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The control of electron energy probability functions (EEPFs) in low pressure partially ionized

plasmas is typically accomplished through the format of the applied power. For example, through

the use of pulse power, the EEPF can be modulated to produce shapes not possible under

continuous wave excitation. This technique uses internal control. In this paper, we discuss a

method for external control of EEPFs by transport of electrons between separately powered

inductively coupled plasmas (ICPs). The reactor incorporates dual ICP sources (main and

auxiliary) in a tandem geometry whose plasma volumes are separated by a grid. The auxiliary ICP

is continuously powered while the main ICP is pulsed. Langmuir probe measurements of the

EEPFs during the afterglow of the main ICP suggests that transport of hot electrons from the

auxiliary plasma provided what is effectively an external source of energetic electrons. The tail of

the EEPF and bulk electron temperature were then elevated in the afterglow of the main ICP by

this external source of power. Results from a computer simulation for the evolution of the EEPFs

concur with measured trends. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928870]

I. INTRODUCTION

The electron energy probability function (EEPF) (or its

normalized electron energy distribution, EED) in low tem-

perature plasmas employed for microelectronics fabrication

is critical to control the fluxes of radicals and ions striking

the substrate.1,2 As feature sizes continue to shrink to the

sub-15 nm regime, tailoring the shape of the EEPF becomes

increasingly important to selectively control the fragmenta-

tion of feedstock gases by electron impact collisions.3 Many

methods have been employed to control or manipulate the

EEPF or electron temperature (Te).
4 Some of these methods

include varying the plasma operating space (e.g., frequency,

power),5 pulsed plasma excitation,6–8 and the use of an

external applied axial magnetic field to control Te in an

inductively coupled plasma (ICP).9 These methods may be

considered internal control since the plasma for which the

EEPF is being controlled is being directly acted upon.

External control of EEPFs includes methods of control not

directly applied to the plasma of interest and so involves

transport of species from one site to another. One such

external control method for manipulating Te is the use of a

biased grid separating a plasma region from the ensuing

downstream region,10,11 a configuration investigated by

Hong et al.12 Magnetic filters, discussed by Aanesland

et al.,13 selectively pass a portion of the EEPF and can be

considered an external control method. Uhm et al.14 used a

dual ICP system consisting of a remote ICP co-axial with a

main ICP, with no grid separating the two plasmas. By

adjusting the value of a series variable capacitor at the

end of the main ICP coil, they could vary the plasma density

and Te.

In this paper, we discuss an external control method to

manipulate the EEPF in a pulsed, low pressure ICP. The

reactor consists of two ICP sources in a tandem geometry

separated by a grid. One of the ICPs is operated in a continu-

ous mode, while the second is operated in a pulsed mode.

Langmuir probe measurements and computer modeling were

performed for the tandem ICP system. We found that during

the afterglow of the pulsed plasma, the EEPF and so Te could

be controlled by hot electron transport from the continuously

operated ICP.

II. DESCRIPTION OF THE EXPERIMENT AND MODEL

The experimental apparatus, consisting of two co-axial

(tandem) ICPs, is shown in Fig. 1. The main ICP (lower

plasma) was sustained in a 17.8 cm long, 8.6 cm inside diam-

eter water-cooled alumina tube.15,16 The gas is argon at pres-

sures of �14–16 mTorr. The auxiliary ICP (upper plasma)

was sustained in a 33.0 cm long, 7.9 cm inside diameter

water-cooled alumina tube. Faraday shields on the outside

cylindrical surfaces of the alumina tubes of both ICPs mini-

mized capacitive coupling between the coils and the plas-

mas. The Faraday shields were electrically grounded. The

13.56 MHz power supplied to the main plasma in which the

EEPFs were investigated was pulsed at 10 kHz (100 ls

pulsed period), with a duty cycle of 20% (20 ls power on,

80 ls power off). The nominal time-averaged power to the
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main plasma was 100 W. The auxiliary plasma was operated

in a continuous wave (cw) mode with nominal power of

500 W at 13.26 MHz. The 300 kHz difference in frequency

between the two sources is large enough so that noise in the

electronics, including the Langmuir probe signal, due to RF

pickup on wires and ground loops is not a serious problem.

