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The total energy lost per electron-ion pair lost eT is investigated with the electron energy distribu-

tion function (EEDF). The EEDFs are measured at various argon powers in RF inductively coupled

plasma, and the EEDFs show a depleted distribution (a discontinuity occurring at the minimum ar-

gon excitation threshold energy level) with the bulk temperature and the tail temperature. The total

energy loss per electron-ion pair lost eT is calculated from a power balance model with the

Maxwellian EEDFs and the depleted EEDFs and then compared with the measured eT from the

floating probe. It is concluded that the small population of the depleted high energy electrons dra-

matically increases the collisional energy loss, and the calculated eT from the depleted EEDFs has a

value that is similar to the measured eT. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905515]

I. INTRODUCTION

The total energy loss is one of essential factors to predict

the plasma parameter. The total energy loss is given as a

summation of the collisional energy loss per electron-ion

pair lost, electron energy lost per electron lost, and ion

energy lost per ion lost. The collisional energy lost per

electron-ion pair created accounts for the loss of energy due

to inelastic collisions (excitation and ionization) and elastic

collisions with atoms. The total energy loss with the global

model has been studied for various mixtures and extended to

the pulsed-power model.1–9 In addition, the measured plasma

parameters have also been compared with the expected

plasma parameters from the total energy loss with the global

model.10,11

Since the rate coefficients are dependent on the electron

energy distribution function (EEDF), the effect of the EEDF

on the total energy loss and the plasma parameters such as

plasma density and electron temperature has been researched

by many researchers. Gudmundsson investigated the effect of

the evolution of the EEDF from the Maxwellian distribution

to the Druyvesteyn distribution on the plasma parameters of

argon discharge.12 The simple global model in Ref. 12 pre-

dicted that as the EEDF deviates from Maxwellian to become

Druyvesteyn-like, the electron density can decrease by the

high energy electrons in the Druyvesteyn-like EEDF. The

high energy electrons enhance the collisional energy loss lead-

ing to the decrease of the electron density.12 Kim et al.
researched the electron density variation in inductively

coupled plasmas (ICPs) with the EEDF, and a discrepancy of

the electron density variation between E and H mode of

inductively coupled plasmas was explained by the modified

total energy loss.14

As mentioned above, the total energy loss has crucial

role to the plasma parameters. Recently, Lee et al. reported

the measurement of the total energy loss in low pressure ar-

gon ICP by measuring the ion flux and the absorbed power

to plasmas at the plasma-sheath edge with a floating

probe.13,24 It was found that the measured total energy loss

was in agreement with the calculated values with the

assumption of the Maxwellian EEDF; however, the EEDF

forms a depleted distribution due to the depletion of the

energy higher than the lowest excitation threshold energy

(11.56 eV) in real plasmas rather than the Maxwellian

EEDF. Therefore, the connivance of the depletion in the

region higher than the lowest excitation threshold energy can

cause the misestimate of the total energy loss. The EEDF in

the low-energy region below the lowest excitation threshold

energy is represented as a truncated Maxwellian with the

bulk temperature and that in the high-energy region is by a

Maxwellian tail with tail temperature.15,16 There are a few

researches on the depleted EEDF with the bulk and tail tem-

perature.15–17 Kimura and Ohe investigated the pressure

dependences of the electron density and temperatures pre-

dicted in the global model with the depleted EEDF with the

bulk and tail temperature. It was concluded that the theoreti-

cal values have a great agreement with the experimental

value.17 Therefore, the total energy loss to be derived from

the inelastic collision rate coefficients, which were derived

in Refs. 15–17, has to be compared with the total energy loss

obtained from the method from Ref. 13.

In this paper, the effect of the EEDF on eT is reported

for argon inductively coupled plasmas with various powers.

The calculated eT from the depleted EEDF is compared with

the measured eT by floating probe. The EEDFs are measured

from the RF-compensated Langmuir probe at the discharge

center with increasing powers.

II. EXPERIMENTS

The experiment was performed in a cylindrical type of

chamber with an inner diameter of 26 cm, and a substrate
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located 10 cm from the top of the chamber, as shown in

Fig. 1. The side wall of the chamber and the substrate is

made of stainless steel and grounded. RF powers of

13.56 MHz were applied to the 2-turn planar type of antenna

through the impedance matching network to keep the

reflected RF power under 1%. The base pressure in the ICP

was less than 10�6 Torr by using a rotary vane pump and a

turbo molecular pump, and the flow rate of the argon was 15

SCCM. The argon was used in this experiment and con-

trolled by mass-flow controller (MFC). The gas pressure was

measured near the throttle valve by using a capacitive ma-

nometer gauge (CMG) (MKS instruments, Baratron gauge)

which was carefully calibrated by zeroing at a gas pressure

of less than 2� 10�6 Torr. When the argon gas flows into the

chamber, the measured gas pressure at the CMG near the

throttle valve is transferred to a programmable logic control-

ler (PLC) system. Then, the throttle valve is automatically

controlled to maintain a fixed gas pressure.

