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I Agenda of the presentation

I[. Introduction

[I. Deposition of boron nitride by PECVD: description of the process
and few deposition results

[II. Atomic nitrogen production in the microplasma source
[V. Atomic nitrogen transport in the deposition chamber

V. Conclusion and perspectives
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oratory: LSPM

e Laboratory of Process and
Material Sciences; created
January 1st, 2011

e Located in France, in the
north of Paris

yl
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|_]‘SPM: few numbers

85 permanent positions:

e 10 CNRS researchers

e 55 associated professors/professors

20 engineers/technicians/administrators

e 45 PhD students and post-docs

e 4/5 PhD government grants/year
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I LSPM: scientific axis

e 3 scientific axis:

1) Development of elaboration and
transformation process of materials

2) Structural caracteristics and properties of
materials

3) Integration of materials in systems, devices
and process
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- University Sorbonne Paris Nord
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|Worbonne Paris Nord

e 5 campus

e 26000 students

e 28 laboratories

e 1500 assistant professors and
professors

e 730 people in the administration and
technical staff
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Deposition of Boron Nitride
by microplasmas:

process description
S

D) e,
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I Context

e New research axis since 2016 in LSPM: “Microplasmas for
innovative materials”.

e Idea: choice of a material and a versatile process
- control of the morphological and structural characteristics
of the films

e @Goals:

 To develop an efficient new plasma reactor for the deposition
of high potential materials on large surfaces, easily
adaptable to established technologies

e To optimize the quality of the deposited layers by
understanding the mechanisms involved in growth processes
using reactive plasmas

e Target material: hexagonal boron-nitride (h-BN)
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| Why h-BN?>

e Large band gap, thermally and chemically stable, ideal substrate for

graphene. o R
Griem et al. Nature 499 (2013) 419 2A/"" =
b_"‘“*"““:_” Nitrogen -
e
h-BN (sp?)

Van der Waals heterostructures

e Strategic material highly demanded for electronic and optoelectronic
applications, also quantum technologies.

e But the development of applications based on this material is still
held back by the poor availability of high-quality epitaxial films on
large areas - new process based on microplasmas.
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I-th MHCD?

Micro Hollow Cathode Discharges

+“—>

400 um
e Low temperature plasma: reduction of the deposition temperature

compared to conventional processes.

e Production of high electron density: high degree of dissociation of
nitrogen.

e Deposition on large surfaces: MCSD and array of MHCDs.

MHCD Anode

Pulsed
power supply

Ar
160 Torr

Stark et al. PPCF 88§ (1999) 2075 .
Makasheva et al. PPCF 49 (2007) B233 91 MHCDs in pure N,
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D process

Ar/N High pressure - Higher pressure upstream chamber
2 (few 10 mbar ) - dissociation of N,

A 4

- Lower pressure downstream chamber
MHCD - limitation of N recombination

Gluing and laser drilling i—%
BBr;, -

\ 4

Low pressure
(few mbar)

Polarizable and heating 7
substrate-holder
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rocess

Ar/N | High pressure - Higher pressure upstream chamber
2 (few 10 mbar ) - dissociation of N,
- Lower pressure downstream chamber
—> limitation of N recombination
@ =400 um
MCSD Gluing and laser drilling i—?
BBr;, >

Low pressure
(few mbar)

Polarizable and heating 7
substrate-holder
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| Developed reactors

Design of the pulsed power supply
% Optimal plasma conditions for deposition

Deposition reactor

Matrix reactor 1 MHCD reactor

10 cm : 10 cm

h-BN deposition Optimization of a MHCD Fundamental study of one
matrix MHCD in reactive gas
Excitation by a ns pulsed
high voltage Excitation by a ns pulsed || DC excitation
high voltage
Ar/N, discharge + boron Ar/N, discharge
precursor : BBr; Ar/N, discharge
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| Developed reactors