However, the 13.26 MHz is close enough to 13.56 MHz that

the RF chokes in the Langmuir probe (designed for

13.56 MHz) still provide blockage of residual small RF cur-

rents collected at the fundamental and harmonics frequen-

cies. Nonetheless, there is some added noise to the Langmuir

probe when both sources are operated due to this effect.

The reported power is that measured by directional

power-meters. Given that the electron density during the late

afterglow predicted by the simulation was within the experi-

mental uncertainty, the power transfer efficiency appears to

be high. The ICPs were separated by a 9.5 cm-diameter, 90%

transparent, grounded tungsten grid, with 2.4 mm square

openings. The sheath thickness near the grid was �200 lm,

which is much smaller than the holes of the grid separating

the two sources. This arrangement allowed cross-talk

between the two plasmas depending on their relative plasma

potentials, Vp.17 In fact, experiments and simulations found

little difference if this grid was removed, most likely due to

the large openings and the high transparency of the grid. Its

presence provided some return path for electrons withdrawn

by the Langmuir probe, described below, at higher positive

voltages. Ar (80 standard cm3/min) was injected at the top of

the auxiliary plasma and pumped from the bottom of the

main plasma. For a measured pressure of 14 mTorr at the

center of the lower plasma, the pressure in the middle of the

upper plasma was estimated to be 16 mTorr.

A Langmuir probe (Scientific Systems Smartprobe) was

used to measure ion and electron densities (ni and ne) and the

EEPF. Measurements were made along the axis of the reac-

tor in the main plasma, 11 cm below the grid. The cylindrical

tungsten probe tip had a diameter of 0.18 mm and was

6.5 mm long but the exposed length was only 1.5 mm, with

the remaining 5 mm covered by a 0.51 mm outside diameter

ceramic tube. The electron density and average electron

energy were calculated as integrals over the measured EEPF,

which was smoothed using 5-point averaging. Te was calcu-

lated as 2/3hei, where hei is the average electron energy. As

noted above, the probe was RF compensated although RF in-

terference is not expected to be an issue since both ICPs

were Faraday shielded to block RF oscillations of the plasma

potential.

The system was modeled using the Hybrid Plasma

Equipment Model (HPEM).18–20 The HPEM combines fluid

and kinetic modules that exchange information on an itera-

tive basis. The model geometry, and computed electron num-

ber densities and ionization rates (described below) are

shown in Fig. 2. The Electromagnetics Module (EMM), the

Electron Energy Transport Module (EETM), and the Fluid-

Kinetics Module (FKM) of the HPEM were used. The
FIG. 1. Schematic of the experimental apparatus with dual tandem induc-

tively coupled plasma (ICP) sources. The auxiliary (upper) ICP is separated

from the main (lower) ICP by a grid.

FIG. 2. Computational geometry and predicted plasma properties for electron

density ([e], cm�3) and electron impact ionization source (Se, cm�3 s�1) for

argon at �15 mTorr. Results are shown (left) at the end of the active-glow

and (right) end of the afterglow. The contours are a log scale over the indi-

cated decades with the maximum value shown in each frame.
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inductively coupled electromagnetic fields were produced in

the EMM by solving a frequency domain implementation of

the wave equation. The spatially and time dependent EEDs

or EEPFs were produced in the EETM using an electron

Monte Carlo simulation (eMCS).20 Electromagnetic fields

for the eMCS were provided by the EMM, and electrostatic

fields were provided by the FKM. The Faraday shield was

accounted for by not allowing electrostatic fields from the

coil to penetrate into the plasma. Electrostatic fields pro-

duced by the plasma were included. The eMCS included

algorithms for electron-electron collisions and also provided

kinetically derived antenna driven currents and power depo-

sition for use in the EMM. The rate coefficients produced by

the EEDs were used in the FKM where continuity, momen-

tum, and energy equations were solved for all charged and

neutral species. With gas injection at the top of the chamber

and pumping at the bottom, a pressure drop of a few mTorr

naturally results from solving the compressible form of the

neutral transport equations. This pressure drop is commensu-

rate with the experimental measurements.

