) density

at the sheath/presheath interface (i.e., the sheath edge, x¼ 0)

is 61% of the bulk value, assuming no collisions. The pre-

sheath thickness is of the order of an ion mean free path, anda)Electronic mail: Economou@uh.edu
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sustains a potential drop �kTe/2, where Te is the electron

temperature. It is the presheath that imparts enough

energy to the positive ions to reach the Bohm velocity uB ¼
ðkTe=miÞ

1=2
just before entering the sheath. Here, mi is the

ion mass, and k is the Boltzmann constant. The Bohm

velocity is necessary for a stable positive space charge

sheath to develop. Charge neutrality is violated within the

sheath where the positive ion density exceeds the electron

density. Because of the existence of net charge, the sheath is

a region of relatively high electric field. The sheath thickness

over a floating substrate is of the order of the Debye length
kD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTee0=ðnee2Þ

p
, where e0 is the permittivity of vac-

uum, ne is the electron density, and e is the elementary

charge. The floating potential Vf (referenced to the plasma

potential) is obtained by equating the electron and positive

ion currents to the surface. The result is1

Vf ¼ �
kTe

e
ln

mi

2pme

� �1=2

; (1)

where me is the electron mass. For argon, the value of the

logarithm is 4.7. Since kTe is usually �2–5 eV, the floating

potential is �10–25 V lower than the plasma potential. The

sheath over an electrode can be considerably thicker (10s of

kD) when a negative bias voltage is applied to that electrode.

However, for given voltage, the sheath thickness scales with

the Debye length, e.g., the sheath thickness decreases as

electron temperature decreases or electron density increases.

A variety of models of the dc sheath have been published

that make different assumptions regarding ion flow (colli-

sional versus collisionless), presence or absence of electrons

(including secondary electrons), and the form of the bound-

ary conditions. Both fluid7–10 and kinetic11–13 models have

been developed. Some of these are used to describe a rf

sheath of high enough frequency that ions respond to the

time-average (a dc) voltage.7

One of the simplest dc sheath models is that of a high

voltage sheath, Vsh� Te, which contains no electrons and in

which ion flow is collisionless (space-charge limited current).

The resulting sheath equation is called Child–Langmuir

law,10 where Ji is the (constant) ion current density

Ji ¼
4

9
e0

2e

mi

� �1=2 V
3=2
sh

s2
: (2)

Equation (2) was first used for vacuum diodes to calculate

the current that can be drawn between two plates of given

separation as a function of the potential between the plates.

When applied to the plasma sheath, it provides useful scaling

between the sheath thickness, voltage, and ion current. It

turns out that for a constant ion current density, the sheath

thickness scales as s / kDeðVsh=TeÞ3=4
, where the Debye

length is calculated using the electron density and tempera-

ture at the sheath edge.1,2

A. Effect of collisions

For a collisional Child–Langmuir sheath, assuming a

constant ion mean free path1

Ji ¼
2

3

5

3

� �3=2

e0

2eki

pmi

� �1=2
V

3=2
sh

s5=2
: (3)

For fixed sheath voltage and ion current density, the sheath

thickness scales as s / k1=5
i , i.e., a weak dependence on pres-

sure (ki is the ion mean free path). Equation (3) assumes no

ionization in the sheath. Figure 2 shows results of a fluid

model of a dc sheath, which includes electron impact ioniza-

tion in the sheath.8 The sheath thickness (t), ion current den-

sity on the electrode (j), and mean ion bombardment energy

(�e) are shown as a function of pressure. These results were

calculated for a sheath voltage of 200 V, an ion current

density injected at the sheath edge (assumed constant) of

1 mA/cm2, an ion bombardment-induced secondary electron

emission coefficient of 0.2 (also assumed constant), and a

first ionization coefficient (electrons generated per cm of

travel in the gas) of 0.1p (p is gas pressure in Pa). The ion

bombardment energy approaches asymptotically the sheath

potential at very low pressures for which there are no colli-

sions in the sheath. As pressure is increased, the sheath

thickness decreases slowly with pressure (s / k1=5
i ) as pre-

dicted by Eq. (3), assuming that the ion mean free path is

constant (independent of the ion velocity). As pressure

increases further, the secondary electrons cause ionization in

the sheath resulting in rapid increase of the ion flux to the

electrode. The larger ion current density and associated

space charge cause the sheath to contract, as predicted again

by the collisional version of the Child law, Eq. (3). At high

pressures, the sheath thickness is inversely proportional to

FIG. 1. Plasma density (upper panel) and potential profile (lower panel) in

the transition region from the bulk plasma to the sheath via a presheath.

Electroneutrality breaks down at the edge of the sheath (at x¼ 0). From

Lieberman and Lichtenberg, Principles of Plasma Discharges and Materials
Processing, 2nd ed. Copyright 2005 by Wiley-Interscience. Reprinted by

permission of Wiley-Interscience.
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pressure. Since the ion mean free path is also inversely pro-

portional to pressure, the mean number of collisions ions ex-

perience in the sheath remains roughly constant. Hence the

mean ion bombardment energy reaches a plateau at high

pressures.

