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Introduct ion 
Sput t e r  deposi ted aus teni t ic  s ta inless  steels, AISI 304 and  316 (304-SS and 316- 

SS), a l m o s t  a lways  r e su l t  in fi lms hav ing  crysta l l ine  s t r u c t u r e s  different  f rom the 
pa ren t  mater ia l  when  the deposi t ion t e m p e r a t u r e  is below 648 K. For ins tance,  304- 
SS and  316-SS films spu t te r -depos i t ed  on polished and  ion-c leaned steel or on glass 
slide s u b s t r a t e s  are body  centered  cubic (bcc) while the ta rge t  mate r ia l  i tself  is face 
centered cubic (fcc). [1] Similarly, a bcc s t ruc tu re  is obta ined in the film when  304L- 
SS is depos i ted  on oxygen-free h igh-conduc t iv i ty  copper ,  in the  t e m p e r a t u r e  range  
be tween  274 and  648 K. [2] Our  earl ier  invest igat ion showed when  316L-SS films 
were s p u t t e r - d e p o s i t e d  on glass  s u b s t r a t e s  a t  room t e m p e r a t u r e ,  they  con ta ined  a 
mix tu re  of two p h a s e s ,  a ferri te like bcc p h a s e  and  a hexagona l  p h a s e  bear ing  a 
r e semblance  to ~-mar tens i te .  [3] Spu t t e r  deposi t ion of 304-SS per formed at  77 K on 
rock  sa l t  r e su l t ed  in an  a m o r p h o u s  s t ruc tu re ;  however ,  w h e n  depos i ted  a t  room 
tempera tu re ,  it yielded a s t ruc tu re  tha t  could not  be indexed ei ther  as  bcc or as fcc. 
[4] The depos i ted  films exhibi ted an  fcc s t r u c t u r e  only w h e n  the  deposi t ion was  
performed at  t empe ra tu r e s  above 773 K [2] or when  the target  was  r icher  in nickel. [1] 
In the  la t ter  case,  the deposi ted film consis ted  of a mix tu re  of  fcc and  bcc phases .  
Thus,  in general  for AISI 304 or 316 composi t ions,  low t e m p e r a t u r e  deposi t ions  resul t  
in fi lms with  bcc  crys ta l  s t ruc tu re ,  whe reas  high t e m p e r a t u r e  depos i t ions  yield fcc 
films. The spu t te r ing  yield of the three main  species,  viz. iron, nickel and  chromium,  
is abou t  the  s ame  and hence  the composi t ion of the film is found to be  very similar  to 
tha t  of the target.  [3] In addit ion to the t empera tu re  dependence,  it is also relevant  to 
quest ion whe the r  the s u b s t r a t e  can influence the na tu re  of the p h a s e s  p resen t  in the 
films. In this paper ,  we address  this quest ion by changing the surface  condition of the 
subs t ra te .  With th is  pu rpose  we have  selected a s u b s t r a t e  of a s imilar  na tu r e  to the 
target  to be sput tered ,  316L-SS, and varied the surface prepara t ion .  

Experimental Procedure 
Films of 316L s ta in less  steel (316L-SS) were spu t t e r -depos i t ed  on 316L-SS and 

on g l a s s  s u b s t r a t e s  in a m a g n e t r o n  s p u t t e r - d e p o s i t i o n  modu le .  The 316L-SS 
s u b s t r a t e s  were  used  in the following condit ions:  i) as -pol ished,  ii) a s -po l i shed  and  
acid-cleaned,  iii) annealed,  and  iv) annea led  and  acid-cleaned.  V a c u u m  annea l ing  of 
well pol ished s u b s t r a t e s  (1 ~m-finish) was  carr ied out  for 1 ks  a t  1323 K. Cleaning 
with a 10%HCl-aqueous  solution appeared  to remove the oxide layer otherwise p resen t  
on the  s u b s t r a t e s  exposed  to air.  After cleaning,  the  s u b s t r a t e s  were  p r o m p t l y  
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t ransferred to the deposit ion chamber .  Deposited film th ickness  varied between 0.5 to 
2.0 Inn. Phase determinat ion in the film was done using a Rigaku x-ray diffractometer 
by scanning in the 28 range from 10 ° to 150 °. Once the peaks  were detected,  slower 
and shor t e r  range  scans  were done to precisely  de te rmine  the  peak  posi t ions  for 
accura te  determinat ion of the phases .  

