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Abstract - The excited states of plasmas for surface treatments have been 
detected by emission and absorption spectroscopy. For steel nitriding, the 
absorption spectroscopy using a dye laser ( C A R S )  has given the vibrational 
N2 (X,V) densities which are the most relevant species with N atoms and 
N2' ions. For TiN deposition, the emission spectroscopy has given the best 
working conditions of the hollow cathode discharge presently used. 

INTRODUCTION 

Low pressure discharges are commonly used for surface coatings as steel nitriding 
(ref. 1 )  and TiN deposition on metals (ref. 2). Although plasma nitriding is nowa- 
days widely used commercially and many of the metallurgical problems solved, there 
are still unanswered questions about the glow discharge, for instance the active 
species are not well known. It is the purpose of the present work to analyse the 
glow discharge by emission and absorption spectroscopy in operating conditions of 
plasma nitriding and plasma deposition of TiN on steel surfaces. 

EXCITED STATES OF PLASMAS FOR STEEL SURFACE NITRIDING 

A typical reactor is shown in Fig. 1. It has been described in detail elsewhere 
(ref. 3). A flowing N2-H2 plasma was performed between the metal surface to nitride 
which is the cathode (K) and the reactor walls which are the anode (A) at the ground 
potential. The plasma fulfills the two functions of to heat the metal surface by 
ions bombardment and to create the active species for the metal surface nitriding. 
The light emitted by the plasma is detected through a hole (0) in the plasma reactor 
by using a Jobin-Yvon monochromator (resolution limit 6X = 0.2 8 ) .  

Gas 

I 

Forepump 

Fig. 1. Experimental set-up for steel surface nitriding : A anode, K Steel 
cathode (dia.3~111, surface 20cm2), 0 hole (dia.lcm) and pinholes (dia. 
2m), L optical lens, PM photomultiplier, P picoammeter, R. recorder. 
Gas flow 1-52 h-1 STP, P = 1-5 Tom. 
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IF i I ’  F ig .  2. S p a t i a l  p r o f i l e o f  TR nea r  an i r o n  
ca thode  (P, = 2 Tor r ,  I = S o d ,  
d i a .  3cm, Q = 0.9 lmn-l STP). 