B. Ion energy distribution

Ions falling through a dc sheath without collisions acquire

the full sheath potential. The width of the ion energy distri-

bution depends on the spread of ion energies entering the

sheath, which in turn depends on the electron tempera-

ture.12,14 For a sheath potential much larger than the electron

temperature, the ions bombarding the wall may be consid-

ered as almost monoenergetic. Ion–neutral collisions lower

the ion impact energy and result in an ion energy distribution

(IED) that may be predicted by the model of Davis and

Vandeslice.15 They assumed that ions suffer mainly charge

transfer collisions in the sheath with a mean free path ki

independent of the ion energy, and that there is no ionization

in the sheath. For a sheath thickness, s, and cathode sheath

potential VC, the IED is given by15

1

N0

dN

dE
¼ s

2ki
ð1� EÞ�0:5

exp � s

ki

� �
½1� ð1� EÞ0:5�; (4)

where the reduced energy E¼V/VC, and N0 is the number of

ions entering the sheath. Equation (4) indicates that the ratio

s/ki is a critical parameter for the IED. This distribution

approaches an exponential decay for a highly collisional

sheath, s�ki.

III. RF SHEATH: SINUSOIDAL SHEATH VOLTAGE

Traditionally, capacitively coupled plasma electrodes

are powered at radio frequencies, typically in the range of

0.1–100 MHz, resulting in rf sheaths. The literature on rf

sheaths is voluminous. Fluid16–23 and kinetic24–28 (e.g., solu-

tion of the Boltzmann equation or Monte Carlo) simulations,

as well as experimental measurements29–39 of ion energy and

ion angular37,38,40,41 distributions have been reported.

For an electrode in contact with plasma biased through a

blocking capacitor, such that the sheath potential is VdcþVrf

sin(xt), the requirement of no net particle current to the elec-

trode results in a time-average sheath potential (dc self-bias),

Vdc (Ref. 42)

Vdc ¼
kTe

e

1

2
ln

2pme

mi

� �
� ln I0

eVrf

kTe

� �" #
: (5)

Here, I0 is the Bessel function of the second kind of order

zero. This equation assumes collisionless ion flow and a

time-independent ion current through the sheath, i.e., the

applied bias frequency is not comparable to xip, the ion

plasma frequency. Also, a Maxwellian electron energy prob-

ability function (EEPF) is assumed so that Te has its proper

meaning. For single frequency excitation, a sinusoidal sheath

voltage is more likely to prevail at high frequencies, relative

to the ion plasma frequency.

Even if the sheath were collisionless, and if ions injected at

the sheath edge were cold and monoenergetic, a distribution

of ion energies would still result due to the time-dependence

of the potential of a rf sheath. The critical parameter that con-

trols the IED in rf sheaths is si = srf, where srf¼ 2p =x is the

period of the applied rf field, and si is the ion transit time

through the sheath22,23,27

si ¼ 3hsi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=ð2ehVshiÞ

p
; (6)

where hsi is the time-average sheath thickness, and hVshi is

the time-average sheath voltage. When si = srf� 1 ions

traverse the sheath in a short time compared to the field

oscillation. Under this condition, an ion traversing the sheath

experiences the sheath voltage prevailing at the time the ion

enters the sheath. Thus, the IED function will reflect the vari-

ation of the sheath voltage with time. This quasi steady-state
condition of si = srf� 1 is satisfied for low rf frequencies or

short ion transit times, i.e., thin sheaths (low sheath voltage

or small Debye length), or ions of small mass. At the other

extreme of si = srf� 1, ions experience many rf field oscilla-

tions while in transit through the sheath. Ions will then

respond to the time-average sheath potential, and the IED

function will have a much smaller spread over energy. The

two extreme conditions are more amenable to analysis since,

in both cases, the sheath can be described as a dc sheath;

actually, a series of dc sheaths at the different moments in

time during the rf cycle when si = srf� 1, and a dc sheath at

the time-average voltage when si = srf� 1.

Figure 3(a) shows the energy distribution of several ions

impinging on the grounded electrode of a 13.56 MHz rf

discharge.43 In this case, the sheath potential was identical to

the plasma potential. Heavy ions (Euþ) have a long transit

time corresponding to si = srf �1. Their IED is narrow and

corresponds to the time-average plasma potential (100 V in

this case). As the ion mass and transit time decrease

(si = srf< 1), the IED becomes wider and reflects more and

more the time-dependence of the plasma potential. Theory

predicts that the energy spread DE (Refs. 23, 27, 44, and 45)

FIG. 2. Calculated sheath thickness (t, cm), mean energy of ions bombarding

the electrode (�e, eV), and current density at the electrode (j, mA/cm2) as a

function of pressure, for a 200 V dc sheath. Reprinted with permission from

W. B. Pennebaker, IBM J. Res. Dev. 23, 16 (1979). Copyright 1979, IEEE

Xplore.
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should scale as mi
�0.5. The measurements (not shown) were

in reasonable agreement with this expectation. The effect of

frequency is shown in Fig. 3(b).46 As the applied frequency

is increased, the energy dispersion decreases. The low

energy peak of the IED is taller than the high energy peak.

At low frequencies, the IED corresponds directly to the time

variation of the sheath potential. Apparently the sheath

potential waveform is not sinusoidal having a low value for

a larger fraction of the rf cycle. At high frequencies, ions

tend to follow the average sheath potential, and the two

peaks of the IED tend to merge.

Sobolewski and co-workers44 used a molecular beam

mass spectrometer to characterize an ICP in CF4 gas,

sustained in a Gaseous Electronics Conference (GEC)

Reference Cell. They measured the IED of COþ, Fþ, and

CFx
þ (x¼ 1, 2, 3) ions bombarding an independently rf

biased substrate electrode, as a function of bias frequency,

bias amplitude, and inductive source power. The IEDs had

the expected bimodal profile. The authors also developed a

sheath model to predict the IED as a function of relevant

parameters. The main assumptions were that the sheath was

collisionless and that the ion current injected into the sheath

was time-independent. This assumption can break down

when the period of the applied rf is comparable to the ion

transit time. Figure 4 shows that the energy separation of the

peaks, DE, is a unique function of the ratio of the ion transit

time through the sheath to the period of the applied bias,

si = srf. The relevant equation, valid for the rf frequency

range commonly used in practical systems, is44

DE ¼ eVpp½1þ ð2:25si=srfÞ2��0:5; (7)

where Vpp is the applied peak-to-peak voltage. This equation

predicts that, for low bias frequencies or light ions (si = srf

�1), DE¼ eVpp, independent of frequency or ion mass.