Magnet ron  spu t t e r  deposi t ions  were carr ied out  in a co n s t an t  c u r r e n t  mode, 
adjust ing the sample- to- target  dis tance to at tain a deposit ion rate of 150 n m / k s .  The 
base pressure  a t ta ined was usual ly  in the low 10 -3 Pa range. A potential  of about  400 
V was required to main ta in  a cur ren t  of 100 mA at the  argon pressure  of 4 Pa. The 
subs t ra tes  were covered unti l  surface contaminat ion  on the target  had been  sput tered  
off and the p lasma  had  become stable. The deposi t ions were performed at  ambient  
t empera ture  wi thout  subs t ra te  cooling, bu t  t empera ture  was never  higher  t h an  300 K. 

R e s u l t s  
Film th ickness  varied from 0.5 Bm to 2.0 ~tm depending  on the exper imental  

condi t ions  and  depos i t ion  time. Since the x- rays  p en e t r a t e  t h r o u g h  the  ent i re  
th ickness  of the film in this  range of th icknesses ,  the diffraction pa t t e rn  conta ins  
information from both  the subs t ra te  and the film. In order  to clearly separa te  these 
effects, x- ray diffraction pa t t e rns  were obta ined from the subs t r a t e  before and after  
deposit ion.  No difference is to be expected from the p resence  of a very th in  oxide 
layer on the subs t ra te .  The pos t -deposi t ion  pa t t e rns  could t h en  be analyzed and 
compared with the subs t ra te  pat tern .  

Figure 1 shows both  the diffraction pat terns ,  before and after  deposi t ion on as- 
polished 316L-SS substra te .  The subs t ra te  diffraction pat tern,  figure la ,  shows an  fcc 
s t ruc tu re  with n e a r - r a n d o m  orientat ion.  After film deposit ion,  addi t ional  bcc peaks  
appeared in the diffraction pa t te rn  as seen in figure lb.  The [200] bcc peak  is broader  
than  the subs t r a t e  fcc peaks.  Careful analysis  also revealed addi t ional  peaks  tha t  
cor respond  to a hexagona l  phase .  This phase  h a s  been  identified and  explained 
elsewhere.  [3] The b roaden ing  of the  [200] peak  sugges t s  two poss ible  causes:  
microstresses in the Film, or a fine grain size. 

The films deposi ted on polished and acid-cleaned subs t ra te  were highly textured 
and had  a bcc  s t ruc tu re .  The tex ture ,  p r edominan t ly  [200], was  independen t ly  
verified by  a grazing angle technique.  Figure 2a shows the in tense  [200] peak in the 
diffraction pat tern .  The peak was broader  compared to the subs t ra te  peaks  suggesting 
ei ther  fine grain size or res idual  s t resses  in the film. The grazing angle diffraction 
pa t te rn  is shown in figure 2b. All o ther  peaks,  except  [200], appear  in the pa t te rn  
when the grazing angle of incidence 0 was kept  at  5 °, which suppor t s  the existence of 
preferred texture .  The deposit ion performed on the as-annealed  (uncleaned) subs t ra te  
resul ted in a film with a bcc s t ructure .  

The  dif f ract ion p a t t e r n  from the  annea led  s u b s t r a t e  c lear ly  reveals  an  fcc 
s t ructure ,  as i l lustrated in figure 3a. The peaks  are m u c h  sharper  and be t te r  resolved 
than  those  obta ined from mechanical ly  polished subs t ra t e  (figure la). No bcc peaks 
were detected in the  diffraction pa t t e rn  from the f i lm/ac id-c leaned subs t r a t e  couple, 
as seen in figure 3b. Figure 4a  shows a scanning electron microscope image of the 
f i lm-subs t r a t e  couple .  The film is s een  to perfec t ly  m a t c h  the  s u b s t r a t e  grain 
s t ruc ture  suggest ing tha t  it has  grown epitaxially. There  are no dist inguishing features 
between the film and the subs t ra te .  In order  to ensure  tha t  a film had  actual ly  been 
deposited, the surface was e tched with an  acid to remove par t  of the film. Figure 4b 
shows an  optical photomicrograph of a partially removed film, t h u s  confirming tha t  the 
film was epitaxiallv grown on the substrate .  Table I summarizes  all the  results.  
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Table I: St ructure  of 316L-SS films on 316L-SS substrates .  

