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Why magnetic field for low temperature plasma sources?

Magnetically-enhanced low pressure (0.1-10's mtorr) low temperature
plasma (LTP) sources for processing— Confine & Control

. Magnetic field confines plasma (in the direction perpendicular to
the magnetic field)

. Magnetic field provides additional options to control plasma

. Qualitatively new regimes, new (often unique) applications and
new devices (e.g. ECR, magnetrons, e-beam ExB plasma in
plasma processing, electric propulsion, ...)



New challenges and problems with magnetically-controlled plasmas

Complexity from anisotropy, instabilities, nonlinear
Interactions and their various consequences, e.g.
turbulence and transport, plasma structures and
arcing....
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Anode Layer lon Source
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Applications M ;

* |lon sputtering

* lon cleaning and etching

] o S N7 Malnels
* lon beam assisted deposition 3 AVe
 Surface modifications thode
. Anode Layer /
« Deposition of amorphous
CarbOﬂ and Other materials | N fqode Table 1: Typical Discharge Parameters
Parameter Units Value

Discharge Voltage Range kv 07t030
Maximum Discharge Current® | ma/cm 10 to 30
Maximum Discharge Power® W/cm 33 t0100
Operating Pressure Range mTorr 0.1te 10
Maximum Gas Flow* sccm/cm 3
Cooling Water Flow L/min 2

Table 2: Typical lon Beam Parameters

Parameter Units Value
Mean Energy keV 025t0 1.8
Energy spread % of
Mean Energy +/-15
Maximum Current® ma/cm 10 to 30
https.//www.beamtec.de/en/anode-layer-ion-sources/ Maximum Power® Wiem 33 10100
Beam Divergence at Degrees 3to6
J.E. Keem, 44th Annual Technical Confer. Proc. (2001) 1 mTorr half angle




lon implantation and Patterning (nm-scale)

lon implantation is a materials modification technique
where ions of a desired element are accelerated and
implanted into a target material to alter its physical,
chemical, or electrical properties.

Patterning — to print chip features on the wafer. lon
implanters to assist EUV lithography in reducing the
feature size below the EUV scale.
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Electron-beam Generated (ExB) Plasma Sources

Gentle or Soft processing

-Doping

-Atomic Layer Etching
-Functionalization,
-Termination

W. M. Manheimer et al,, Plasma Sources Sci. Technol. 9 (2000)
S. Walton et al,, Surf. Coat. Technol 186 (2004)
F. Zhao et al, Carbon 177 (2021)

We will discuss these sources more later in the talk.



Sputtering Magnetrons: DC, RF, High —-power Impulse (Hi-PIMS)

-Thin films in integrated circuits, photovoltaics
-Optical thin films, Circular

-Protective coatings

substrate

Atom sputtered

\ J)/' from target
||' :

Magnetic
field
Gas pressure range:

il 1-100 mtorr

Backing plate

Cooling water

B. Janarthanan et al., J. Mol. Struct. (2021)

Courtesy MatjaZ Panjan, JoZef Stefan Institute



Electron Cyclotron Resonance (ECR) Plasma Sources

Applications:
-Etching and Deposition

Microwave

Wy

Magnetic —|
Coils My

Magnetic

field line | —

E-chuck

Helium

H. Xiao, PhD thesis
UT Austin

Electrons are in resonance with circularly

polarized electromagnetic wave

Gain Gain Gain Gain

E =E,(xcoswt+ysinot)
Cyclotron

W= W
ec resonance

— For 2.45 GHz, Magnetic field = 875 Gauss

Gas pressure: 0.1-10 mtorr
Plasma density: 10°-10'2 cm-3

From M. A. Lieberman, A. J. Lichtenberg,
Principles of Plasma Discharges and Materials Processing

UHF-ECR by Hitachi



Helicon Plasma Sources
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Courtesy Rod Boswell, ANU
S In W-mode, the electrons are heated by helicon waves.
o The helicon and ECR waves are essentially the whistler mode having
0= — the right-hand polarization and a resonance condition at w = w,,
C k”/(l)ce