Under these conditions, the energy separation equals the

spread of the sheath voltage. Figure 4 shows a transition

occurring at si = srf� 1. At very high frequencies or heavy

ions (si = srf �1), the energy separation assumes the form

DE� (si = srf)
�1, i.e., DE is inversely proportional to the

applied bias frequency x and mi
�0.5. Equation (7) suggests

that one way to obtain a nearly monoenergetic IED (very

small DE) for a given ion, is to increase frequency so that

si = srf �1. However, at high frequencies, electromagnetic

effects may come in play, resulting in nonuniform voltage

across the electrodes and undesired plasma nonuniformities.

This can be particularly the case in practical systems, as the

electrode size keeps increasing to accommodate wafers with

ever larger diameter. It should be noted that si in Eq. (7) uses

the peak-to-peak voltage Vpp instead of the mean sheath volt-

age hVshi used in Eq. (6). An expression similar to Eq. (7)

was obtained by Charles et al.45 by fitting the results of a

sheath model applicable for a wide range of rf frequencies.

FIG. 3. (a) Effect of ion mass on the energy distribution of ions bombarding

a grounded substrate in a capacitively coupled rf plasma. The energy separa-

tion of the peaks DE decreases for heavier ions. Reprinted with permission

from Coburn and Kay, J. Appl. Phys. 43, 4965 (1972). Copyright 1972, The

American Institute of Physics. (b) Energy distribution of ions bombarding a

grounded substrate for two different excitation frequencies. Reprinted with

permission from Kohler et al., J. Appl. Phys. 58, 3350 (1985). Copyright

1985, The American Institute of Physics.

FIG. 4. Energy separation DE between peaks of bimodal IED as a function

of the ratio of the ion transit time through the sheath (si) to the period of the

applied field (T). Lines are predictions of a mathematical model. (Note that

T is designated as srf in the text of the present work.) Reprinted with permis-

sion from Sobolewski et al., J. Appl. Phys. 91, 6303 (2002). Copyright

2002, The American Institute of Physics.
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Gahan et al.47 employed a retarding field ion energy analyzer

to measure IEDs in cw plasmas as well as pulsed plasmas. In

the latter case, the time resolution of the analyzer was

reported to be �100 ns.

IV. RF SHEATH: TAILORED VOLTAGE WAVEFORMS

Below are described two situations of IED control by

applying tailored bias voltage waveforms that result in other

than sinusoidal sheath potentials:

(1) In addition to controlling the IED, the applied bias

voltage is also sustaining the plasma. A typical case is a

capacitively coupled reactor excited by one or more rf

frequencies.

(2) Plasma is generated by some independent means, and

the substrate rests on a separately biased electrode in

contact with the plasma. An example is an inductively

coupled plasma sustained by passing an rf current

through a coil (solenoidal or “stovetop” configuration).

The plasma can be cw or power modulated (pulsed

plasma). A judicious bias voltage waveform is applied to

the substrate electrode to influence the IED bombarding

the substrate. Alternatively, the bias voltage is applied to

a “boundary electrode” to influence the plasma potential

and in turn the IED on the substrate.

A. Applied bias voltage sustains the plasma

The electrical asymmetry effect (EAE)48–51 provides a

way of controlling the IED by applying a plasma generating

voltage of the form

VðtÞ ¼ U1 cosð2pf1tþ h1Þ þ U2 cosð2pf2tÞ (8)

to one of the electrodes of an otherwise “standard” capaci-

tively coupled plasma reactor (the other electrode is

grounded), with f2¼ 2f1. By changing the phase angle h1

between the two driving frequencies, one can shift (almost

linearly) the resulting dc self-bias voltage (the difference in

the absolute value of the time-average sheath potential over

the powered electrode from that over the grounded elec-

trode), and therefore the ion energy. A dc self-bias is gener-

ated (even in systems with electrodes of equal area), if the

applied waveform is asymmetric (with respect to ground),

i.e., the amplitude of the positive swing of the waveform is

different than the amplitude of the negative swing. One can

utilize more harmonics to enhance the EAE but practical

implementation may be cumbersome.49,53 Also, there are op-

timum values of the amplitudes Ui that maximize the effect.

Figure 5 shows measured IEDs on the powered (a) and the

grounded (b) electrodes of a CCP in argon (1 Pa,

U1¼U2¼ 100 V, f1¼ 13.56 MHz, f2¼ 27.12 MHz, interelec-

trode spacing d¼ 4 cm). The IEDs49 on both electrodes can

be varied by tuning the phase angle h1. The IEDs on the

powered electrode have the characteristic bimodal feature

with a pronounced tail on the low energy side, probably due

to ion–neutral collisions. Focusing on the bimodal feature,

the lower energy peak dominates at small values of h1, but

the situation reverses at higher values of h1. The IEDs shift

to lower energies as h1 increases. The IEDs on the grounded

electrode have a single peak that shifts to higher energies as

h1 increases [Fig. 6(a)].