S t ruc ture  of 

Condition of the subst ra te  phases  present  in the 

deposited film 

Mechanically polished * bcc + hexagonal  

Mechanically polished and HCI cleaned bcc (textured) 

I Annealed* bcc  

Annealed and HCI cleaned fcc (textured) + trace bcc 

* The surface is covered with a thin native oxide layer. 

Discussion 
The most  significant result  of these experiments is that  this is the first time that  

a film with an  fcc s t ruc ture  was sput ter-deposi ted from a 316L-SS target material at  
room tempera ture .  Earlier investigations reported an fcc s t ruc tu re  in as-deposi ted 
films only when deposition, of a similar composition, was performed at tempera tures  
above 773 K [21, or when the target material was made of composit ions richer in nickel 
(20 to 30%) which is an austeni te  stabilizer. [1] Stainless steels are generally covered 
with a tenacious  oxide film on the surface. This film usual ly  forms when a freshly 
polished surface is exposed to air even for a short  period of time. The annealed 316L- 
SS subs t ra te  in our  case was chemically cleaned to remove the surface oxide film and 
rapidly t ransferred to the deposition chamber  so as to expose the fcc subst ra te  to the 
incoming atoms.  This was apparent ly  accomplished since the film grew epitaxially. 
Thus, the a toms coming off of the target had  natura l  sites to occupy, provided by the 
oxide-free fcc subst ra te  surface. Though bcc is the thermodynamical ly  stable phase at 
room tempera ture  for similar composi t ions [5[, fcc film formation occurs  in this case 
since fcc nucleat ion is not necessary. 

The formation of a bcc film on annealed surface that  had  not  been acid-cleaned 
can then be explained by the presence of an oxide layer on the surface which prohibits 
epitaxial regrowth. In this case, the depositing atoms mus t  nucleate the lowest energy 
solid phase  and thus  the more stable bcc s t ruc tu re  develops. X-ray diffraction 
pa t te rns  obtained from the annealed subs t ra te  showed tha t  this subs t ra te  had no 
residual  s tresses.  The epitaxially grown fcc film and its annealed and acid-cleaned 
subs t ra te  did not  contain any  residual  s tresses either, as seen from the sharp  peaks 
obtained from the f i lm/subs t ra te  couple. The bcc film formed on the plain annealed 
subs t ra te  (not acid-cleaned), however, did show evidence of residual  s t resses  in the 
film. 

For acid-cleaned mechanical ly  polished subst ra tes ,  we obtained a textured bcc 
film ra the r  t han  an fcc film as was the case with the annealed  and acid-cleaned 
substrate .  It is known that  mechanical  polishing results  in extensive damage to the 
near-surface region. Transmission electron microscopy of a 304-SS disk, polished to a 
3 pm diamond finish, revealed that  polishing produced an (z '-martensite layer in the 
austeni t ic  surface. [6] A 10 nm-th ick  layer of ce '-martensite was also detected by 
grazing angle x - ray  d i f f rac tometry  on a mechan ica l ly  pol ished 304-SS  disk. [7] 
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Although we could not  detect  the presence  of such  a th in  mar tens i t i c  layer, it m a y  be 
specu la t ed  t h a t  a n  fcc film did not  form since the  requi red  fcc sur face  was  not  
produced when  the mechanica l ly  polished subs t r a t e  was  acid-cleaned.  The texture  of 
the bcc film m a y  hence  have  been  caused  by epitaxial  growth f rom the tex tured  o~'- 
mar tens i te ,  formed by  polishing. 