Algorithms were developed to enable power deposition

for each coil to be separately specified and for electron cur-

rents generated in the eMCS to be allocated to the coils.

Power delivered by each coil to the plasma are inputs to the

model. The antenna currents are then adjusted during execu-

tion of the model to deliver the specified power.

For pulsed operation, the simulation started by comput-

ing the steady-state conditions for the time-averaged power

deposition after which pulsing began. The EEDs during a

pulse period were resolved by 200 time slices to provide

time dependent distributions. The grid between the two

plasma sources was included in the model by specifying that

individual computational mesh points had metal properties

and were at ground potential. These boundary conditions

were then used in solution of Poisson’s equation for the elec-

tric potential. The spacing of the metal mesh points and

effective collection areas were chosen to approximate those

in the experiment. The argon reaction mechanism is essen-

tially the same as described in Ref. 21, except that the two

metastable levels (Ar[1s5], Ar[1s3]) are combined into a sin-

gle level, and the two resonant states (Ar[1s4], Ar[1s2]) are

combined into a single level.

III. EXTERNAL CONTROL OF EEPFs

Experimentally measured time-resolved electron tem-

perature Te and electron density ne are shown in Fig. 3 for

only the main (lower) plasma on and auxiliary plasma off;

and with both plasmas on. The main plasma was turned on

to start the active-glow at time t � 0 ls and turned off (start

of 80 ls of afterglow) at t � 20 ls. During the active-glow,

Te rapidly overshoots its steady state value and then

reaches a quasi-steady state for the duration of the plasma-

on period. The overshoot results from the need to ava-

lanche the plasma density, and this phenomenon has been

previously observed experimentally and predicted compu-

tationally.7,19 ne increases by 3 to 4 times from the pre-

pulse value, reaching 5.4� 1011 cm�3 when only the main

plasma is on and 4� 1011 cm�3 when both plasmas are on.

When only the main plasma is on, after the power is turned

off (at t � 20 ls), Te decreases and within 20 ls reaches an

almost constant value of 0.7 eV for the remainder of the

afterglow. When the upper, auxiliary cw plasma is also on,

after an initial decay to 1.0 eV, Te increases to 1.7 eV at the

end of the afterglow.

Experimentally measured and computed time-resolved

EEPFs are shown in Fig. 4 for only the main lower (pulsed)

plasma being on. EEPFs are shown in Fig. 5 for when the

auxiliary upper (cw) plasma is also on. EEPFs are shown for

t¼ 18 ls (�2 ls before the end of the active glow), t¼ 23 ls

FIG. 3. Time-resolved experimentally measured (a) electron temperature

(Te) and (b) electron density for the pulsed main plasma with and without

the cw auxiliary plasma for argon at �15 mTorr. (c) Predictions of the elec-

tron temperature from the model.
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(�3 ls into the afterglow), t¼ 51 ls (in the middle of the

afterglow), and t¼ 94 ls (late in the afterglow).