Design of the pulsed power supply

Deposition reactor

% Optimal plasma conditions for deposition

Matrix reactor 1 MHCD reactor

10 cm R ' 10 cm

+—> +“—>
h-BN deposition Optimization of a MHCD Fundamental study of one
matrix MHCD in reactive gas
Excitation by a ns pulsed
high voltage Excitation by a ns pulsed || DC excitation
high voltage
Ar/N, discharge + boron Ar/N, discharge
precursor : BBry Ar/N, discharge
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Deposition reactor:
few results

500 nm

250 nm

0 nm
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I Experimental setup for h-BN deposition

@ \V, 122 Ar/N, (1:1) ~ 30 mbar
' r
HV P‘ﬂSe MHCD|
ey IV T e
m 3
supply __i_ 0 — — H, ~ 1 mbar
I / lasm ) Ar
pump  trap b /

Substrate

holder BBr,

Working conditions :

Pulse 1 kV, 500 ns, 10 kHz, 71-120 ud/pulse
BBr; flux: 2 umol/sec

Vgt 230 V and Tgy: 600-950°C

Pdeposition chamber * 0.7-1.2 mbar Expansion Covering
Substrates: (0001) sapphire, (111) or (100) Si all the substrate
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ﬁgosition results

- Deposition on 2-inch silicon
(Duration: 2-7h)

- Clear signature of h-BN at 1362
cm™! = Proof of feasibility

5cm

Film deposited on 2-
inch Si wafer covering
almost all the surface

141 Photograph
- Deposition rate: v ~ 35 nm/h grapny
Raman spectroscopy :

- Crystalline quality probably —
moderate considering the broad —— Sireference

Raman line at half maximum s B peak
- Chemical composition: 55% of B ‘% "o
and 45% of N (very close = 1ozt
concentration) E

-Effect of the distance 2

MHCD /substrate

T T T T T T T T T
1100 1200 1300 1400 1500 1600
Raman shift (cm-1)

H. Kabbara et al, APL 116 (2020) 171902
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Jggosition results

5cm

- Deposition on 2-inch silicon
(Duration: 2-7h)

- Clear signature of h-BN at 1362
cm! = Proof of feasibility

- Deposition rate: v~ 35 nm/h

- Crystalline quality probably
moderate considering the broad
Raman line at half maximum

- Chemical composition: 55% of B
and 45% of N (very close
concentration)

-Effect of the distance
MHCD /substrate

Normalized Intensity (u.a.)

Film deposited on 2-
inch Si wafer covering
almost all the surface

Photography
Raman spectroscopy :

—— h-BN film on Si substrate
—— Si reference

E,, peak

h-BN
1362 cm-1

Optimisation of the process = study of the
discharge: density of N in particular

T T T T T T T T T
1100 1200 1300 1400 1500 1600
Raman shift (cm-1)

H. Kabbara et al, APL 116 (2020) 171902
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| Developed reactors

Design of the pulsed power supply

Deposition reactor

% Optimal plasma conditions for deposition

Matrix reactor 1 MHCD reactor

—

Alice Remigy thesis

h-BN deposition Optimization of a MHCD Fundamental study of one
matrix MHCD in reactive gas
Excitation by a ns pulsed
high voltage Excitation by a ns pulsed || DC excitation
high voltage
Ar/N, discharge + boron Ar/N, discharge
precursor : BBr, Ar/N, discharge
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Study of the 1 MHCD reactor:
production of atomic nitrogen

& :
MHCD configuration All‘/ AP
S
BT P
XA ‘
o 9 3 ’
< ~ =
2 P
s =
Same pressure in the v
two chambers of the Pump

reactor
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IL——

Electric connection

Cathodic
chamber

MHCD

Anodic
chamber

Electrical characterization =2
discharge resistance

VUV Fourier transform
absorption spectro. (SOLEIL

synchrotron) and TALIF =
atomic nitrogen density

OES - electron density and
gas temperature

Absorption spectroscopy =2
metastable argon density

—

=) —

Global model OD

—— Universite
-7 Tl Sorbonne
ivi Paris Nord
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IL——

Electric connection

Cathodic
chamber

MHCD

Anodic
chamber

« Electrical characterization -
discharge resistance

- VUV Fourier
absorption spectro.

