Discharges, sputtering, ion-surface
Interaction, thin-film processing




(General

Plasma: region of a gas discharge
containing equal numbers of negative
and positive charges (e, I*, I').

Only small portion of the gas species is
ionized.

The energies of the charge carriers and
neutrals are randomized by collisions and
interactions.

Different energy distributions for various
species. It is however useful to assume
that their kinetic energies have a
Maxwell-Boltzmann distributions
corresponding to some equivalent 7.

Plasmas can be characterized by n., n,
mand 7, T,and T

For stability of the plasma, charge
generation should replenish charge-
carrier loss due to recombination and out-
diffusion.
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~ <10’ cm3 space plasma

<102 cm= man-made plasma
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Schematics of Plasma Systems
DC and RF systems
P~1-100 mTorr
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Schematics of simplified sputtering systems
» Insulating materials can be sputtered
» Effective ionization

Limited to el. conducting materials



Use 1n Microfabrication

Deposition of thin films by sputtering, ion plating,
PECVD.

Removal of surface layers and films by sputter
etching, reactive-ion etching, and resist stripping



Townsend Discharge

Physical mechanism

» For a discharge to occur, there must initially be some free electrons in the gas.
» Cosmic rays and natural radioactivity can give rise to a small number of electrons and ions in

gases.
» Such an electron is then accelerated towards anode by the applied electric field E.

» |f the electron gained sufficient energy before colliding with a neutral-gas atoms, a further
ionization can occur: e + A — 2e + A",

» Now two electrons are again accelerated and can ionize two more atoms resulting in further
charge multiplication.

» Meanwhile ions drift to the cathode and can kick off more neutrals and secondary electrons from
it.

» Avalanche current leads to:

B exp(a d)
Voltage breakdown L y.lexplad)—-1]
* The distance d between electrodes should be o= l exp| — V;
sufficiently large to allow the electrons gain A eBE A
enough energy for the ionization avalanches.
» The electrodes should be sufficiently wide to V, ionization potential;
prevent the loss of electrons a- the Townsend ionization coeff., the probability of

ionization per unit length occurring during electron-
atom collisions



Paschen’s Law

i=i explad) Breakdown takes place then the current

~"1-y [explad)-1] ~——— | is infinite, i.e. 1-y[exp(ad)-1]=0
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Z.00 of Discharges

Townsend discharge are discharges in a uniform electric field; 1012 — 10-¢ Afem?; effects of
space charge are not dominant; discharge is maintained by photoelectric or thermionic
electron emission from the cathode.

Corona discharge. = Townsend discharge in inhomogeneous electric field {point-to-plane
geometry, for instance); space-charge effects are dominant close to the small electrode;
electron-energy gain is insufficient for avalanching between the electrodes.

Glow discharge. Brightly glowing positive column with no electric field inside + dark space s
separating the column from the anode and cathode; P ~10% -1 Torr; 104 - 107 Alem?;
space-charge effects are important. Used in microfabrication.

Arc discharge. =10 Afem; low applied voltages; discharge current is emitted from a few
small spots on the cathode; the high current oroginates themmionically at the cathode; the
emitting spot can be self heated by the discharge or externally.

users.tkk.fi'~jwagner/tesla’ty-driver/dc-pics.htm




Discharges:

All in one diagram
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Not totally understood

Structure of a DC Glow Discharge

CATHODE CATHODE _ FARADAY ANDDE * Aston dark space: low energy e and high energy

GLOW.  DARK SPACE_DARK SPACE  DARK SPACE » Cathode glow: de-excitation of /* — light emission
ATHODE anope  * Cathode dark space: e start to imact-ionize 7, most
() (+) of the voltage drops here.
] » Negative glow: interaction with secondary electrons,
ASTON NEGATIVE POSITIVE E 5 E 5 :
DARK SPACE GLOW COLUMN excitation-de-excitation events. For sputtering, place

your substrate herel
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» Positive column:

* Anode dark space: high energy e and low energy i
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A floating electrode put inside plasma will

acquire negative charge due to the disparity
in mass and energy between electrons and
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Some Physics of Plasma

Plasma species and their motion in £ and B

» Electrons and ions have almost independent velocity distributions.

* The degree of gas ionization f,= nn_/ (rn_+n,) ~ 10-*in glow discharges {r7,~10"" cm?).
* Energy of electrons: 1-10eV — 7_=104-10° K.

» Energy of neutrals: 7, ~300 K

« 7. #T, — plasma is in thermodynamically non-equilibrium state

dit
J =—nuE-—D
2} Eﬂﬂ 2} dx

Longer path — highsr \
probability of ionization i

it
J—nuE-D ™.
1 F:Iﬂ] = E

P z%~ 10° —10° ™ (for1 Torr and 273K)

Charge neutrality —
Jrg:_f!_:_}r; ng:,ﬂi:.ﬁ F:—Q(E+ﬁxB)
E_ (‘Dz'_Dﬂ) dn

n(nlll'+ﬂe)dx

An electric field develops because of the
charge separation due to the difference in
electron and ion diffusivities.