2 

The e x c i t e d  s ta tes  o f  N2+, N2, N H ,  H,  N ,  N+ and Fe have been d e t e c t e d  ( ref .  3 ) .  The 
N2’ emiss ion  (1st n e g a t i v e )  was found t o  be t h e  most i n t e n s e  i n  Nz and N2-H2 mixtu- 
r e s  a t  p r e s s u r e  o f  2-3 Torr  and c u r r e n t  d e n s i t y  o f  about 5 mA cm- . The r o t a t i o n a l  
s t r u c t u r e  o f  t h e  N2’ , 1st nega t ive  R-branch, has  been recorded  and N2+ r o t a t i o n a l  
tempera ture  ( T N ~ + )  has  been c a l c u l a t e d  from t h e  boltzman graph. I n  t h e  n e g a t i v e  glow 
nea r  t h e  ca thode  f a l l  o f  t h e  N2-H2 d i scha rges ,  T N ~ +  has  been found t o  be  c l o s e  ( r e f ,  
3 )  t o  t h e  ca thode  tempera ture  (TK) which has  been measured wi th  a thermocouple.  Pre- 
c i s e  r e s u l t s  on ground s ta te  N2 r o t a t i o n a l  tempera ture  TR have r e c e n t l y  been o b t a i -  
ned ( r e f .  4) by CARS a n a l y s i s  from t h e  cathode f a l l  t o  t h e  nega t ive  glow o f  d.c.  
d i scha rges .  A s  shown i n  Fig.  2 ,  it has  been de termined  i n  a 2 T o n ,  2 mA ~ r n - ~  N2 
d i scha rge ,  TR v a l u e s  which a r e  growing from about 400 K i n  t h e  nega t ive  glow ( Z  > 
5mm) t o  750 K i n  t h e  ca thode  f a l l  (Z = 0.1-lmm). The N2 molecule h e a t i n g  i n  t h e  
ca thode  f a l l  can be  exp la ined  by charge  t r a n s f e r s  from N2+ ions. 
S p e c i a l  a t t e n t i o n  has  been devoted t o  t h e  v i b r a t i o n a l  d i s t r i b u t i o n  o f  N2(X,V) ground 
s t a t e  i n  t h e  glow d i scha rge .  F i r s t  t h e  master equa t ions  f o r  v i b r a t i o n a l  e x c i t a t i o n  
coupled t o  be Boltzman equa t ion  for e l e c t r o n  have been c a l c u l a t e d  by M.Capitell i  e t  
a1 ( r e f .  5 ) .  Second,the v i b r a t i o n a l  d i s t r i b u t i o n  has  been measured i n  N2 p o s i t i v e  
column by CARS(ref. 4). The N2 ( X , V )  d e n s i t i e s  are g iven  i n  F ig .  3 for P N ~  = 2 Tor r ,  
E/no= 5 ~ 1 0 - l ~  V 
charge  t = 10-2 sec .  
The c a l c u l a t e d  va lues  a r e  i n c r e a s i n g  wi th  t h e  r e s idence  t i m e  (10-3-10”2 s e c . )  i n  t h e  
d i scha rge  and are w e l l  r e l a t e d  t o  t h e  exper imenta l  r e s u l t s .  D e n s i t i e s  as h igh  than  
1014 cm-3 for N2 ( X , V = l O )  a r e  reproduced i n  t h e  N2 glow discharge .  Such v i b r a t i o n a l  
s t a t e s  a r e  t h e  most popula ted  e x c i t e d  molecules as shown i n  Table 1 ,  103 t o  105 
h ighe r  i n  d e n s i t y  t h a t  for N2+ i o n s  and e l e c t r o n s .  
The N atoms which are coupled t o  t h e  f i n a l  s t e p  o f  t h e  v i b r a t i o n a l  d i s t r i b u t i o n  
(Ng (~=46) + N2 +N+N+N2) a r e  a l s o  s t r o n g l y  popula ted  i n  t h e  glow d i scha rge ,  i n  t h e  
o r d e r  o f  1 %  as d e t e c t e d  by NO t i t r a t i o n  ( r e f .  6 ) .  

ne = 1 . 7 ~ 1 0 ~ ~  cm-3, Tg = 550 K and r e s idence  t ime i n  t h e  d i s -  

Table 1 .  Plasma parameters  and d e n s i t i e s  o f  s p e c i e s  i n  N p o s i t i v e  column 2 (R=lcm). (From exper imenta l  r e s u l t s  ob ta ined  i n  t h e  Orsay LPGP). 

P1 asma parameters 
Pressure  0.1 - 1 0  T o r r  
Current  d e n s i t y  

E l e c t r i c  f i e l d  10 - 40 V cm-1 

D e n s i t i e s  (exper imenta l  v a l u e s )  
% ( X I  
e ,  N2+ 
N nN = Id3 - id5 cmJ 
t+ (A)  nA = Id1 - 1012 cm-3 
N(2 0, P) nN* = Ido - Id1 cm-3 
y ( X ,  v = 10)  

0.3 - 50 m.A cm-2 
Ga s temperature 400 - 700 K 

no 
ne=ni = 109 - 10“ cm-3 

= 3 x id5 - 3 x id7 cm-3 

nV=10 = id4 cmJ 

(Py = 2 t o r r ,  nb = 1.7  x Ido cmJ, res idence 

t ime 10-2 sec. )  
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Fig.3. V ib ra t iona l  d i s t r i b u t i o n  of  N 2 ( X , V )  i n  N2 p o s i t i v e  colwnn. 
Rectangles  a r e  t h e  C A R S  experimental  r e s u l t s  f o r  a r e s idence  t i m e  t = 
10-2 sec.  F u l l  l i n e s  a r e  c a l c u l a t e d  r e s u l t s  ( 1 )  t = 3.5~10-3 sec ,  ( 2 )  t= 
10-2 sec  ( 3 )  t = 2 x 1 0 4  sec.  PN2 = 2 Tor r ,  E/no = 5x10-16 V cm2, ne = 
1.7 x l O j 0  cm-3, Tg = 550 K .  