Importantly, the ion flux to the electrodes (especially that

on the grounded electrode) is roughly constant49 as h1 varies

[Fig. 6(b)]. Hence, the EAE provides a way to vary the ion

energy while keeping the ion flux essentially constant. It

should be noted that the EAE can impose a dc self-bias (neg-

ative or positive) even in a geometrically symmetric CCP

(equal electrode areas). For otherwise identical conditions, a

stronger dc self-bias develops at lower pressures. This may

be advantageous in plasma enhanced chemical vapor deposi-

tion (PECVD) over large area substrates (e.g., for solar

cells). Due to the large electrode areas, the CCP system is

virtually (geometrically) symmetric. Thus, for single fre-

quency sinusoidal excitation, a substantial voltage (roughly

equal to the amplitude of the applied rf voltage) can develop

in the sheath over the substrate electrode, resulting in dam-

aging ion bombardment of the growing film. By inducing a

negative dc bias through the EAE, the sheath voltage over

the substrate electrode can be controlled to achieve benefi-

cial ion bombardment energy, i.e., 10–20 eV that enhances

the surface mobility of film precursor species or aids in film

densification.

FIG. 5. Ion energy distributions on the powered electrode (a), and the grounded

electrode (b), of a capacitively coupled discharge powered by a voltage wave-

form given by Eq. (8) of the text. The IED can be controlled by varying the

phase h1. Reprinted with permission from Czarnetzki et al., Plasma Sources

Sci. Technol. 20, 024010 (2011). Copyright 2011, IOP Publishing.
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Booth and co-workers52–56 used Gaussian voltage pulses

(Fig. 7), with a repetition frequency of 13.56 MHz, to gener-

ate plasma in a CCP reactor. The applied waveform can be

described by

VðtÞ ¼ V0 exp½�aðt� t0Þ2�; (9)

where V0 is the voltage amplitude, t0 is the time of maximum

voltage, and parameter “a” is related to the full-width-at-half

maximum (FWHM¼Ds) of the waveform by Ds
¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
ln2=a

p
. The IED can be controlled (Fig. 8) by varying

Ds.54 Also, the rate of voltage rise increases with decreasing

Ds, and this results in higher plasma density via enhanced

heating of electrons by the oscillating sheath. For a symmet-

ric CCP discharge, it was found that the ion flux can be

increased, while keeping the average ion energy on the

grounded electrode constant.54,55 This is opposite to the EAE

described above, which offers control of the ion energy,

while keeping the ion flux constant. Moreover, the applica-

tion of tailored rf voltage waveforms was shown to generate

a controlled electrical asymmetry in a capacitively coupled

FIG. 6. (Color online) Average ion bombardment energy (a), and ion flux (b)

on the powered electrode and the grounded electrode of a capacitively

coupled discharge powered by a voltage waveform given by Eq. (8) of the

text. The ion flux is nearly independent of h1. Reprinted with permission

from Czarnetzki et al., Plasma Sources Sci. Technol. 20, 024010 (2011).

Copyright 2011, IOP Publishing.

FIG. 7. (Color online) Voltage waveforms with a Gaussian profile. The full

width at half maximum is Ds, and the repetition frequency is 13.56 MHz.

Reprinted with permission from Lafleur and Booth, J. Phys. D: Appl. Phys.

45, 395203 (2012). Copyright 2012, IOP Publishing.

FIG. 8. (Color online) Ion energy distributions on the powered electrode (a)

and the grounded electrode (b) of a capacitively coupled discharge powered

by a voltage waveform given in Fig. 7 [see also Eq. (9) of text]. The IED

can be controlled by varying Ds. Reprinted with permission from Lafleur

and Booth, J. Phys. D: Appl. Phys. 45, 395203 (2012). Copyright 2012, IOP

Publishing.
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PECVD system.52 A shift in the dc bias voltage (indicating

asymmetric distribution of the sheath voltages) was observed

when inverting the voltage waveform shape from “peaks” to

“troughs.” It was found that by controlling the ion bombard-

ment energy, the film growth could be switched between

amorphous and nanocrystalline silicon.

Another method to control the plasma potential and the

IED in capacitively coupled systems is to rf bias both paral-

lel plate electrodes and control the phase difference between

the bias voltages. In such systems, the two electrodes and the

grounded wall comprise a triode configuration. Kwon and

Yoon57 found an optimal value of the phase difference that

produced a minimum of the Vdc/Vpp ratio. Sumiya et al.58

showed that, for given system geometry, the phase between

the applied bias voltages can be adjusted to minimize the

plasma potential, and thus sputtering of the grounded walls.

Proscheck et al.59 found that the system geometry had a

strong effect on the way the plasma density and floating

potential depended on the phase difference between the rf

(13.56 MHz) bias voltages. Sung et al.60 used phase-

controlled high frequency (100 MHz) bias in a triode CCP

reactor. They found that etch rate and uniformity were maxi-

mized at a phase difference of 180�. Results were explained

based on the redistribution of current between the two pow-

ered electrodes and the grounded chamber walls.

B. Plasma is sustained by independent means;
tailored voltage waveform applied on substrate
electrode in contact with plasma

Barnat et al.61–63 applied asymmetric rectangular voltage

waveforms on an electrode in contact with a dc magnetron

discharge, through a blocking capacitor, in the frequency

range of 100 Hz to 100 kHz. They studied the effect of

frequency and duty ratio on the resulting IEDs. They also

calculated the IED under the assumption that ions respond

faithfully to the applied field. Under the low frequency

conditions examined, this is a safe assumption. In addition,

the authors developed a fluid model of the ion motion to

study the sheath dynamics62 under an applied asymmetric

rectangular pulse.