Debye Length and Plasma Frequency

The Debye length Ay is a measure of the size of a mobile electron cloud
required to reduce the radial electric potential V{r) around a positive ion
placed into the plasma to 1/e of its initial value.

q r
Vir)==exp ——
)= Lef -
A s fgnkg“

nq

The electron plasma frequency is a measure of the time required to
restore charge equilibrium.

;
g 4
w = |—==10",/n Hz
= mggn =

3

R, [u:m_ ]

The plasma is opaque for a radiation with w < w, 1



AC Eftects in Plasmas

RF discharges are more efficient than DC ones in promoting ionization
Reactors without interior electrodes: clean plasma
Self-bias of the plasma

dx’ :
m, e —gk, sin{ ax)
f _ _ GAS IN—=
the maximum displacement :
gk, s

x ] o T | 2 HF

0 mgﬂ)z NG

INDUCTIVE COUPLING

the maximum energy :
|

(g£,)’
= o —H O

For Ar ionization energy is 15.7 eV— CAPACITIVE COUPLING
E=115V/iemfor13.6 MHz
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Self-Bias in AC Plasma

Catlmda Aande
DC self —bias and sheath
formation due to the L
difference in electron- and ion RF
mobilities 1 U I_J
= ]I- ] =
| I
Vix), 4 20-30V F

RF plasma: Approximate time-averaged potential
distribution for a capacitively coupled planar rf discharge systemn, 13



Collisions in Plasmas

Can be both efastic and inelastic

AU m,

= cos’ 8~1 foro=0
K, m+m,

Cons.ewaftion o S gl Almost all of the electron’s kinetic
and kinetic energy—

energy can be transferred to the

heavier species in the inelastic
collision

K, Jdmm,
K (H11+m2)2

the energy-transfer function

5
cos 3

14
is wvery small if a light particle hits a heawy one



[onization Cross-Section

* There is a threshold value to eject the
weakest-bound electron.

» Then, o increases with electron energy

because larger number of accessible
electron levels in atom
» o decreases after that.
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Plasma Chemistry

Chemical Reactions in Plasmas

A. Electron collisions

Type Generic reaction Example reaction
Tonization e” + A= AT 4 2" e"+ 020" +2e
e + A, AT +2e” e +0, 207 +2
Recombination e” + AT = A e” +0"=0
Attachment e” + A=A e" +F=F"
e + AB=AB~ e~ + 5F;—5F;
Excitation e” + A, Al +e” e +0,-0% +e”
e + AB—(AB)* +¢"
Dissociation e + AB—+A*+B* +e” e” +CF, - CFt+ F*+¢”
Dissociative e +AB—=A+B" +2e” e” +CF, - F+CFj +2e
ionization
Dissociative e+ A, =AY+ AT 467 6"+ Ny =+ N"+N™ +e”
attachment

B. Atom-ion-molecule collisions

Type Generic reaction
Symmetrical charge transfer A+ AT =AY+ A
Asymmetric charge transfer A+B'—A"+B
Metastable—neutral (Penning ionization) A*+ BB "+ A4e”
Metastable-metastable ionization A*+B* =B+ A" +e”

16



Physics of Sputtering

200 of events
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of Elsevicr Science Publishers and Frofessor ], 'W. Rabalais.)




Sputter Yields

Sputter yield S is the number of
sputtered atoms per incident particle
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0.1 ns; T=3300K; P=10% atm: vaporization rather than
collisional mechanism

@
o
Qo
e
4]
=0)

Energy

In sputtering of alloys, the
composition in the deposited
thin film is the same as in the
target.

Sputter yields are different for
various elements and
materials.

Sputter yield can depend on dat

crystallographic orientation of 5
the single-crystalline target. 1{F,I',,,
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Moditication of Thin Films By lons

Usually, ion bombardment results in

Stru Ctu ral mo d Ifl C atl ons smoothing and improved step coverage

e enhanced by re-sputtering, but ->
lon bombardment modifies: =l g

» Surface topography and roughness

» Crystallography and texture

» Grain structure: grain size and morphology
» Defects and stresses

» Film orientation on amorphous substrates
(IBAD — HTS thin films on Ni substrates)

lon Beam Assisted D"E'I]Uﬁiﬁﬂ“ for film T,Euxturj“g Figure 415 Pyramsd stroctures on o single-crystal Cu sarface after 40 keV Ar bombardmen
From ). | Whitton, (0 Canter, and M. ). Nobes, Radisrion Effeces 12 129 (197T)
Film deposition produces a With IBAD one can
polycrystallise film or a align the grains in
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[on Implantation

Important technigque primarily used to modify or alter the
subsurface structure of deposited thin films. Doping.

» Doping levels can be controlled precisely because the beam current can be
accurately measured as an electric current.

» Doping uniformity across a surface can be accurately controlled.

» The depth profile can be regulated by choice of the incidence-ion energy.

+ |t is a low-temperature process. Important in some cases when heating is
unnecessary.

» Extreme purity of the dopand can be guaranteed by mass-spectrometric analysis of
the ion beam

+» Directed beam, little spread sideways.