A. Electron energy distribution function
measurements

The EEDFs were obtained by using AC super position

method, and a small sinusoidal voltage was numerically

superimposed on the measured I-V characteristic curve.18

An RF-compensated single Langmuir probe made of tung-

sten wire (10 mm in length and 0.1 mm in diameter) contain-

ing a floating loop reference ring and resonance filters

(13.56 MHz and that of the second harmonic to reduce the

RF distortion) was placed in the center of the reactor, as

shown in Fig. 1.

The amplitude of the second harmonic component is

related to the second derivative of the probe current through

Taylor expansion as follows:

I2x0
¼ 1

4
t0

2Ie
00 Vð Þ; (1)

where I2x0
, t0, and Ie

00 are the amplitude of the second har-

monic component, the amplitude of the superposed ac signal,

and the second derivative of the probe current, respectively.

The probe sweep of 1 Hz and the superposed signal with am-

plitude of 1 V and frequency of 10 kHz were used. The

measured second derivative current Ie
00 is proportional to

electron energy probability function (EEPF) feðeÞ and relates

to the EEDF geðeÞ ¼ e1=2feðeÞ as follows:

ge eð Þ ¼ 2m

e2A

2e
m

� �
Ie
00 eð Þ; (2)

where e, e, m, and A are the electron energy, the electron

charge, the electron mass, and the probe area, respectively.

B. Total energy loss measurements

A floating probe with a planar disk of 15 mm diameter

made of aluminum was placed on the chamber wall, as

shown in Fig. 1. In order to obtain the ion flux and the elec-

tron temperature, a sinusoidal bias voltage (50 kHz) to

the probe was applied, and the probe current due to the

nonlinearity of the probe sheath was expanded into the har-

monic currents.19 In the diagnostic system, compensation for

both the stray current and RF noise was conducted to

improve the signal-to-noise ratio. The total probe current is

given by

iprobe � iDC þ
X1
k¼1

jikxj cosðkxtÞ; (3)

where ikx is the kth order harmonic currents caused by the

non-linearity characteristics of the sheath and iDC is the DC

component of total probe current, respectively. The DC com-

ponent disappeared due to the existence of the DC blocking

capacitor. The ion flux Cion can be obtained from the ampli-

tude of the first harmonic term

Cion ¼
ji1xj
2eAp

I0 V0=Teð Þ
I1 V0=Teð Þ ; (4)

where Ap is the probe area and In(V0/Te) is the nth order

modified Bessel function. When V0/Te< 1, the amplitude of

the harmonic components of the probe current is approxi-

mately given by ji1xj � ensuBApðV0=TeÞ; and ji2xj �
ensuBAp0:25ðV0=TeÞ2; where i1x and i2x denote the first and

second harmonic currents, respectively. The amplitude of the

probe bias voltage is V0. The electron temperature Te and the

plasma density at the plasma-sheath ns can be obtained from

the amplitude of the harmonic components. The absorbed

power in the plasma can be calculated as Pabs ¼ Pin � Ic
2Rc,

where Rc is the antenna coil resistance in the absence of the

plasma, which is obtained by Rc¼Pin/Ic
2 (Pin is the input

power and Ic is the root mean square antenna coil current).

The positive ion loss in volume is ignored, and surface

positive ion loss as the dominant loss is assumed. From the

above procedure, the total energy loss eT can be derived as

follows:13

eT ¼
Pabs

eCionAT
; (5)

where AT is the total loss area for the cylindrical chamber

with the chamber radius R and the length L. Since the nonlo-

cal property in the electron kinetics can be applied in this

experiment (the electron energy relaxation length is longer

than the characteristic length), the variation of the plasma pa-

rameters from the EEDF can be compared with the measured

total energy loss at the chamber wall.

FIG. 1. Experimental set-up.
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III. RESULTS AND DISCUSSION

Fig. 2 shows the measured EEPFs with increasing powers (argon 25 mTorr) at the discharge center.