Fig.  4. S p a t i a l  p r o f i l e  of  e l  near  an i r o n  cathode (PN = 2 Tor r ,  I = 50111-4 
d i a .  3cm, Q = o,g ~m-1 STP).  2 

The c h a r a c t e r i s t i c  v i b r a t i o n a l  temperature  e l  (N2(v=1) /N2(vd)  = exp-AEl,o/k 9 1 )  has  
been determined i n  t h e  same cond i t ionsas  i n  Fig.  2 (ref. 4). A s  i n d i c a t e d  i n  F ig .  4, 
t h e  91-values a r e  dec reas ing  i n  t h e  cathode f a l l  from 4000 K i n  t h e  nega t ive  glow t o  
2500 K near  t h e  cathode. The TR and 9, 
s i t e  d i r e c t i o n  sugges t ing  t h a t  t h e  gas  h e a t i n g  i n  t h e  cathode f a l l  i n c r e a s e s  t h e  
v i b r a t i o n a l  quenching of  N 2 ( X , V )  molecules. 

temperatures  of  N2 are varying i n  t h e  oppo- 

EXCITED STATES OF PLASMAS FOR TIN DEPOSITION 

The e x c i t e d  s t a t e s  of  Ar-N2-H2 r e a c t i v e  s p u t t e r i n g  plasmas used for TiN depos i t i on  
on s t e e l  s u b s t r a t e s  have been analysed by emission spectroscopy as showninF ig .  5. 
More d e t a i l s  on t h e  experimental  set-up a r e  given i n  r e f .  7. The plasma r e a c t o t  i s  
a s t a i n l e s s  s teel  chamber, 45cm i n  diameter  and 90cm high. A s  shown i n  Fig.  5 ,  a 
T i  e m i t t e r  i s  l o c a t e d  at t h e  c e n t r e  o f  t h e  r e a c t o r .  It i s  a c i r c u l a r  a r r a y  (5.2cm 
i n  diameter  and 15cm h i h h )  of  e i g h t  T i  rods (d i a .  lcm). A p l a i n  s t e e l  s u b s t r a t e  w a s  
pos i t i oned  a t  a d i s t a n c e  Z = 16cm from t h e  T i  cathode. A d.c. nega t ive  vo l t age  
(-1500 V) was app l i ed  t o  t h e  cathode. The s u b s t r a t e  w a s  b i a sed  up t o  -4OOV ( u s u a l l y  
- 1 5 O V ) .  The r e a c t o r  w a l l  was grounded. The d i scha rge  c u r r e n t  w a s  about 3A on t h e  
cathode and 0.5A on t h e  s u b s t r a t e .  Typ ica l ly  t h e  gas mixture  was 65% Ar-32.5% H2- 
2.5% N2 a t  a p r e s s u r e  of  10-1 Torr  and a f low r a t e  o f  5Qh-l STP. The l i g h t  emi t t ed  
by t h e  plasma was d e t e c t e d  by t h e  same o p t i c a l  arrangement as shown i n  Fig. 1 .  The 
o p t i c a l  system r e s t e d  on a r o t a t i n g  t a b l e  t h a t  allowed a s p a t i a l  d i s t r i b u t i o n  s tudy  
between t h e  T i  cathode (Kc) and t h e  s u b s t r a t e  ( S ) .  