Wendt and co-workers64–67 applied tailored rf voltage

waveforms on an electrode in a high density plasma (ICP or

helicon) via a blocking capacitor (Fig. 9). The waveform Vrf,

applied through a programmable function generator and a

broadband amplifier, consisted of a high voltage pulse of

width 0.035 ls, followed by a slow linear voltage ramp with

a repetition frequency of 2 MHz. The slope of the voltage

ramp was chosen to compensate for the linear voltage

increase across the blocking capacitor due to charge buildup

by positive ions bombarding the electrode. The ramp rate

dV/dt was determined by I¼CdV/dt, where I is the ion cur-

rent density and C is the capacitance. The final voltage

across the sheath over the substrate (the difference between

the substrate surface potential and the plasma potential) was

a constant (negative) voltage with brief excursions to a low

positive voltage to attract electrons and neutralize the posi-

tive charge. Such a sheath potential should give a nearly

monoenergetic ion energy distribution, assuming no colli-

sions in the sheath. It should be noted that no matching net-

work was implemented since traditional matching networks

are tuned to a single (fundamental) frequency, while the

applied voltage waveforms had significant components at

multiple harmonics. To automate the procedure of applying

arbitrary voltage waveforms for manipulating the IED, a

feedback control scheme was implemented in the frequency

domain.65 A fast Fourier transform (FFT) of the actual sub-

strate waveform was compared (one frequency at a time)

with the FFT of the desired substrate waveform. The wave-

form produced by the function generator was adjusted until

convergence to the target substrate waveform. In another

study,66 a two-step periodic voltage waveform was applied

to the substrate so that the IED was composed of two

isolated peaks (Fig. 10). The peak energies as well as the

fraction of ions under each peak could be varied by adjusting

the applied voltage waveform. Etching of silicon dioxide

and photoresist under these conditions revealed a synergistic

effect, in the sense that the etch rate under simultaneous

bombardment of ions with two different energy groups was

FIG. 9. Application of tailored voltage waveforms on an electrode in contact

with plasma. The equipment schematic shows where each waveform was

measured: (a) output of waveform generator Vg, (b) output of power ampli-

fier Vrf, (c) electrode voltage, and (d) voltage on the surface of the Si sub-

strate, Vsub. The sheath voltage is the difference between the plasma

potential and the substrate surface potential. The goal is to achieve a con-

stant sheath voltage. Reprinted with permission from Wang and Wendt, J.

Appl. Phys. 88, 644 (2000). Copyright 2000, The American Institute of

Physics.
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larger than the sum of etch rates when each energy group

was acting alone.

van de Sanden and co-workers68–70 applied asymmetric

rectangular pulses (frequency 195 kHz) to a conductive sub-

strate downstream of an expanding thermal plasma in hydro-

gen (pressure¼ 18 Pa). The plasma potential (�0.2 V) and

the electron temperature (�0.15 eV) were very low; the ion

density in the bulk was 2� 1016 m�3. The IED displayed a

high energy peak corresponding to the negative potential of

the pulse ON fraction of the cycle, and a low energy peak

corresponding to the potential applied during the pulse OFF

fraction of the cycle. The latter peak could be completely

eliminated when a sufficiently high (�5 V) positive potential

was applied during pulse OFF. The high energy peak had

a characteristic shoulder toward lower energies due to

ion–neutral collisions in the sheath. For a substrate covered

with an insulating film, the potential during pulse ON had to

be given a negative slope (more negative potential with

time) to counterbalance charging of the insulating surface,

and thus maintain a constant sheath potential (the sheath

potential was equal to the substrate surface potential in this

case, since Vp� 0). The author provided estimates of the

pulse ON duration (�10 ls under their conditions) so that

the sloping voltage exactly compensated for the drop of the

sheath potential due to insulator charging.

Agarwal and Kushner71 presented a computational inves-

tigation of applying tailored voltage waveforms on the

substrate electrode in an ICP to manipulate the IED on the

wafer. They applied a quasi-dc negative bias having a short

positive pulse each cycle, to neutralize the net particle cur-

rent. Such waveforms produced IEDs with narrow FWHM,

depending on the duration of the positive spike and the fre-

quency. The waveform repetition frequency was 5 MHz, and

charging during a cycle should be moderate. Thus, no slope

had to be applied to the waveform as was done at the low

repetition frequencies of Fig. 9. The authors also examined

selectivity of etching Si and SiO2 in fluorocarbon plasmas.

Etch rate and selectivity could be adjusted by judiciously

switching the IED waveform during etching. Rauf72 exam-

ined the effect of various voltage waveforms (sinusoidal,

square, and triangular) on the resulting IEDs, under condi-

tions for which the ion transit time through the sheath was

smaller than the rf time period. The voltage was applied on

the substrate electrode of an ICP reactor. A square waveform

generated a step in the IED at high energies. The width of

this step could be shortened by increasing the blocking

capacitance.

C. Synchronous bias in the afterglow of pulsed
plasma

Another way of controlling the IED on the substrate elec-

trode is to pulse the power sustaining the plasma (Fig. 11)

and apply a synchronous bias on an electrode in contact with

the plasma (so-called “boundary electrode”) during a speci-

fied time window in the afterglow (power OFF).73–76 The

advantage of this technique is that IEDs with controlled

energy and narrow FWHM may be obtained. As the plasma

power is turned OFF in the afterglow, the electron tempera-

ture (and plasma potential) plummets to <1 eV within a few

microseconds. Thus, for a typical plasma pulsing frequency

of 10 kHz and a duty cycle of 50%, (50 ls active glow and

50 ls afterglow), the electron temperature and plasma poten-

tial are, for the most part, at very low values. Under these

conditions, application of a positive dc bias to an electrode

in contact with the plasma raises the plasma potential by an

amount commensurate with the value of dc bias. That way,

positive ions are expelled from the plasma, and assuming a

collisionless sheath, bombard a grounded substrate with an

FIG. 10. Four different voltage waveforms applied on substrate electrode

(upper panel) and the corresponding measured IEDs (lower panel).