The measured EEPF shows a depleted distribution with the bulk temperature Tbulk and the tail temperature Ttail. The EEPF

can be described with a good degree of accuracy, with a discontinuity occurring at the minimum argon excitation threshold

energy level, and expressed as follows:15

f eð Þ ¼

2ne

p1=2Tbulk
3=2

� �
exp

�e
Tbulk

� �
; e < edepletedð Þ

2ne

p1=2Tbulk
3=2

� �
exp

�e
Ttail

� �
exp �edepleted

1

Tbulk
� 1

Ttail

� �� �
; e > edepletedð Þ;

8>>><
>>>:

(6)

where ne is the electron density, e is the electron energy, and

edepleted (�11.56 eV) is the lowest excitation threshold energy

of argon. The total electron densities are calculated through

the integration of the EEPFs from Eq. (6). The EEPFs show

a depletion in the inelastic energy range of the minimum ar-

gon excitation threshold energy level, because the energetic

electrons participate in inelastic collisions where the cross

section corresponds to e* > 11.56 eV.20,21 A nonlinear curve

fitting is applied from Eq. (6) in order to get Tbulk, Ttail, and

ne from the measured EEPFs. As the power increases, the

tail temperature Ttail and the bulk temperature Tbulk slightly

changed, as shown in Fig. 3.

In Ref. 13, it was concluded that the contribution of the

multi-step ionization dramatically increases with power,

which leads to lowering of the electron temperature at argon

discharges.22,23 The total energy loss per electron-ion pair

lost eT can be differently discussed with the consideration of

the tail temperature Ttail.

The rate coefficients Kj ¼ 2e
m

� �1=2 Ð1
ej

qjef ðeÞde=ne are

determined from the EEPF f ðeÞ and the cross section qj of ar-

gon with the threshold energies ej; therefore, the effect of the

depleted high energy tail of the depleted EEPF has to be con-

sidered for the accurate estimation of eT. The rate coefficients

of the depleted distribution Kj,D of inelastic collisions can be

derived from a simple equation

Kj;D ¼
2e

m

� �1=2 ð1
ej

qje
2ne

p1=2Tbulk
3=2

� �
exp

�e
Ttail

� �
exp �edepleted

1

Tbulk
� 1

Ttail

� �� �
de=ne; (7)

where e is the elementary electron charge.

Since the rate coefficients for depleted EEPF are

derived, the collisional energy lost per electron-ion pair cre-

ated ec can be expressed as follows:

Kioz;Dneec ¼ Kioz;Dneeioz þ K4s;Dnee4s

þK4p;Dnee4p þ Kelne
3m

M
Tbulk;

(8)

where M and m are the ion mass and the electron mass. The

total energy loss per electron-ion pair lost eT is the summa-

tion of ec and the kinetic energy ek carried by electron and

ion to the walls (7.2 Tbulk).
19 Two excitation processes of

ground to the 4s state (K4s,D, e4s¼ 11.56 eV) and ground to

the 4p state (K4p,D, e4p¼ 13.2 eV) and the ionization process

of ground to ionization (Kioz,D, eioz¼ 15.76 eV) were applied

to calculate the total energy loss per electron-ion pair lost

eT,D (the elastic collision process, Kel¼ 2.3 � 10�14Te
1.61

exp(0.06(lnTe)
2 � 0.12(lnTe)

3) (Ref. 20)).

Three different eT are plotted in Fig. 4: The calculated

eT,M from the rate coefficients of the Maxwellian distribution

Kj,M with Tbulk, the calculated eT,D from Kj,D, and the meas-

ured eT from the floating probe at the wall. The calculated

eT,M from Kj,M is simply obtained by substituting the same

Tbulk and Ttail in Eq. (7).
FIG. 2. The measured electron energy probability function with various

powers.
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As shown in Fig. 4, the calculated eT,D from Kj,D has a

profile that is similar to the measured eT (measurements were

performed 5 times to estimate the repeatability). Importantly,

the tail temperature in the depleted EEPF is a significant fac-

tor to determine the total energy loss. The measured ion flux

from the floating probe was derived with the assumption of

the Maxwellian distribution; however, the relatively small

portion of the depleted electron density above the excitation

threshold energy is negligible. Therefore, the comparison of

the calculated total energy loss and the measured total

energy loss is acceptable. The different profile of eT can be

analyzed with the observation of ec. The variation of eT with

power is affected by the low ionization efficiency of the high

energy tail in the depleted EEDF. The depleted high energy

electrons increase the collisional energy loss leading to the

increase of eT.

IV. CONCLUSION

In this paper, the effect of the depleted energy tail of the

depleted EEDF on the total energy loss is reported for argon

inductively coupled plasmas. The calculated eT from the

depleted EEDF and the Maxwellian EEDF is compared with

the measured eT by a floating probe. The calculated eT from

Kj,D has a profile that is similar to the measured eT, and it was

concluded that the depleted high energy electrons increase the

collisional energy loss leading to the increase of eT.
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FIG. 3. Variation of the bulk and tail temperature with powers.

FIG. 4. Measured eT and calculated eT from Kj,D and Kj,M.
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