» Dopants that are not soluble or diffusible can be introduced.
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Damage Protiles During Implantation

« Heavy ions (Sb, As) are stopped primarily by
nuclear collisions; therefore they cause a great ——
deal of atom deisplacements.

i Lighter ions (B, P) are stopped by electronic\ seave V////é/é/////
interactions y//// ?’ / ///
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Channeling Effects

Difficult to control accurately
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Channel Directicn
lan Energy (keV} <110= =111 =100
Boron ag 4.2 3.5 3a
50 3.7 2.2 2.9
Mitrogan 30 45 a8 3.5
50 4.0 3.4 3.0
Phosphorus 30 52 43 4.0
50 4.5 3.8 3.5
Argenia 3o 5% 50 4.5
50 | 5.2 4.4 4.0
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Due to the channeling effect
the resulting layer is deeper

inside from the surface
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Bipolar Device Fabrication

Ay IMPLANT

High-dose implantation are used
for buried layers, emitters, and
base-contact doping

Low-dose implants for base
regions and resistors

o]l IMPLANT As (1075 - 10" cm~3)

Oxidation is needed to
consume the Siin which the
implanted layer originally
resided.

[b] ANMNEAL AND OXIDIZE

EPITAXIAL LAYER
Fad

fel STRIP OXIDE AND GROW EPITAXIAL LAYER



Summary lon Bombardment

IONFATOM RATIO

SURFACE

107" : 10 107 10 10
ION ENERGY (&)

The main benefits of using ion bombardments:
» Enhancement of adatom surface mobility.

» Stimulation of the film nucleation, growth and
coalescence.

» Development of preferred crystal orientation.

» Lower substrate temperatures for the onset of
epitaxy.

» Crystallization of amorphous films and
amorphyzation of crystalline films.

* Increased film/substrate adhesion.
» Modification of the film stress.

» Stimulation of the film-surface reactivity.

24



Plasma Etching

SPUTTER
S| ETCHING

» Sputter etching

» Chemical etching. Plasma makes reactant species:
NF3—F*+.... Isotropic etching, not possible to etch thin
grooves. The most selective (chemically).

CHEMICAL
g ETCHING

ACCELERATED
= |ON-ASSISTED
#l ETCHING

» Accelerated ion-assisted etching. Vertical ions damage
the surface which is then atacked chemically by neutrals.
Highly anisotropic due to the directional nature of the

damage.

SIDEWALL- PROTECTED
ION-ASSISTED ETCHING
+ Reactive-ion etching. lons themselves are taking part in —
the chemical reaction. Needs high-density plasmas. s b

REACTIVE- ION
g ETCHING

25



Plasma-Etching Reactors

F“:j GIIS ﬁ’,'-'"_____""-a\
| ||
d—
T 1, T
a. EHEEL C. VACLUM RF GLS-
|l1

malan

ot mciu M
b. 1

2B



Temperature Rise of Films During
Plasma Processing

This heats the thin film:

» Heat of condensation of atoms AH. (energy/atom)

» Average kinetic energy of incident adatoms E,

* Heating from bombarding neutrals and electrons with energy E,

Energies Associated with Magnetron Sputtering”

Heat of Kinetic energy

condensation  of sputtered atoms Plasma Estimated Aux Measured flus
Metal {eV, /atom) (eV/atom}) {eV/atom) {e¥/atom) {eV /atom)
Al 133 & 4 13 13
Ti 4.86 8 9 2 20
v 5.29 7 8 20 19
Cr 411 8 4 16 20
Fe 226 9 4 15 21
Ni 445 Il d 19 15
Cu 1.50 ] 2 12 17
Zr 6.34 13 7 2% 41
Nb 6.50 13 3 8 28
Mo 6.88 13 3 26 47
Eh 5.60 13 4 23 43
Cd 1.16 4 1 6 8
In 252 4 2 9 20
Hf 6.33 20 T i3 63
Ta 810 21 9 38 68
W 880 22 9 40 73
Au 392 13 2 19 23

*From Rel 40,



Film Heating

o I L | I I 1 |

50 100 150 200 250 300 350
ELAPSED TIME (SEC)

Power flux 250 m\W/iem<;
£ is the surface radiation emissivity

The film properties can be affected
(loss of oxygen in YBCO or other
HTS thin films, for instance)

FPhotoresist can become hard baked
after the plasma treatment. Difficult
to remove afterwards.

Solution: reduce energy; reduce the

continuous etching time (use pulses)

28



Ionized Cluster Beam Deposition

T. Takagi, 1987

Atom clusters (100-10000) are formed at
relatively high pressure (0.01-10 Torr).

The clusters are then charged and can be
accelerated towards the substrate by
applaying high voltage.

At the substrate, the clusters either break
apart releasing atoms or can be deposited
intact (prospective for nano-fabrication!)
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Plasma-Immersion Ion Implantation

Enhances hardness and wear
corrosion resistance by altering
surface chemistry. Nitrides,
carbides and oxides can form

firmly adhered to the host material.

A number of steels, Al and Ti
alloys can be treated in this way.
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