Reprinted with permission from Qin et al., Plasma Sources Sci. Technol. 19,

065014 (2010). Copyright 2010, IOP Publishing.
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energy equal to the plasma potential. Furthermore, since the

distribution of ion energies entering the sheath scales with

Te,
12,14 the FWHM of the IED on the substrate can be made

very small (�1 eV) by applying the dc bias when Te is very

low. It should be noted that, under typical conditions, the

decay of plasma density in the afterglow is not appreciable,75

maintaining a reasonable reaction rate. Biasing in the after-

glow has the additional advantage of better ion directionality

on the substrate, since the ion angular distribution (IAD)

also depends on Te. Assuming a Gaussian IAD, no collisions

in the sheath, and a sheath potential Vsh � Te, the IAD can

be written38 as f(h)	CN exp(�bh2), where CN is a normal-

ization factor and b¼Vsh/Tþ, with the ion temperature Tþ
expressed in V. However, the ion temperature scales with Te

assuming that ions have their last collision in the presheath.

Therefore, the ion flux becomes more anisotropic as Te

decreases in the afterglow making b larger.

Xu et al.73 obtained a nearly monoenergetic IED by

applying a dc bias on a boundary electrode in the afterglow

of a pulsed (5 kHz modulation frequency, 50% duty cycle)

capacitively coupled plasma (Fig. 12). Application of a bias

to an electrode to influence the plasma potential was

described earlier by Smith and Overzet,77 Coburn and

Kay,43 and Panda et al.78 The latter study was on creating

energetic neutral beams by raising the plasma potential and

expelling positive ions out of the plasma through a

grounded grid with high aspect ratio holes. Ions suffered

grazing angle collisions with the internal surfaces of the

holes and were neutralized exiting the grid as directional

fast neutrals.78,79

Figure 13 shows IEDs under pulsed plasma conditions,

with a dc bias continuously applied to the boundary elec-

trode of Fig. 11. For each value of the dc bias, the IED has

two peaks. The broader peaks at higher energy correspond

to ions bombarding the substrate when the plasma is ON.

They correspond to an upward shift of the plasma potential

by an amount equal to the applied dc bias. The sharper

peaks at lower energy correspond to ions bombarding the

substrate during the afterglow. The mean energy of these

peaks corresponds to the applied dc bias. In the afterglow,

VP reaches a very low value in the absence of dc bias.

When a positive dc bias is applied, the plasma potential

is raised to a value approximately equal to the dc

bias.73,74,76 The width of the IED is much smaller in the

afterglow because of the rapid quenching of the electron

temperature, Te.

FIG. 11. (Color online) (a) Schematic of apparatus for generating nearly

monoenergetic IEDs by applying a synchronous dc bias on a boundary elec-

trode in the afterglow of a pulsed discharge. (b) The timing of pulsed plasma

power and application of dc bias.

FIG. 12. (Color online) Nearly monoenergetic IEDs by applying a synchro-

nous dc bias on a boundary electrode in the afterglow of a pulsed discharge.

(a) Experiment. Reprinted with permission from Xu et al., Appl. Phys. Lett.

87, 041502 (2005). Copyright 2005, The American Institute of Physics. (b):

PIC-MCC simulation. Reprinted with permission from Nam et al., Plasma

Sources Sci. Technol. 16, 90 (2007). Copyright 2007, IOP Publishing.
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While the above approach creates a narrow and tunable

IED, it also leaves a broad and not well-controlled population

of ions (Fig. 13) that enter the sheath during the plasma-ON

portion of the cycle. One can reduce the energy of these ions

below the threshold for most ion-assisted surface reactions by

turning OFF the dc bias voltage during the plasma-ON peri-

ods. Such pulsed plasma operation with a synchronous

(pulsed) positive dc bias applied to the boundary electrode at

specified times during the afterglow is described next.

The IEDs measured by applying a pulsed synchronous
bias of þ24.4 Vdc on the boundary electrode, during the time

window Dtb¼ 45–95 ls of the afterglow, for different values

of pressure are shown in Fig. 14. The plasma power modula-

tion frequency was 10 kHz, and the duty cycle was 20%. The

sharp peaks at �22–23 V correspond to the dc bias, while the

broader peaks at lower energy arise from the plasma ON por-

tion of the cycle, peaking at the plasma potential. The broader

peaks shift to lower energy as pressure increases, due to a

concomitant decrease in Te and hence VP. (Note that the

peaks corresponding to the plasma ON fraction of the modu-

lation period were filtered out in the case of Fig. 12.)

An important aspect of the two-peaked IEDs shown in

Fig. 14 is that the spacing between a broad peak and the cor-

responding sharp peak can be varied by adjusting the dc bias

and reactor pressure. Such control is critical for achieving

very high selectivity of etching a film relative to the underly-

ing substrate. The pressure can be chosen so that the low

energy peak produces no etching (ion energy below thresh-

old). The dc bias can be chosen such that the high energy

peak lies between the thresholds of etching the film and etch-

ing the substrate (or the mask), assuming there is sufficient

separation between these two thresholds. The fraction of

ions under each peak can be varied by varying the duty cycle

of the pulsed plasma and/or the length of time in the after-

glow during which the dc bias is applied. Simulation results

and comparisons with data are given in Refs. 76, 80, and 83.