K. Takahashi, Rev. Mod. Plasma Phys. 3 (2019)



Magnetically —enhanced RF plasma sources for processing

Rotating Magnetic Field CCP Reactor
- Varied coil current in the four coils to generate a rotating B- field

- Rotating field averages out plasma non-uniformities
e Ar, 40 mTorr, 100 W, 10 MHz
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N. Babaeva and M. Kushner, GEC 2008

Applied Materials MERIE RF CCP reactor

D. Cheng et al, US Patent 4, 842,683 (1988)
M. Buie et al, JVST A 16 (1998)



Motion of charged particles in the magnetic field

For E = 0,B + 0, Lorentz force maintains a
circular orbit of a particle with charge, ¢q:

mv# |
Fc = qv,; X B = «—— Centripetal force 56
r
mv, v,
Larmor radius = =— Cyclotron frequency w:, = qB/m

qB  w,

Charged species are magnetized if

With magnetic field

B-field is sufficiently strong: - S AAAS
——— = L
r <L, W, >V ="
Particles are confined in the direction
perpendicular to B, but can freely flow along B. |~ ks

field line

For typical magnetically-enhanced LTP electrons
are magnetizes while ions are not.



Particle motion in the inhomogeneous magnetic field

When a charged particle moves along a B- field line into
a region with a stronger B, the particle experiences a
force that reduces the component of velocity parallel to
the field. This force slows the motion along the field line
and even reverses it ("magnetic mirror").

dU"_eE V. B
mdt_m | — UV

Magnetic moment (magnetic flux
through the Larmor circle,
adiabatic invariant)

Energy conservation

Particles lying within the
loss cone are not confined:

- Mirror force

v, ?

—— = Uy = const

B(z)

m
?(vlz + vy%) = const

sin®6,, =

No longer
parallel to B

13

Francis F. Chen s textbook



Charged particle drift in crossed E and B fields (ExB)

dv_ (E+ v xB)
m—=gq Vv TT
E

dt
=

Particle motion in ExB fields is the sum of two
motions: the usual circular Larmor gyration plus
a drift of the guiding center.

The magnitude of the drift velocity:

E
VExB =E v —

The drift velocity direction and the magnitude
do not depend on the particle charge and mass.



Summary of specific guiding center drifts

ION

g
= Gravity: V= eLEcTRON \
¢B” TN O& m

%7\/\2\

« Electric Field: e E;B ‘ {\ )\ /b v,
W\LVUJJQM X)
oradionts | o _miE<vE) sl
= B-Gradient: V=T B Tabld Q O 5l &
= B-Curvature: ,—'R_"""(R i
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M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma Discharges and Materials Processing

K. Graf, Stanford U. B



Motion of electrons in magnetron sputtering discharges
Motion of electron in crossed electric and magnetic field

guiding center equation of motion Courtesy of Matjaz Panjan

Jozef Stefan Institute

Electron trap
ring-shaped
plasma

get erosion area
DCMS

HiPIMS “racetrack”
RFMS
ExB drift VB drift B-curvature drift Electron drift velocity
ExB v,1, VB X B _mvRe XB

Vg Vdrift = VExB T VvB T+ VR

VExB = B2 Vv = > B2 q RZB?




Hall current (anode layer) ion source = Inverse Magnetron

 Applied DC (stationary) fields: E X B

L _  Outward E-field (in contrast to E in magnetrons)
Magnetic coils Cathode-neutralizer

Magnetic core  Quasineutral plasma: n, = n;

e Electrons ExB drift in azimuthal direction

* Heavier ions almost unaffected by B-field

mev |
g >L>nr, =
Lt Le eB
 Equipotential magnetic field surfaces

E=-V,xB

distributor

* lons are accelerated by electric field

 Accelerated ion flux is neutralized by electrons

Fe=Fi=nv

17



Device\Parameter Rcm L T B E, ax
cm eV Gauss V/cm
LAPD at UCLA 50 | 1700 2-5 400 4-18
Compact Auburn Torsatron 17 53 10 1000 5
Blaamann 8 65 9 570 2-6
Continuous Current Tokamak | 40 150 150 3000 120
ALEXIS at Univ. Auburn 10 170 100 2
Reflex arc 2.5 | 300 4000 20
Mistral 11.5 | 140 1.4 220
Maryland Centrifugal 27 | 250 3 2000
Experiment (MCX)
CSDX 10 280 1.5-3 650 3-4
WVU Q-machine 4 300 0.2 1400 14
Hall current plasma 2 2 20-100 | 100-300 | 500-1000