transform
(SOLEIL

synchrotron) and TALIF =
atomic nitrogen density

SULEIL

SYNCHROTRON

« OES = electron density and
gas temperature

« Absorption spectroscopy -2
metastable argon density

1?5:7

Global model OD

Universite
PA TI Sorbonne
Paris Nord
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Two photon Absorption Laser Induced

_ Fluorescence (TALIF)

NITROGEN

(31,} 150 12

206.65 nm

206.65 nm

(2p%) 8%,

KRYPTON

(5p) [3/2]2

204.13 nm

204.13 nm

(4p®) 'S¢

@IS W

nim

ey APl
(28) "P"y pa.aya;5)2

826.32 nm

587.00 nm

(55) [3/21;

Pellin Broca prisms g

DC supply

Nd :
YAG Laser
A= 532
Dye Laser
Visible

Beam

FCU

Joulemeter
e s s - —

Oscilloscope
Lecroy

- Lens, f = 35 cm

Lens,
f=10 cm

Slit

Gated PMT

Fluorescence

Lens, f = 35 cm

Visible

Beam

Beam Splitter -

E. Bisceglia et al. PSST 30 (2021) 095001
Stancu et al. PSST 29 (2020) 054001
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Beam

I/O NI UBS
6343

Oscilloscope
RTO 1044

Photodiode 1 (PD1)

I, cell

Mirror _' Mirror

«Fluorescence

Photodiode 2 (PD2)
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Two photon Absorption Laser Induced

_ Fluorescence (TALIF)

ns-Laser LRGEy |
. Lens, f = 35 em
= Pulse width : 10 ns |
Lens,
= 10Hz f—10em S|t |
" 2.5mJ/pulse DC supply | — (— — ez '"::::::::==|Gated puT— |
Fluorescence ' I I
Nd : | | |
YAG Laser Lens, f = 35 cm I I I
Pellin Brgca prisms g TR Periscope I I I
A= 532 B

eam I I I

I/O NI UBS I
6343 |

Dye Laser FCU . | I
Visible Visible |
Beam Beam I I I

Photodiode 1 (PD1) |
Iodine cell I, cell |
» Wavelength calibration \Mirror L Mirror |
= Fluorescence l
E. Bisceglia et al. PSST 30 (2021) 095001 ——— — — — —
: ) Photodiode 2 (PD2)

Stancu et al. PSST 29 (2020) 054001
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Fourier transform absorption spectroscopy

| (FTS VUV)

e Direct measurement of N in the ground state studying the

transitions in the vacuum UV. S LEI L K. Niemi et al. APL 103 (2013) 034102

syncurotron  Dumitrache et al. PSST 31 (2022) 015004

* Probed transition (120 nm): N (2p° *S; ,)> Triplet N (3s *Py /5 3/5 5/2)

T e M DR T

[

&
o

Transmission (a.u.)

83,260 83,330 83,400

Wavenumber (cm™1)

Example of a normalized non deconvoluted transmission spectrum
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II Global model

e Volume-averaged (OD) model: temporal variations of
volume-averaged quantities (densities and temperature)

e Particle balance:
dn,,

_:Goz_Poz
dt

e Electron power balance:

d (3
— | =N i"TEJ — Pa,)S _ PC 15
7 (21’1 € ) I l
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del

Power balance:

Modelisation of the cathodic region Plasma bulk

P, abs — kol d‘/d Cathodic

region

Fraction of power absorbed by the ---------
electrons:

Positive

Dielectric Lz
column

P, 1 1
K — = == O
P.+P  1+7In(1+1) Anode

region

. C. L et al. PSST 20 (2011) 055004
Particle balance: azzaroni et a (2011)

Electropositive plasma: Ar-N, mixture 14 considered species:

e 14 Species AI‘, AI‘+, AI‘2+, Arm, Arr, Ar4p,
N27 N’ N2+7 N4+: NQ(A)7 NQ(B)7
N,(C) and e

e 69 volume reactions
. T =470 K
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5

CoImnparisorn:

Ar/N,

MHCD configuration

Column density

5
-
.
-

Local density

-
-

s
e
.

s
e
-

e
.

s
e
-

s
e
.