As mentioned above, the width of the IED can be made

smaller by decreasing Te. The electron temperature can be

minimized: (a) by applying the bias late in the afterglow, (b)

by switching to a different plasma gas. For example,75 the

electron temperature in the afterglow of noble gas plas-

mas follows the order Ar<Kr<Xe, because diffusion

cooling of the EEDF is fastest in Ar and slowest in Xe.

It should be remarked that the opposite order of electron

temperatures holds in the active glow (i.e.,

Ar>Kr>Xe) because the ionization potential is largest

in argon and smallest in Xe.

Diomede et al.80–82 conducted particle-in-cell simulations

with Monte Carlo collisions (PIC-MCC) of the application

of tailored dc voltage steps on an electrode, during the after-

glow of a capacitively coupled pulsed-plasma, to control the

energy of ions incident on the counter-electrode. Staircase

voltage waveforms with selected amplitudes and durations

resulted in IEDs with distinct narrow peaks, each with

controlled energy. Results shown in Fig. 15 were obtained

using idealized waveforms corresponding to those of Fig. 10

(upper panel). The simulation predictions in terms of peak

location and fraction of ions under each peak compare favor-

ably with the measurements shown in Fig. 10 (lower panel).

The experimental peaks are wider because of plasma poten-

tial fluctuations and ringing of the applied voltage wave-

forms. Further comparison of PIC-MCC simulation with

data is shown in Fig. 16. The decay of electron temperature

in the afterglow of the pulsed plasma of Ref. 74 is captured,

as well as the shape, location, and relative magnitude of the

IED peaks in the afterglow. It should be noted that the exper-

imental IEDs have an additional peak at lower energy due to

ions bombarding the substrate during the active glow. The

simulation could not capture the low energy peak since the

active glow of the experimental ICP reactor was not

FIG. 13. (Color online) Normalized IEDs under pulsed plasma conditions

with a dc bias applied continuously on the boundary electrode. Other condi-

tions: 120 W average forward power (8 W reflected), 10 kHz plasma power

modulation frequency at 20% duty cycle, 14 mTorr, and 40 sccm argon gas.

Reprinted with permission from Shin et al., Plasma Sources Sci. Technol.

20, 055001 (2011). Copyright 2011, IOP Publishing.

FIG. 14. (Color online) IEDs for different pressures under pulsed plasma

conditions with a synchronous þ24.4 Vdc bias applied on the boundary

electrode in the afterglow, over the time window, Dtb¼ 45–95 ls. Other

conditions: 10 kHz plasma power modulation frequency at 20% duty cycle,

120 W average power, and 40 sccm argon gas flow. Reprinted with permis-

sion from Shin et al., Plasma Sources Sci. Technol. 20, 055001 (2011).

Copyright 2011, IOP Publishing.
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simulated by PIC-MCC, and ion collection was done only

during the dc bias application window in the afterglow.

D. Broadening mechanisms

Broadening of the IED can be the result of inherent

physics or instrument limitations. The latter category

includes the resolution of the ion energy analyzer. For

retarding field energy analyzers, for instance, the resolution

depends on the grid spacing and the size of the grid holes.84

In terms of physics limitations, it is instructive to distinguish

between cw and pulsed plasmas. In the case of cw plasmas,

the IED can be broadened due to (1) oscillations of the

plasma potential, even in Faraday shielded sources, due to

residual capacitive fields; (2) spatial gradients of the plasma

potential, causing ions to enter the sheath with an energy dis-

tribution depending on the spatial location at which they were

born; and (3) “ringing” of the applied waveform, see for exam-

ple, Fig. 10. In the case of pulsed plasmas, the FWHM of the

IED is also influenced (Fig. 17) by the variation of the plasma

potential and electron temperature (due to their decay) during

application of the dc bias in the afterglow.75

E. Semianalytic model

When ions respond to the applied field (si = srf �1), and

there are no collisions in the sheath, the IED is found directly

from the voltage across the sheath V¼V(xt) using Eq. (10),

below. Here, f(E) is the IED as a function of ion energy E
(see Appendix of Ref. 89 for derivation)

f ðEÞ ¼ 1

2p

X
# of points in 0<xt < 2p
such that

VðxtÞ ¼ E

1

dV

dðxtÞ

����
����
: (10)

FIG. 15. IEDs simulated by PIC-MCC under the conditions of Fig. 10.

Reprinted with permission from Diomede et al., J. Appl. Phys. 111, 123306

(2012). Copyright 2012, The American Institute of Physics.

FIG. 16. (a) Comparison between the PIC/MCC simulation (solid line) and

experimental data (closed squares) of electron temperature decay in the

afterglow; calculated (b) and measured (c) IED when a dc bias is applied in

the afterglow with different starting time, but the same ending time. Only

the afterglow was simulated by PIC-MCC; hence, the broad low energy

peak corresponding to the active glow was not captured. Reprinted with per-

mission from Diomede et al., J. Appl. Phys. 111, 123306 (2012). Copyright

2012, The American Institute of Physics.
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This is a generalization of Eq. (33) in Ref. 27. If ions do not

respond to the applied field, then V(xt) in the expression

above is the sheath voltage “seen” by the ions (referred to as

“damped” sheath voltage or “damped” sheath potential).

Although PIC-MCC is ideal for obtaining the IEDs, it

requires long computational time (e.g., hours or even days).