The time-dependent behavior of Te and the EEPF with

only the main plasma on is well understood.22–24 Te increases

when applying power and overshoots the quasi-steady value

as power is initially delivered to a smaller number of elec-

trons. To avalanche the electron density to a higher value

during the power pulse, Te must at some point exceed the

steady-state value. If the power pulse is long enough, Te

approaches the lower, quasi-steady value. The tail of the

EEPF is extended to high energy, and the electron distribu-

tion is fairly Maxwellian during the power on pulse. When

the plasma power is turned off, inelastic collisions and diffu-

sion cooling result in a fast decay of Te, first in the tail of the

EEPF, where inelastic collisions dominate, and later in the

bulk. The EEPF microseconds after terminating power is a

bi-Maxwellian, with the temperature of the bulk relatively

unchanged from the power on period due to its low rate of

power loss, while the temperature of the tail rapidly

decreases. After about 10 ls into the afterglow, Te is too low

for electrons to undergo significant inelastic collisions in

argon. At this point, elastic thermalization collisions and dif-

fusion cooling are the dominant cooling mechanisms. The

EEPFs at this point appear Maxwellian as the plasma density

is still high enough for electron-electron collisions to ther-

malize the distribution. On the timescale of the inter-pulse

period, the asymptotic value of Te¼ 0.7 eV is sustained by

superelastic heating by quenching of long-lived metastable

excited states of argon. For example, from calculations of

the electron energy distribution by solving Boltzmann’s

equation, for Te � 0.7 eV, the thermalization (cooling) rate is

about 25 eV/s. This cooling rate can be balanced by supere-

lastic heating for an excited state density of 1010 cm�3,

which is commensurate with what is expected (and

FIG. 4. Time-resolved electron energy probability functions (EEPFs) when

only the pulsed main plasma is on, obtained from the (a) experiment and (b)

simulation. The times of the EEPFs relative to the start of the 20 ls power

pulse are shown in the lower schematic.

FIG. 5. Time-resolved electron energy probability functions (EEPFs) when

the pulsed main plasma and the auxiliary plasma are both on, obtained from

the (a) experiments and (b) simulations. The times of the EEPFs relative to

the start of the 20 ls power pulse are shown in the lower schematic.
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computed) for these conditions. The predictions for Te from

the simulations, shown in Fig. 3(c), accurately capture the

experimental trends.

When the auxiliary (upper) plasma is on, there is the

possibility to exchange electrons between the two plasma

sources. Due to the confining plasma potential of each indi-

vidual plasma source, the electrons that escape from one

source and transport to the other source (auxiliary-to-main or

main-to-auxiliary) are from the tail of the EEPF. Only the

more energetic electrons are able to scale the plasma poten-

tial barrier at the boundary of one plasma source to transfer

to the other plasma source. If the boundary regions on either

side of the grid are not collisional, then the electron that

loses energy scaling the potential hill from one source gains

back energy being accelerated into the volume of the adja-

cent source by its plasma potential. This flux of electrons

originating from the adjacent plasma source is termed the

external heating flux. The absolute value of the external flux

is small since this flux originates in the tail of the EEPF.

The plasma potential near the axis (passing through the

center of the open portion of the grid) as computed by the

model is shown in Fig. 6 for the auxiliary plasma being on

and off. There is no active control of the plasma potential in

either of the sources. Values are shown at the end of the

active-glow power pulse and at the end of the afterglow.

During the active-glow of the pulse, the plasma potential

is predicted to be 3–4 V higher in the auxiliary plasma.

This difference is likely larger in reality as the measured

value of Te (� 3.5 eV) in the main plasma is lower than that

in the auxiliary plasma (Te� 4.5 eV) by 1 eV. High energy

electrons that overcome the potential barrier in the auxiliary

plasma and, passing through the grid, are accelerated into the

main plasma. Energetic electrons also overcome the poten-

tial barrier of the main plasma and are accelerated into the

auxiliary plasma. The higher plasma potential of the upper

plasma compared to the lower plasma leads to a net loss of

high energy electrons from the lower main plasma to the

upper auxiliary plasma. (Note that the minimum in plasma

potential between the grids presents a relatively low barrier

compared to the plasma potential barrier in the absence of

the adjacent plasma.) Although the absolute flux of these

electrons is small, they are from the tail of the distribution

function, which would otherwise be reflected by the plasma

potential hill and return to produce ionization. The end result

is a decrease in ne in the main plasma when both plasmas are

on, as shown in Fig. 3, due to the lower potential barrier.

Positive ions are injected from the auxiliary plasma to the

main plasma. In the opposite direction, however, positive

ions from the main plasma accelerate in the region below the

grid but cannot overcome the larger potential barrier of the

upper plasma in the region above the grid.

Since Te of the upper plasma is higher than that of the

lower plasma during the afterglow, there is a net injection of

high energy electrons from the auxiliary plasma to the main

plasma—the external heating flux. When both plasmas are

on, the magnitude of the external heating flux entering the

main plasma is small compared to the heating by its own

inductively coupled electric fields. As a result, there is only a

nominal effect on the shapes of the EEPFs. Experimentally

and computationally, the shapes of the EEPFs in the main

(lower) plasma source when its power is on depend little on

whether the auxiliary (top) plasma source is on or off.