Of all steady state laboratory magnetized plasmas, Hall
current plasma can withstand the strongest DC E-field

18



Cross-field diffusion and transport — fluid picture

No magnetic field
0 =gnE — TVn — mvnV V=—E——— V=+1ujE—Dy—
/‘ T \ my my n n

Electric field Pressure Friction force / A =1/no - Mean free path

2* T
Diffusion (random walk) D, = — = Y% = —
T mv
In ExB fields /
v = n{vo) x B /kT, - Collision frequency
electron Any transport of charged particles across magnetic field requires a
trajectory : . . ) . .
lExB drift collision of the species either with the background gas or other

scattering mechanisms (e.g. plasma fluctuations).

2 .— Hall parameter
ian Diffusion and mobility across magnetic field (w,./v)?>> 1 times
o E smaller than that without magnetic field (and along B-field lines)
E

Dy Ko
D =v, 17, = ~
1 ea’lLe (wec/vea)z M1 (wec/vea)z

v

19



Short-circuit of magnetized plasma (Simon effect)

Simon short circuit: for ExB plasma in a chamber with conductive (equipotential)
walls, global ambipolarity (total losses of ions and electrons in quasineutral plasma
are equal) is maintained by the closure of plasma currents through the chamber walls.

End & side walls End & side walls
disconnected connected
i HJ !

Flux of magnetized electrons across B-field: Az ik =
Ao | ® 16 : 4 /
on +
[l =NeVey = UeiNeEy — Doy E Ly b
X Ao ’
12 + 4;
A" M7
much smaller than the flux of heavier > T g i’
. . . el 1l i s 7 > _'; -~
(often unmagnetized in LTP) ions: —p AT RaEA

Along the B- field, electron

flux dominates over ion flux: I Iy > 1y
A. P Zhilinskii, Sov. Phys. Tech. Phys. (1978) 20



ExB plasma generated by electron beam

2 keV x 1 mA e- beam in Argon,
100 mtorr, B= 100 Gauss

Chamber (ground/anode)

Electromagnets

T~ l Plasma

Electron source/cathode B-field Conductive
floating/biased/

.
- dielectric wall
Energetic electrons/e-beam L4

. I - . Can be “short
circuited” to
ground (anode)

N R S—

Insulator / E- field ‘ electrons

—
|
Substrate

Applied voltage to extract electrons from the cathode and energize them
E-beam/non-thermal electrons to generate plasma —energy control by “dialing” voltage

» Applied magnetic field to confine and stratify plasma:
« Reduce the spread of electrons by collisions with neutral atoms, ‘;)—C: > 1
» Separate regions with energetic plasma (center) and cold plasma (vicinity)

» Substrate placed at the periphery

Electric field — across magnetic field — to control fluxes to the substrate 21



Example of a short-circuit effect in e-beam ExB plasma

Ceramic end walls
Time-averaged plasma potential distributions

el L measured with an electrostatic probes
RF C thc:\di l/ — & — ____ N
_____ —- . | :‘* o a o 0 © o
l .J/ T | o ° o ©°® ° 0
T E- field = 0 -
b = o -
—l_ I Conductor (Anode) L":/ l()(] (o} @ o ® = S’
e oo o0 o ® 10 =
=~ 200le ® o ? -
Metallic end wall ~ e o 90
Magn&()oilk 2 —1 6 .2 -l ()
RF Cathod V_B _ — r ((.111) r (Clll)
S ,J,,A,,,,j_, ,,,,,, _:\Q—
s "‘“—E—fjlg‘“’ With conductive boundaries at the same potential,
Ie [ ] [ ] [ ] [ ]
T | : the electric field in plasma is greatly reduced due to
Conductor (Anode) . . . "
— wall conductivity (short-circuit effect).
short