=

-
L
s
- -
- =
s

.
.
.

-
- L

-
.

-
-

- -

|
|

b
|
|
|
|
|

]

-

|
]
]

*f.

.

e
-

|
]

-

-
-
]
|
-
-
-

-
o
-
o
-
-

-
-
-
-
F
o
o
o
-
-
-
-

-
-

.
e
_
.
.
.
.

-
=
-
-
-

-
.
-
-

-
.

-

-
-
s
s
s
a8
ge
8 |
-
.
.
.

-
o
-
&
®
-
-
-
-

| s .

.
<
L
| <
'm
e | |
» 113
onm
.
-
-
-

g
.

-
.
-

-
4

.
-
-

=

.

.

. !

-

-

-

-

-

-
-
-
-
-

-
-
.
.
.
.
-
.

e
-

-
-
-

-

T
... ..
.. ...
. . e
... e

-

- -
...
-

L
s

]
o

.
.
.

=
.
.

-
-

-
-

-

.
.
s

.
.
.
=
.

-
.
-
-

-
-
-
-

.
-
.
-

o
-

Global model
Averaged density

-
-

i,

>
r
&

-
.
.

-
R

|

d —

b| Tlmy)
HT = _
Alimentation DC
-2000 a0V

Pump

Cathode

Anode

32

Joint GEC-IOPS / OLTPD seminar — March 7, 2023

e

g

Un

I

Iver
Paris Nord

Sorbonne




- Model of diffusion: n(r}

- VUV FTS measurements: estimation of the absorption length to get
the N density from the column density

- Comparison of ny measurements by FT'S and TALIF

X

Diffusion equation and N atom
conservation equation:
T on(r =
(r) divl’ =0

M B ['(r)=-D
. : : o /

o, L, n(r) =

] f_; fr

P 3

Ry
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- Model of diffusion: n(r}

- VUV FTS measurements: estimation of the absorption length to get
the N density from the column density

- Comparison of ny measurements by FT'S and TALIF

X
& | | | |
= il
0.8 | -
=
: 4
~ 4 mm
o 0.5 no(TALIF) = npapp(r =4 mm) x ——
‘*-2*‘ 0.2 mm
3 0.4 —
o <
'.""‘".;?' g
S 0.2 3
L, 0 10 20 30 40 50

Distance from the hole axis r (mm)
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IModel of diffusion: eff. absorption length

o : : Rong
e Density in cartesian coordinates: n(x,y, z) =
Vat+y?+ 22
* Density profile integrated on the probed volume by the beam
- effective absorption length 1L, (N)

d—+xg J0/2 L/Z
Abs(o) = / / / 2Vdxdydz
LoYo —y0/2 L/Z

d+zo pyo/2 pL/2
Abs(o) = k(o)ng / / / dxdydz
LoYo Yo /2 L/2 \/l2+y + 22

flbb(ﬂ’) — ]1( )nO[mbs

e Numerical integration =2 1, (N)=1.58 mm and ’nFTS—'r?..o—'n.N(r—Bg)

A. Remigy et al. J. Phys. D §5§ (2022) 105202
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| Spatial mapping of N by TALIF

Conditions: 80% N, - 20% Ar, 1.6 mA, 50 mbar

15 —

® ¢ ¢ & ® @ o ¢
! ® @ @ ® @ ® o © v
0-r® @ @ @ @ ® @ . P
® ©¢ ¢ ® ® @& @ X
< & @ GI @ |
® & & ¢ P
0N/ D
o L . . . . . .

|
I 4 6 8 10 12 14 x(mm)

0 0.2 0.4 0.6 0.8 1
— 19 (-3
Ny — 2.05.107 m

 High density near the cathode surface and then fast decay
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I-ﬁgatial mapping of N by TALIF