However, during the afterglow of the pulsed main plasma

when the far more dominating ICP heating source is off,

superelastic collisions and the external heating flux are the

main source of electron heating. The magnitude of the exter-

nal heating flux remains relatively constant, while the elec-

tron density and superelastic heating source in the main

plasma source decrease. By 60–70 ls (40–50 ls into the

afterglow), the external heating flux produces a net increase

in the Te of the main plasma, reaching 1.7 eV at the end of

the afterglow. The computed values of Te, shown in Fig. 3,

also reflect the contributions of the external heating flux.

The consequences of the external heating flux from the

auxiliary plasma on the main plasma during the afterglow

are clearly evident in the EEPFs, shown in Fig. 5, compared

to the EEPFs without the auxiliary plasma, shown in Fig. 4.

Note that the computed EEPFs result from collecting

pseudo-particles in slices of 1/200th of the pulsed period

averaged over a volume at the location of the probe of about

0.5 cm in radius and height. This time and spatial resolution

introduces some noise. The EEPFs during the active-glow

while the main plasma power is on have the same character-

istic shape regardless of whether the auxiliary plasma is on

or off. However, during the afterglow when the auxiliary

plasma is on, the tails of the EEPFs of the main plasma are

elevated, extending to energies of 8–10 eV. In the absence of

the auxiliary plasma, the tails of the EEPFs late in the after-

glow extend to only 2–4 eV. The computed EEFPs show

these same trends.

Additional insights to these processes come from the

simulated plasma properties shown in Fig. 2. The electron

density and electron impact ionization source, Se, are shown

at the end of the active-glow and end of the afterglow when

the auxiliary source is on. The Se is a measure of the pres-

ence of high energy electrons and so is largest in the skin

depth of the electromagnetic field at the radial periphery of

the plasma. At the end of the active-glow, the extent of the

FIG. 6. Plasma potentials along the axis passing through the central opening

of the grid predicted by the model at the end of the active-glow and the end

of the afterglow. Values are shown with and without the cw auxiliary

plasma.
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electron density is still rising in both sources and diffusing

towards each other. The Se is nearly mirrored across the grid

as electrons from both sources cross over to the other source.

At the end of the afterglow of the main plasma, the ioniza-

tion source in the auxiliary plasma changes little. However,

at this time, significant Se in the main plasma results only

from electrons injected from the upper auxiliary plasma. The

ionization from these sparse injected electrons appears as the

tracks of Se leading from the upper into the lower plasma.

(The sharp bends in the tracks result from individual simula-

tion particles undergoing a velocity deflecting collision.)

Although these energetic electrons from the auxiliary plasma

are sparse, they are nevertheless sufficient to provide net

heating to the tail of the EEPF in the main plasma. This heat-

ing raises the plasma potential significantly above that in the

absence of the auxiliary plasma.

The ability to affect the EEPF in the main plasma by the

auxiliary source relies, in part, on the contributions of high

energy electrons that have sufficient mean free path to pene-

trate into the main plasma. As such, this control depends on

pressure. Increasing pressure reduces the energy relaxation

length and so leads to more isolation between the plasma

sources. From computational results, based on values at the

middle of the main plasma, we expect that the plasmas will

appear to operate independently at pressures exceeding about

25 mTorr.

IV. CONCLUDING REMARKS

A plasma reactor incorporating dual tandem ICP sources

(main and auxiliary source), separated by a grounded grid,

was used to manipulate the EEPF in the afterglow of the

main pulsed plasma. By operating the auxiliary source on a

cw basis, Te during the afterglow of the main plasma source

could be increased to a value (1.7 eV) above that of the after-

glow plasma alone (0.7 eV) but below that of a continuous

plasma (3.5 eV). Hot electron transport from the auxiliary

plasma to the main plasma provided background heating that

sustained the tail of the EEPF during the afterglow of the

pulsed main ICP. As ne decreased during the afterglow, a

continuous influx of hot electrons produced an increase in Te

in the main plasma. This is a demonstration of external con-
trol of the EEPF. Simulations captured the experimentally

measured trends in the EEPF and Te and demonstrated the

importance of the small external heating flux in determining

the properties of the main plasma.
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