As a supplement to PIC-MCC, a model was developed,

allowing rapid calculation of the ion energy distribution

(IED) on an electrode in a plasma, for given voltage wave-

form applied to the electrode through a blocking capacitor.85

The model combined an equivalent circuit representation of

the system,86,87 with an equation for a “damped” sheath

potential Vd to which ions respond,16,39 namely,

dVd

dt
¼ �Vd � V

si
; (11)

where V is the actual sheath potential, and si is the ion transit

time through the sheath. This relaxation equation supplants

the sheath model. Knowing the damped potential the IED

function can be calculated by using Eq. (10). An extension

of this model to electronegative gases was published

recently.88

The model results agreed well with results obtained by

PIC-MCC (and hybrid) simulations. Predicted IEDs on both

conducting and insulating electrodes for a variety of applied

voltage waveforms (spike, staircase, square wave, etc.) were

also in agreement with published experimental data.85

F. Inverse problem

The problem of determining the IED for given plasma

conditions and applied rf bias voltage has been studied for

decades. The inverse problem, that of determining the

required rf bias waveform in order to achieve a desired IED,

has been the subject of study only recently. A general meth-

odology was developed89 to determine the rf bias voltage

waveform that must be applied through a blocking capacitor

to a substrate in contact with plasma, in order to achieve a

desired (preselected) ion energy distribution (IED) bombard-

ing the substrate.

As an example, consider the problem of finding the

required Vrf that results in the Gaussian IED [Fig. 18(a)]

with mean voltage Vm¼ 123 eV and standard deviation

r¼ 2 eV. The resulting voltage waveforms are shown in

Fig. 18(b). The required Vrf (applied before the blocking

capacitor, see Fig. 9) has a slope at the base, and the spikes

at the edges are needed to neutralize the net particle current

through the blocking capacitor. The damped sheath potential

to which ions respond (dotted line) is almost constant, as

required for a single-peaked IED with tight energy spread.

G. Limitations

There may be limitations in implementing, in practical

systems, some of the methodologies presented above: (1)

Tailored voltage waveforms have many harmonics in addition

to the fundamental frequency. Since conventional matching

FIG. 17. Qualitative IEDs showing a broadening mechanism in pulsed plas-

mas. The peak of the IED shifts to lower energy as the plasma potential

decays, and the FWHM decreases as Te decreases in the afterglow.

Subscripts “i” and “f” correspond to the initial and final times, respectively,

when the DC bias is applied in the afterglow. Reprinted with permission

from Shin et al., Plasma Sources Sci. Technol. 20, 055001 (2011).

Copyright 2011, IOP Publishing.

FIG. 18. (a) Desired IED. The inverse problem is to find the voltage wave-

form Vrf that must be applied to the blocking capacitor to achieve the pre-

selected IED on the electrode. (b) Voltage waveform Vrf (solid line) that

must be applied to the blocking capacitor (see Fig. 9) to yield the above

IED, when xsi¼ 1. The resulting electrode voltage VT and damped sheath

voltage Vd are also shown. Reprinted with permission from Diomede et al.,
Plasma Sources Sci. Technol. 20, 045011 (2011). Copyright 2011, IOP

Publishing.
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networks are tuned to the fundamental, efficient power trans-

fer to the plasma may be problematic. An exception is the

case of EAE that uses only two frequencies [see Eq. (8)]. One

can use two separate rf generators with separate matching net-

works to power the plasma. (2) In the case of an insulating

substrate exposed to plasma, the voltage applied to the sup-

porting electrode should become more negative with time, to

compensate for charging of the insulator (acting as capacitor)

by positive ions coming from the plasma (see Fig. 9). For

given voltage slope, the pulse duration needs to be adjusted in

such a manner so that the slope exactly compensates for the

substrate potential caused by charging. Then, the sheath

potential will be constant resulting in a single peak in the

IED. However, besides its dependence on the voltage slope,

the pulse duration also depends on the capacitance of the

insulator. For a blanket wafer, real time adjustments can be

made even if the capacitance changes with time (e.g., during

PECVD of a film). A problem will be presented if the wafer

surface contains a multitude of insulator films with different

thickness and/or relative dielectric constant. (3) In the case of

pulsed plasmas with synchronous DC bias, the monoenergetic

ion flux is only a fraction of the total ion flux, potentially

reducing the etching rate.

V. SUMMARY

A brief review has been presented of methodologies on

the application of tailored voltage waveforms to achieve

desired ion energy distributions on an electrode in contact

with plasma. The electrode can be powered to sustain the

plasma or it can be biased independently of the plasma gen-

eration source. This review covers only electropositive plas-

mas since reports on electronegative plasmas are scarce.

The electrical asymmetry effect can provide independent

control of ion energy while maintaining a constant ion flux.

A dc bias voltage, appearing even in geometrically symmet-

ric systems (e.g., capacitively coupled plasma with equal

electrode areas), can be adjusted to tailor the ion bombard-

ment energy on the substrate electrode.

Nearly monoenergetic IEDs can be obtained by applying

a synchronous dc bias on a boundary electrode during part of

the afterglow of a power-modulated plasma. The ion energy

can be controlled by the dc bias voltage. The full width at

half maximum of the peak can be made tighter by reducing

the electron temperature. IEDs with multiple peaks at select-

able energies and with selectable fraction of the ion flux

under each peak may be obtained with “staircase” wave-

forms. A boundary electrode provides added flexibility in

the sense that both the boundary electrode and the substrate

electrode can be biased simultaneously and independently

with judicious voltage waveforms to achieve desired IEDs.

When the electrode is covered by a dielectric, the applied

voltage has to become more negative with time to compen-

sate for charging of the dielectric. Short voltage bursts to

near the plasma potential may be used to attract electrons

from the plasma and neutralize the positive ion charge de-

posited on the dielectric. Similar situations arise when the

bias is applied through a blocking capacitor, or due to the

series capacitance presented by the electrostatic chuck

(ESC) holding the wafer on the electrode.
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