E. Rodriguez et al., Phys. Plasmas 26 (2019)



Cross-field current in ExB plasma devices

I Currents between electrodes:
I} v E
e.E £ Id = CIFA = eFeJ_A + eFiJ_A
A | anode | 5 [ cathode it )
2o D — n,T
- ﬁ_ I Cor =|tene |E — (1/ene) ——
! [, =n;

—®
| )

In experiments, we can measure all parameters to get electron cross-field mobility:

 discharge current I; in the electrical circuitry

« plasma density, n, = n;,electron temperature, T,, by Langmuir probes
(Godyak’s lecture) or laser Thomson scattering

* ion velocity, v;, by Laser-Induced Fluorescence (LIF) (Donnelly’s lecture)
 Electric field, E, by electrostatic probes (potential profile) or deduce from LIF 2



Anomalously enhanced electron cross-field transport

The figure shows mobility measurements at
the location of the maximum E-field, for a
Hall thruster (ExB plasma source similar to
the anode layer ion source).

We clearly see that the experimental electron
cross-field mobility is much larger than the
classical (collisional) electron mobility.

This confirms that mechanisms other than
electron-atom collisions must contribute to
cross-field electron transport in a large part
of the ExB plasma.

This situation is typical to many ExB plasma
sources, especially operating at low pressures
(<1 mtorr)

12 cm diameter, 1 kW, Xenon Hall thruster
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Y Raitses et al., IEEE Trans. Plasma Sci. 39 (2011)



What are possible causes of this anomality?

12 cm diameter, 2kW Hall thruster Plasma non-uniformity
E— Current conducting ExB rotating “spoke”

Fast frame imaging 60 kfps

Time: Ops

« Spoke frequency ~ 10 kHz
* 10’s times slower than E/B

« Conduct > 50-70% of the discharge

current 25



ExB rotating spoke in e-beam generated ExB plasma

Magnafic Coil

T

R

‘ RF Cathode
E__.-____--_

/

Insulator

Experiment, Xenon, 0.1 mtorr

Almost 100% of the electron

current across the magnetic
field through the spoke

1 Conductor (Anode)

C:l_‘\ ::».' o=
'5150 b

< Probes

%1 00 5

-t:r 4

S 50r :

z M
= 0L QM;M ‘

GJ [] oS 1 ;,w.,l,:v " 2 25 .Z
;:: - x10
5501 5 kHz

150 -100 gimqoo(do?;) 100 150 Skoutnev et al., Rev. Sci. Instrum. 89 (2018) 26
ase (deg Rodriguez et al., Phys. Plasmas 26, (2019)



Plasma self-organization in magnetron sputtering discharges

continuous voltage pulsed voltage oscillatory voltage Hall thrusters

atjaz Panjan
Institute

HiPIMS RFMS

M. Panjan et al Plasma Sources M. Panjan Plasma Sources M. Panjan J App Phys C. Ellison, Y. Raitses, N. Fisch, IEEE
Sci Technol 24 065010 (2015) Sci Technol 33 055015 (2024) 125 20 (2019) Transactions on Plasma Science,, 39 (2011)



From theory, a key spoke mechanism: gradient drift instability

Collisionless Simon-Hoh instability: Vn_,# 0 and Vn_,- E, >0

W, << ® << W,

Equilibrium Density perturbation
Ae n
() A
it n n_

B | E 5 _ ;
0 | B0 — T =Ey/B,—

+++ + +
E< Perturbation

i
Ll’l

* Instability growth rate y o kc, 7
E

« Heating of electrons in the spoke may enhance ionization

28
A. Smolyakov et al, Phys. Plasmas 20 (2013)



Extensive numerical investigations of ExB plasma

Power of Particle-in-Cell (PIC) simulations (Kaganovich’s lecture)

PIC captured a complex ExB plasma dynamics measured in experiments
and seem to confirm predicted mechanisms of the plasma structures
including rotating spoke