The e x c i t e d  states o f  T i ,  Ti’, H ,  N2+, N 2 ,  Ar and A,’ have been de tec t ed .  The spa- 
t i a l  d i s t r i b u t i o n  of  oexc i t ed  s t a t e s  are c h a r a c t e r i z e d  by a n e a r l y  exponen t i a l ly  
decreasing of  Ti atoms from t h e  T i  cathode t o  t h e  s u b s t r a t e  and by a slow i n c r e a s i n g  
of N2 wi th  a maximum va lue  nea r  t h e  s u b s t r a t e .  This  r e s u l t  has  been c o r r e l a t e d  t o  
t h e  r e s u l t i n g  coa t ings  which va ry  from Ti2N c l o s e  t o  t h e  T i  e m i t t e r  (7cm) t o  T i N  
f u r t h e r  away ( r e f .  7 ) .  

A s p e c i a l  e f f e c t  o f  H2 had been observed i n  t h i s  r e a c t i v e  s p u t t e r i n g  discharge.  The 
s p a t i a l  d i s t r i b u t i o n s  of  A,’, 
from t h e  hollow cathode center?;=:? t o  t h e  s u b s t r a t e  (z=120mm) i n  a A, - 10% H2 gas 
mixture a t  p=O.l Torr. By c u t t i n g  o f f  t h e  hydrogen gas f eed  and by ou tgas ing  t h e  

+, T i  and H e x c i t e d  s t a t e s  a r e  given i n  Fig.  6 
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Fig .  5. Experimental  se t -up  o f  T i  hollow ca thode  d i scha rge  f o r  t i t a n i u m  
n i t r i d e  d e p o s i t i o n  ( p  = 7 . 6 ~ 1 0 - ~  T o r r ,  f low rate  5-6 R h-' STP, K, t i t a -  
nium e m i t t e r  comprising an a r r a y  o f  8 T i  rods  ( d i a .  Icm), S s t e e l  sub- 
s t r a t e ,  A l oop  e l e c t r o d e ,  0 Pyrex window. 

s u b s t r a t e  wi th  a n e g a t i v e  vo l t age  up t o  600 v o l t s  ( i o n  bombarding),  on ly  a weak 
emission o f  hydrogen l i n e s  w a s  observed  from t h e  A, plasma, Then by i n t r o d u c t i o n  
ga in  10% of  He i n  A, it was observed 
Fig .  7. A weak H emiss ion  an i n v e r s i l y  s t r o n g  T i  and T i +  emission were recorded  
du r ing  a l l  t h e  t ime when t h e  d i scha rge  w a s  running. I n s i d e  t h e  Ti ca thode  a r r a y ,  t h e  
Ar+,  T i +  and T i  e x c i t e d  s ta te  which a r e  r e l a t e d  t o  t h e  p u l v e r i z i n g  p rocess  were 
s t r o n g  in i n t e n s i t y  and t h e  H and A, emission d isappeared  ( c f .  F ig .  7 ) .  Such r e s u l t s  
were unchanged when 2% o f  N2 was in t roduced  i n t o  t h e  Ar-lO% H2 gas  mixture  and when 
t h e  s u b s t r a t e  was p o l a r i z e d  or n o t .  

t h e  emission o f  e x c i t e d  s p e c i e s  as shown i n  

10000. 
II] AR+ Fig. 7 

+ 

I .  . .  1-\ 

Fig. 6. I n t e n s i t i e s  ( r e l a t i v e  units) o f  H, T i ,  T i+ ,  Ar ,  A,+ e x c i t e d  s t a t e s  
from t h e  hollow ca thode  c e n t e r  (Z=O) t o  t h e  s u b s t r a t e  (Z=120mm). Ar-lO% 
H2 gas  mix tu re ,  s u b s t r a t e  n o t  degas ing  by A, i on  pu lve r i z ing .  