Conditions: 80% N, - 20% Ar, 1.6 mA, 50 mbar

y (mm) Metal (OV) Teflon 8 "
151 _
@ ® @ @ @ o ©
y _ —~ 6] -
ﬁ? ' & & & o C'Iﬂ
10-® - g
T @ 4| 1 i
! =
| !
I © ~
B 1 = Z %
¢ & & ¢ s 2 i i
1
: 0N/ ONimas L. o ®
70 2 4 6 8 10 12 14 x(mm) on. . . . 4 ]
0 2 4 6 8 10 12 14 16
n-[:ilz L -2 E Axial direction — y (mm)

Oy = -65.1017 m?3
 High density near the cathode surface and then fast decay
 Decrease in agreement with the diffusion model
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I ny: etfect of pressure and dilution

20% N, / 80% Ar, 1 mA 50 mbar, 1 mA

1 | |
e VUV FTS
0.8/ |Wm TALIF E — Model/5 ]
& :
E 0.6 Model/S | @ 1
i g .
— o
< Nt -
= 04 = > [ ] T
|~
g L 1014 _ N
0.2 + 1 I eVUV FTS
i m TALIF
0 | | | | | | | s i i | | i

30 40 50 60 70 80 90 0 20 40 60 80 1[I}D _
Pressure (mbar) % Ny

- Good agreement between TALIF and FTS; higher calculated densities

- Increase of the density with pressure and % of N,; discrepancy
between the two technics at higher pressure

- Opposite trend model/experiments at high % of N,
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Iﬂi effect of dilution

50 mbar, 1 mA

20 T | | |
_ 30 -
1
—_ | &
& |
I
= 520— B!
o ]
3 1S
o -
\‘j o —
v Es.lU'— -
S 1 <
o
D e ————
80
% Ny % Ny

Decrease of n, and n,_, + increase of N,° 2 optimum of % N, for ny?
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Study of the 1 MHCD reactor:
transport of atomic nitrogen
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I Experimental setups for the MHCD characterization

Free jet configuration Jet configuration MCSD configuration
@ = @ @==
E— — —
Upstream Downstreann)
Ar/Ny — 15 mm — Pump
[ —— > tj
|
Vi — e eV
Ei
HV |

DC Supply Power supply

0 - 2000V
MHCD jet without a 3™ electrode \ \ }

MHCD jet with a 3™ electrode:
1.5 cm between the MHCD and the 3™ electrode
MHCD jet / MCSD
(Substrate holder not polarized / polarized)
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I Experimental setups for the MHCD characterization

Free jet configuration

@ — _d[—— ==

Upstream Downstreann)
Ar/Ny — . — Pump
,‘li, mm
| >y
Vi — e -
R
I-I"'.-"-| |
DCT Supply Power supply

0 - 2000V

MHCD jet without a 3™ electrode

30 mbar < P, < 110 mbar
1 mbar < P, < 10 mbar
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| Spatial mapping of N ®

1018 Axial variation gl = 5150 rrblbar 1018 Radial variation
5 = 1 mbar
| N, fraction = 20%

6_% ‘ A | I4=1.6mA ; |

'E}i

<ny > (m™3)
-~
|
|

<ny > (m™3%)
~

0 10 20 30 40 0 5 10 15 20 25
Jet axis - y (mm) Radial direction - x (mm)

A. Remigy et al. PoP 29 (2022) 113508

- Density of N atoms almost constant along the jet axis: decrease of 16% over 35 mm
- Production in the cathodic region and transport along the anodic chamber

due to the pressure differential

- Decrease of the density along the radial direction: density 2 times lower at x=20 mm
= could be overcome using an array of holes (MHCDs in parallel)
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 Effect of the pressures O,

,1019 .1018
I I I I

= 50 mbar i

<ny > (m™3)
H

< ny > (m™3)
W
I
|

= 2 mbar

0 ! ! ! ! ! 0 ! ! I |
0 2 4 6 8 10 12 20 40 60 80 100 120

Pressure P3 (mbar) Pressure P; (mbar)

- ny decreases with P,

- Effect of P, lower than that
of P, (decrease of 30% over a
range of pressure of 80 mbar)
- Decrease of the N atom
density with the increase of

- ny 4 times higher when P,
increases by a factor of 10

- The time spent by the gas
mixture in the cathodic
region increases with P,

the pressure differential, in
both cases = residence time?