L. =10 cm t=1.27e-03s
L=
0.10 0.10
Vanode = 0V
| B 0.08 0.08 1
e @ Ll‘ﬂj,x
Lm i, L = L
”"H yoor 0.06 0.06
\ Rsim.ELx/Z
_ejbea_m :
eion” 0.04 0.04{ % ‘
0.02 0.02
. . -
M. Tyushev etal, Phys. Plasmas 32 (2025) 0-0800 002 004 006 008 010 00000 002 004 006 008 010

2.0

1.5

-1.0

r0.5

0.0

-—0.5

-1.0

-1.5

-2.0
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Comparison with experiments

« PICis a very power computational method of plasma research,
validated by experiments and capable to predict experiments.

« Important for predicted designs of realistic plasma
reactors/devices

lon velocity by LIF & PIC
Plasma density by probe & PIC  Electron temperature by probe & PIC ..

g —4— PLF
IGII . < goo L™ Simulation
sim., Rg =5 cm 144 sim., Rg =5 cm 2
.Y - 2
W expt,Ro=10cm H expt.Ro=10em % 600
2] * ]
= 400
- el E
©
e 10 s
- o .
- a 200
n S 5 %
g 10 - o S ol
A K
- 6
< - 0.30
- -
* —_
4 0.25
- > E
* - v 0.20
- 21 = 15
©
9 o 0.15
10" 7 0+— : . : : g—
0.0 02 0.4 06 08 1.0 0.0 02 04 06 08 Lo 8 %0
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7 2 0.05
0.00
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o

N. S. Chopra et al,, Plasma Sources Sci. Technol. 33 (2024)
S. Son et al,, in preparation (2025)



Short-circuit effect to control ExB plasma

Insulating side walls

] Conductor (Anode)

Conductive wall

Magnetic Coil

RF Cathode

] Conductor (Anode)

 Measured time-averaged plasma properties
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With conductive boundaries the electric field is greatly reduced. 31



Suppression of spoke oscillations by short-circuit

« Oscillations of the plasma density

(Glass
r Metal

L
| 'htl Mk
“b) 150G | | |

| 1] |

n.s-ﬂh W | |‘r\ | ’ | lwl&
b
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riguez et al., Phys. Plasmas 26 (2019)



Spoke suppression by a feedback control

cylindrical Hall thruster (CHT) * Segmented anode

» Resistors attached between each anode segment

> Cathod
¢ and the power suppl
Front Coil Back Coll P PPy
/ ( (

///
\\ /)
/,

T i ianiiamE "

R Mm Segments :
cathode =N N
KAy /TN

« Spoke increases the current through the segment leading to the
Increase the voltage drop across the resistor attached the segment.

 This results in the reduction of the voltage between the segment
voltage and the cathode. 33



Feedback control results: mitigated spoke oscillations

* Feedback off  Feedback on
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ExB instabilities in LTP may disappear at elevated pressures

Xenon Hall thruster

Cross-correlation from fast imaging
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Plasma structures like spoke are not always unwanted

In high-power impulse magnetron sputtering
(HIPIMS), the discharge current during a pulse
exceeds the time-averaged current by several
orders of magnitude.

The pulses are typically 10-100 us long and are
repeated with a frequency of 10-1000 Hz. Such
pulsing leads to the formation of dense plasma

with a high degree of ionized sputtered species.

Key advantage of HiPIMS over conventional
sputtering magnetrons (DC and RF) - high
density of deposited films by HiPIMS.
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Figure 11. Current waveforms and typical plasma patterns from lh front- and side-view perspective for three characteristic stages during a
HiPIMS pulse. Plasma self-organization is shown for discharge: pgnl ed at (a) [, = 40 A and (b) I, = 400 A. Spokes in stage Il\puall\
display an elongated arrowhead-like shape and rotate in the I x B direction, whereas in stage Il spokes are shorter, exhibit a triangular
shape, and ro tate in the E, x B direction. Spoke patterns in stage I and Il are periodic or semi-periodic. In stage Il spoke patterns and
motion are highly irregular. The borders between the stages are approximate and specific to the Al target. Figures for other pressures can be
found in supplementary materials V15 and V16.
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Gentle processing of (ion-sensitive) sensitive materials
is a motivation for new ExB (and not only) plasma
sources for microelectronics and QIS



Why electron-beam generated ExB plasma?

