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B.  Simple Power Balance Model for RF Discharges

1. Assume Vsheaths > Vbulk.  We control j0, ω, dimensions

2. Power deposition is by

a. Electron heating in the bulk
b. Ion bombardment of electrodes
c. Secondary electron emission with acceleration back into the plasma
d. Stochastic heating

~  
Rbulk  

Rion, electron  

I  

VRF/2  

Time Average  

e  

V = VRF sin ωt  
I = j · A
j = j0 cos ωt  

3. Current through sheaths is dominantly capacitive with

~  

ds  
ds  

lbulk  

L  

h  

W  
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4. Bulk electron heating:  PB (Watts)

PB = < j ⋅ E >RMS ⋅ dVbulk =
j2

σ
 

 
  

 
 ⋅∫∫ dVbulk , σ = conductivity

= 1
2

j0
2 meνm

q2ne

 

 
 

 

 
 ⋅ lB ⋅ h ⋅ w

5. Ion acceleration:  PI

a. Assume that there is no recombination or attachment in the bulk plasma.  (ne = nI)
b. Every ion produced in the bulk is lost to the electrodes.
c. Ions enter the sheath with the Bohm speed.

(ne ⋅ kion ⋅ Ngas ) ⋅ dVbulk =∫ n I ⋅ uBohm ⋅ dA
sheath∫ electrodes

ne kion Ngas lB · h · w = nI uBohm · w · h · 2

PI = nI · uBohm · w · h · 
qVRF

2 +
qkTe

2
 
 

 
  · 2

Where the first term is the ion acceleration in the sheath, the second term is the Bohm speed

contribution, and the last “2” is for 2 electrodes.

6. Secondary Electron Power:  Pe

For every ion striking the electrode we get γ electrons which accelerate back into the plasma.

Pe = γ
qVRF

2
 
 

 
  · nI · uBohm · w · h · 2

where the last “2” is for two electrodes.
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7. Stochastic electron heating:  Ps

a. Electrons are accelerating by advancing sheath in the same manner as an elastic collision

of a ball from a piston.

usheath (piston)  

uincident   

ureflected  

urefl = –uinc + 2usheath  

b. 

The power into the electrons for 2 sheaths is then

Ps = 2
1
2

me
u sh

∞
∫ urefl

2 − u inc
2( )

energy gain

⋅ u inc − ush( )
rate of collision

nef(u inc) ⋅du inc ⋅ w ⋅ h

= −2 ⋅ 2me ush u inc − ush( )2nef(u inc) ⋅du inc ⋅ w ⋅ h
u sh

∞
∫

Assume that usheath = u0 sin ωt and integrate over time

Ps ≈ 2 · 2mene u0
2 u inc f(uinc ) duinc ⋅ w ⋅ h

ush

∞
∫

Since ush << <uinc>, then set lower limit to zero.  Note that

u incf(uinc ) duinc =
v th
40

∞
∫

so

Ps = 2 · 
mene u0

2

2  vth · w · h
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The conduction current in the bulk plasma must equal the rate at which the electrons are

swept out by the sheath, so

j0 = q · ne · u0

Ps = 
mev th

q2ne
j0
2  · w · h

8. The total power deposition is then:

Ptotal = Pbulk + Pe−sec + Pion + Pstochastic

= 1
2 j0

2 meνm

q2ne

 

 
  

 
 ⋅lB ⋅ h ⋅w

+ 2 ⋅ ne ⋅ uBohm ⋅ qVRF
2

(1+ γ) + kTe
2

 
 

 
 ⋅ h ⋅ w

+
mev th

q2ne

j0
2 ⋅ h ⋅ w

9. To complete the analysis, we need a relationship between VRF and j0, ne and Te.

VRF If we assume that the majority of the applied voltage is across the sheaths,

then on the average

NI = ne  NI  

ds  

0  

ρ = ne   ρ = 0  

VRF ≈ E ⋅ dx
0

d s∫ = −
qne ds

2

2ε0
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Since the capacitive current through the sheath is

I = Cs 
dVRF

dt ,       Cs = 
w ⋅ h ⋅ε 0

ds

then j0 = 
ε0
ds

 VRF ω,       VRF = 
j0ds
ε0ω

Since ds = 
2VRFε0

qne

 
 

 
 

1/2

=
2j0

ωqne
  then

VRF = j0 
2VRFε0

qne

 
 

 
 