Unlv
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Effect of the pressures O,

107 | | | - No general correlation 107 |
P, = 50 mbar ¢ between the residence time 8r )
2 1 and ny
=~ - Role of the residence time _ ¢ @ .
S 15) 1 negligible even if for P, cte, .
) . effect probably ‘f\’ .l i ¢ |
z 1l | compensated by a higher ny
3 at higher pressure \Q/
05| o ¢ | - Larger impact on ny of P,, 2 .
related to the jet P, = 2 mbar
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Un Residence time in the cathodic region (us)
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| D in the deposition chamber @®

= - 2D mapping of ny by TALIF
s
=
S+
o S
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P2 = > O
Y A o
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H == |52
e
P, L =
>
!

Ar/N,

Configurations jet + MCSD
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Imgtial mapping of N: jet configuration ®

Conditions: 80% N, - 20% Ar, 26 sccm, 30 mbar — 10 mbar

Surface: Velocity magnitude (m/s)

y (mm) Metal (OV) Teflon - Arro'w Surface: Yelocity ﬁeld' 101®
15 = T T
® &6 & o O ‘ 140 2 I ® Without obstacle
® ® & ® ¢« 5 ] 120 % I B With obstacle
10-© @ & © @ @ 7 100 "? 1.5 % I
r e 80 & % I
e - . 1 60 1
o o 3 I
40 v
nN/nNmaX X (mm) 20 0.5 “ o J e = o o
00 2 4 6 8 10 1z 14 .I
i ) . =) I
-‘ \ T _ 40 60 mm | |
0 012 0.‘4 016 0.8 1 O0 10 S 20 30 40

O. Gazeli, University of Cyprus, PV Technology Jet axis - y (mm)

_ 19 3
NNmax = 2,99-107m Comsol simulation: 100% Ar

I4= 1.6 mA
ISéme électrode 0 mA

« With an obstacle: depletion in the center - gas flow
 In that case we do not have a film deposition
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| Spatial mapping of N: MCSD ©

Conditions: 80% N, - 20% Ar, 26 sccm, 30 mbar — 10 mbar

ymm)  Metal (0V) Tefon y(mm) — Metal (SOV) y(mm) — Metal (80V) e
. . . 15 = -
15f | 15 - _ ] ® ©6 ¢ ¢ ¢ © o o
e e 0 0 0O ‘ ® o e o o
. . . {3 o . . . . . . . @ . .
- )
0-e @ & ©° : 10 - o o A we e 8 il
e @ @ e o L ? )
® @ e o 5| ® O
°l 1 di . 1 e o
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1 1n
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° 0 2 4 6 8 10 12 14 x (mm) 70 2 4 6 s 10 12 14 x(mm) 2 1 8 1012 My (mm)
T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 ) ’ '
Opmax = 2,99.107 m? Ny = 1,95.101° m Dy = 2,37.101° m

I,= 1.6 mA I,=1.4 mA
I3rd electrode 0 mA I3rd electrode 0.27 mA

I4= 0.62 mA

I3rd electrode

* Mode transition required to homogenize the density

* Almost homogenous density over the whole substrate
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| Conclusion

« MHCD is an effective way to produce high densities of N atoms
and cover a high area substrate homogenously = low cost
process for h-BN deposition

 Small impact of P, on ny, larger effect of P,: great impact of fluid
effects, more than the expected effect of the resident time

« Presence of N atoms near the substrate not enough for a
deposition : bias needed

« 3™ electrode polarized with a voltage high enough to have more
current flowing through the second anode - homogenous
density on the substrate + dissociation of boron precursor?
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Iierspectives

« Future deposition experiments: increase of the pressure in the
deposition chamber (P,) and variation of the bias on the
substrate holder

 Improvement of the global model: chemistry of discharge -
vibrational levels of N,, eedf in presence of N, & Boltzmann’s
solver, treatment of the wall losses = analytical model of the
sheath (+ comparison to PIC simulations)

* Focus on B atoms (mapping in the deposition chamber) +
modelisation of the gas flow = design of the future reactor (new
MHCD source, new heating system of the substrate holder)
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