* Argon, 0.1 mtorr, 100 Gauss, 55V
* Repeller mode
* Time-averaged measurements

Chamber (ground/anode)

Electromagnets

\ l Plasma
Thermionic cathode P-fle|fi
' 7 ~
\ ' " A —— Electron
— — 4+ — —"— — Je—» Energetic electrons/e-beam + 1 collector/Repeller
§ - ~m——
/ e .
Insulator E- field l o
—
|
Substrate

 Radial outward flux of ions (against E-field)

* Maximum ion energy, &; < 1eV

Chopra, Romadanov, Raitses, Plasma Sources Sci. Technol. 33, 125003 (2024)



Answer: cold electrons and very low energy ions

* Electron energy distribution function (EEDF) - Radial ion velocity, m/s
10" 20 — 1000
—— r=0cm
r=lcm 15—
—— r=2cm . ‘
r=>5cm g 101
T S
g 7 0 0
z 2
- e-beam 5 -5
10 : : : — N , : -20 -1000
0 10 20 30 40 50 60 70 80 -4 =2 0 2 4
E(eV) Axial position (mm)
* Electron temperature substrate .
«— * lon temperature in R, eV
141 _1_ 50G, r 20 = - - 0.2
-¥- 50G,c
—— 100G, r
2 :"%‘:\ F- 100G, ¢ o
| e 10
10 N £
= \ =0 0.1
2 g
N \\ E -5
1 —__ E -10
24 . -15
0 r . . . . . -20 0.0
0 1 2 3 4 5 6 =4 =2 0 2 4

A ostion (o)
N. S. Chopra, PSST. 33, 3 (2024) xial position fmm S. Son et al,, (2025)
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Motivation: microelectronics

« 2D materials for future nanoelectronics
M. C. Lemme, et al., Nat. Commun. 13, 1392 (2022)

FET transistor with 2D materials (MoS, graphene)
Source: W. Liao et al, Nanoscale Horiz. 5, 787 (2020)

« Can plasma enable 2D materials
for HVM of 2D electronics?

DOE-funded PlasMat2D Project
PPPL (lead)
Princeton
Michigan
UCLA
Houston
IBM



Plasma-induced damage to 2D materials: graphene

2D materials inherently sensitive to lattice defects’
- Effects on properties, and nanodevice performance

- Wanted vs Unwanted

Defects by ions from the plasma:

— lon accelerated in the sheath to a floating substrate:

1 | M
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s ~T,In
boe 2mTm,

— ForT, ~ 5 eV Argon ion energy, &; = 25 eV

Displacement energy threshold for C-atom in
graphene® g5 = 22 eV

— Disorder and defects observed at ~ 15 eV (bottom fig.)
and predicted for even lower energies.?

,0,0,0,0,0 © 06 06 0 0 _o
©,0,0,0,0,0,0 © 0000 0 0
© 0 0 0 0 0 0 o & s & 5 o
©.0.0 0 0,0 0 © 0 0000 0
© 0 0 0 0 0 0O © 0 00 0 0 0
Substitution Antisite
DEFECTS
c’0’0"0"0"0"0 o000 000

Grain boundary

Vacancy

®© 0 0 0 0 0 o
®© 0 0 0 0 0 o
® 0 0 06 0 0 o
© 0 0 0 0 0 o

© 0 0 0 0o o
Edges

"Telkhozhayeva and Girshevitz, Adv. Funct. Mater. 34, 2404615 (2024)

MNormalized intensity (arb. unit)

3R. Villarreal et al., Carbon 203, 590 (2023)