1/2 1
ε0ω , VRF =

2j0
2

ε0qω2ne

Te The electron temperature comes from the ion balance:

ne · kion · Ngas · lB · w · h = nI · uB · w · h · 2

kion (Te) · Ngas · lB = uBohm · 2 = 
kTe
MI

 
 

 
 

1/2

· 2

ne The electron density is obtained by equating all sources of electron heating to the

power dissipation

(Power into e’s) = ∑ (elastic + inelastic losses)

PB + Psh + PR = neNG 
2me
M

3
2 kBoltkmom(Te − Tg) + ∆ε i

i
∑ k I

 

 
 

 

 
 · lB · w · h
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    EXAMPLE    : Argon RF discharge, 100 m Torr

w = 2 π · 13.56 MHz

j0 = 25 
mA

cm2 ,       L = 5 cm,       γ = 0.05

M = 40 AMU          Relectrode = 10 cm

kion ≈ 10–8 Te
1/2 16eV

Te
+1

 
 

 
 exp

−16
Te

 
 

 
 

cm3

s ,       ∆ε = 16 eV

kexc ≈ 2 × 10–8 Te
1/2 12eV

Te
+1

 
 

 
 exp

−12
Te

 
 

 
 

cm3

s ,       ∆ε = 12 eV

kmom ≈ 5 × 10–8 
cm3

s

Te If we approximate lB = L – 2ds ≈ L, then

kion · Ngas · lB ≈ uBohm · 2 = 
kTe
MI

 
 

 
 

1/2

· 2 ≈ kion · Ngas · L

3.2 × 1016 cm–3 10–8 TeV
1/2 16eV

TeV
+1

 
 

 
 exp

−16eV
Te

 
 

 
 ⋅ L =

1.6 × 10−12TeV
Mion

 

 
  

 
 

1/2

· 2

Te = 1.73 eV

ne PB + Pstochastic + Pe = elastic + inelastic

(Assume γ = 0 for ne …)

hw
1
2 j0

2 meνm

q2ne
⋅ L +

meVth

q2ne
j0
2 

  
 

  

= ne NG νm
2m e
M

 
 

 
 

3
2

kB(Te − Tg) + neNG (∆ε k ion + ∆ε kexc) 
  

 
  hwL

ne ≈ 2.38 × 1010 cm–3
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ds (Sheath Width)

ds =
2j0

ωqne
= 2 × 25 ×10−3

2π × 13.56 ×106 ×1.6 × 10−19 × 2.38 ×1010
c − s cm3

cm2 − s − c

= 0.154 cm (<< L = 5 cm)

(Note:  With the known value of ds, you can now replace L with lB = L – 2ds in the expression

for Te to get a more accurate temperature.)

VRF VRF = 
j0ds
ε0ω = 25 × 10−3 ⋅ 0.154

8.85 × 10−14 × 2π 13.56 × 106
c − cm J − cm − s

cm2 − s − c2

= 511 V

Ptotal

Pbulk =

1
2 j0

2 meνm

q2ne

 

 
  

 
 ⋅ (L − 2ds )πR2 = (25 × 10−3)2 0.911× 10−27 ⋅1.6 × 108(5 − 2 × 0.154)

2(1.6 ×10−19 )2(2.38 × 1010)

ergs

cm2 − s
πR2

= 35.1 
mW

cm2 ⋅πR2 = 11.0 W         (7.4%)

Psheath
stochastic

= me ⋅ Vth

q2ne

j0
2 πR2 = 2 × 0.911 ×10−27 ⋅1.12 ×108(25 × 10−3)2

(1.6 × 10−19)2 2.38 × 1010
ergs

cm2 − s

= 20.9
mW

cm2 ⋅πR2 = 6.58 W (4.4%)

Pion
acceleration

= 2 ⋅ ne ⋅ uBohm ⋅ qVRF
2

+ kTe
2

 
 

 
 ⋅πR2

= 2 × 2.38 ×1010 1.6 × 10−12 ⋅1.73

40 × 1.67 ×10−24

 
 
  

 
 
1/2

1.6 ×10−12 ⋅ 511
2

+ 1.6 × 10−12 ⋅1.73
2

 
 
  

 
 πR2

= 397
mW

cm2 ⋅πR2 = 125 W (84.0%)

Psec = 2 · ne · uBohm · 
qVRF

2  · γ πR2 = 6.2 W         (4.2%)

Ptotal = 148.8 W