F ig .  7. Same r a d i a t i v e  s ta tes  as i n  Fig. 6. S u b s t r a t e  degas ing  by A, ion 
p u l v e r i z i n g  and then  i n t r o d u c t i o n  o f  10% H2 i n  A, ( p  = 0.1 T o r r ) .  
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Fig .  8. Ha l i n e  p r o f i l e s  r e s p e c t i v e l y  
n e a r  t h e  s u b s t r a t e  ( a ) ,  a t  60cm from 
t h e  T i  emitter ( b )  and nea r  t h e  T i  
e m i t t e r  ( c )  . 

P r o f i l e s  o f  Ha emission have been recorded  from t h e  T i  e m i t t e r  t o  t h e  s u b s t r a t e  
( r e f .  8 ) .  A s  shown i n  Fig. 8 ,  s u r p r i s i n g  p r o f i l e s  have been recorded  n e a r  t h e  
s u b s t r a t e  ( a ) ,  a t  6ocm from t h e  T i  ca thode  (b) and n e a r  t h e  ca thode  ( c )  i n  a A r - l O %  
N2 mix ture .  

The p r o f i l e s  o f  Ha c o n s i s t  o f  a narrow c e n t r a l  peak o f  wid th  equa l  t o  0.05nm. which 
t o p s  a ve ry  l a r g e  and broad non gauss i an  component o f  wid th  2 0-35 nm. The narrow 
peak i s  t h e  r e s u l t  o f  Doppler broadening  o f  slow H atoms wi th  e n e r g i e s  l e s s  t han  
1 ev. The broad component comes from fast  H atoms whose e n e r g i e s  a r e  between 10 and 
100 ev. 
Such f a s t  H atoms a r e  produced by d i s s o c i a t i v e  i o n i z a t i o n  o f  H2 fo l lowing  t h e  reac-  
t i o n s  : 

H* - H + hv (Ha ) 

The broad component i s  dominant nea r  t h e  s u b s t r a t e  (Fig.  8 a )  when t h e  H2 gas  f eed  
was c u t  o f f .  Then t h e  H deso rp t ion  from t h e  s u b s t r a t e  can produce Hp-which l e a d  
t o  v i b r a t i o n a l l y  e x c i t e d  n e u t r a l  molecules H2 ( X , V )  ( r e f .  9 )  and t o  f a s t  e x c i t e d  H 
atoms fo l lowing  r e a c t i o n s  1 and 2. 

It appears  from t h i s  s tudy  t h a t  t h e  b e s t  working cond i t ions  o f  T i  s p u t t e r i n g  a r e  
ob ta ined  i n  pure  A, d i scha rge .  The r e a c t i v e  H2 and N2 gases  a r e  necessa ry  t o  o b t a i n  
unpowdery TiN coa t ings  bu t  t h e y  must be in t roduced  i n  such a manner t h a t  t h e  Ar -T i  
plasma p reven t s  t h e  po i son ing  o f  t h e  ca thode  and s u b s t r a t e  metal bod ie s  by t h e s e  
r e a c t i v e  gases .  

CONCLUDING REMARKS 

The spec t roscopy o f  plasmas f o r  s u r f a c e  t r ea tmen t s  i s  an i n  s i t u  d i a g n o s t i c s  a l l o -  
wing t o  s tudy  t h e  behaviour  o f  t h e  a c t i v e  s p e c i e s  du r ing  a g iven  process .  For s t e e l  
n i t r i d i n g ,  t h e  N2+ ions  and t h e  N2(X.V) and N n e u t r a l  s p e c i e s  appear  t o  b e  r e l e v a n t  
spec ies .  The H2 gas  i s  in t roduced  i n t o  t h e  n i t r i d i n g  plasmas presumably t o  d e s t r o y  
t h e  meta l  s u r f a c e  oxides  and a l s o  t o  o b t a i n  unpowdery T i N  coa t ings .  But c a u t i o n  must 
be t aken  wi th  H2 i n  s p u t t e r i n g  d i scha rges  s i n c e  t h e  ca thode  and t h e  s u b s t r a t e  could  
be  poisened  by t h i s  r e a c t i v e  gas  p e r t u r b i n g  t h e  plasma working cond i t ions .  
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