Graphene/Cu(111)
Dy'(a) ]| He| [p (b)plf  Nel [o(e) | Ar
I 1r 2] | | I8 2D 1 [ D17 I
] f © » 11 G }] 2D
| [T 1 |sev
T%Tf\r‘“ L bl Bl L : Lot B L]
1200 1400 1800 2600 2800 1200 1400 1600 2600 2800 1200 1400 1800 2600 2800
Raman shift (cm™)
’Kotakoski et al., Phys. Rev. B 82,113404 (2010)

41



Intensity (arb. unit)

lon-induced lattice damage to 2D Materials:

DFT and MD predict even more challenging situation
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minimize damage while enabling atomic-scale control.
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Motivation: QIS

« The nitrogen-vacancy (NV)- center and silicon-vacancy (Si-V) are color centers in diamond
with promising applications in quantum information and quantum sensing.

« The stability of the NV- state has been a limitation for their use.
* Proper surface termination can mitigate this issue!

* A nitrogen termination is an appealing candidate.

Band bending Charge traps Acceptor states Surface roughness
NEA surface e.g., sp? carbon, P1 photoluminescence source of charge
termination centers, vacancy quenching state instability,

centers magnetic noise &
HHHH electronic noise

i U
++ 4+ ++ 4+ ®
~ g vy ~

NV-2 N ‘o
NV- 2 NV° 5 NV- 2 NVO
NV- & NVO
vacancy

Diamond complex

43
Janitz et al. J. Mat. Chem. C 10, 13533 (2022)



Relevant ExB plasma systems

* Thermionic cathode
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* RF plasma cathode
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lon-induced secondary electron emission cathode

E-beam source E-beam plasma
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Different electron sources=> Different dominant reactions

Cold cathode, (iSEE)

Hot cathode
(thermionic)

DC-RF cathode
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Low temperature ExB plasma in relevant systems

Property

Value

Gases

Ar, Kr, Xe, H,, N,, O,,
CF,, NF;, CO,, CH,,...

Gas pressure, mtorr 10-1-102
B-field, Gauss 10-107
Electron source, eV 10-103
E-source current, mA 1-103
Ae/Lcn, > 1
Vin, Veex» Vil fei ~1
TLe/Rcn « 1
11/ Ren =1

* Weak
e Partia

e Partia

y collisional

ly ionized

ly magnetized
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Damageless processing of 2D materials and diamond

Graphene hydrogenation

Nearly 40% of H coverage

Zhang et al. Carbon 2021, 177, 244

Diamond hydrogenation
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Summary

Role of Magnetic Fields
— Constrain electrons L B, free flow || B — higher density, energy control, uniformity

Magnetically-enhanced Sources
— Sputtering magnetrons, e-beam E x B plasmas, DC Hall/anode-layer ion sources

- Not covered in this lecture: ECR & helicon RF, CCPs with applied B-field

Cross-Field Transport and Selected Instabilities
— Anomalous diffusion, gradient-drift instabilities (“spokes”) — can heat ions

- Mitigated via segmented electrodes & active boundary control, pressure

Electron-beam generated E x B plasmas for processing of ion sensitive materials
— Graphene hydrogenation (238% H coverage)

— Diamond H/N-passivation for color-center preservation

— Emerging applications: TMDs & perovskites
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® bCRF

Princeton Collaborative Research Facility (PCRF)

Advanced diagnostics of plasma,

gas flow, nanoparticles,
plasma-surface interactions
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Facilities at PPPL and Princeton
> 5000 sq.ft and more coming

Experts in plasma theory, computational,

experiments and diagnostics

KickoffMeeting of PRINCETON COLLABORATIVE
RESEARCH FACILITY (PCRF) on Low Temperature
Plasma

Advanced computational resources: 2D, 3D
codes, HPC: CPU-GPU hybrid architecture
with open-source codes
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Wide range of plasma sources
for basic and applied research

Basic LTP science

Plasma-liquid interactions

Low pressure ExB plasma ' '
Mist-plasma jets
Plasma-surface interactions

relevant to advanced procegsing
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Nanosynthesis and
dusty plasmas
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Arc discharges

e-beam generated LTPs: low to
moderate (~ torr) pressuyes

Since 2019, 125 user projects
http/pcrf.pppl.gov .
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