Dahlgren  also s tudied  the  effect off the  s u b s t r a t e  condi t ion on deposi ted film 
s t ruc tu re .  [2] He s p u t t e r  c leaned the copper  s u b s t r a t e s  pr ior  to deposi t ion.  The 
choice of copper  s u b s t r a t e  is re levant  because  it is an  fcc mater ia l  and  h a s  a lattice 
cons tan t  a lmos t  the s ame  as tha t  for 316L-SS. Since epitaxial  growth was  possible,  it 
should have occurred on a copper  subs t ra t e  as well. However, Dahlgren did not  obtain 
an  fcc film from deposi t ions  per formed at  room tempera tu re .  There  are two probable  
explanat ions:  (1) epitaxial  growth was  not  poss ible  b e c a u s e  of the difference in the 
chemical  na tu r e  of the film and the subs t ra te ,  or (2) ion-cleaning damaged  the surface 
enough to prohib i t  epitaxial  regrowth. This las t  hypothes i s  would be  cons is ten t  with 
our  resu l t s  t ha t  bcc  films are grown in acid-cleaned s u b s t r a t e s  tha t  are damaged  by 
mechan ica l  polishing. In o ther  ins tances  where  aus teni t ic  s ta in less  steel  s u b s t r a t e s  
were used ,  we believe t h a t  the su r faces  were  a lways  covered wi th  oxide, which  
prevented the occurrence  of epitaxial  growth. 

The compe t i t ive  n a t u r e  of the  two p r o c e s s e s ,  viz, ep i tax ia l  r eg rowth  vs.  
nucleat ion and  growth, becomes  clear when  the resul ts  from the spu t t e r  deposit ion on 
oxidized and  oxide-free su r faces  are  considered.  A bcc  film grows on an  oxidized 
austeni t ic  s u b s t r a t e  when  the s t ruc tu re  of the aus ten i te  has  no influence on the film 
growth due to the p resence  of an  in termedia te  layer. It may  be concluded tha t  when  
the film forms  by  nuc lea t ion  and  growth, the t he rmodynamica l l y  s tab le  bcc p h a s e  
develops.  By con t ras t ,  when  the  in te rmedia te  layer  is removed,  the  me ta s t ab l e  fcc 
phase  develops f rom epitaxial  growth of the film on aus teni t ic  s u b s t r a t e  because  the 
nucleat ion stage can  be c i rcumvented.  

AcknowledL~nents 
This  project  was  sponso red  in pa r t  b y - t h e  Electrical  Power Resea rch  Ins t i tu te  

Gran t  No. RP8011-02,  by  the National  Science Founda t ion  G r a n t  No. DMR-8900417 
and in pa r t  by  the  U.S. D e p a r t m e n t  of Energy,  Ass i s t an t  Secre ta ry  for Conserva t ion  
and  Renewable  Energy,  Office of T r a n s p o r t a t i o n  Technologies ,  as  p a r t  of the High 
T e m p e r a t u r e  M a t e r i a l s  L a b o r a t o r y  Use r  P r o g r a m ,  u n d e r  c o n t r a c t  DE-AC05-  
840R21400 m a n a g e d  by Mart in Mariet ta  Energy Systems,  Inc. 

References  
[1] S. Malavasi,  A. Oueldennaoua ,  M. Foos, and  C. Frantz, J.  Vac. ScL Technol, A, 5(4) 

(1987), 1888 
[2] S . D .  Dahlgren,  Met. Trans.,  I (1970), 3095 
[3] M . J .  Godbole,  A. J .  Pedraza,  L. F. Allard, and  G. Geesey,  J. Mater. ScL, 2 7  

(1992), 
[4] P . J .  Grund y  and  J .  M. Marsh,  J. Mater. ScL (Lett.), 13 (1978), 677 
[5[ T. Angel, J. Iron Steel Inst., 177  (1954}, 165 
[6] I .L .  Singer, R. G. Vardiman,  and  R. N. Bolster, J. Mater. Res.,  3 (6), (1988), 1134 
[7] Y. Arnaud,  M. Brunel ,  A. M. Debecdelievre,  M. Romand ,  P. Thevenard ,  and  M. 

Robelet, Appl. Surf. ScL, 26,  (1986), 12 



Vol. 28, No. 10 SPUTTER-DEPOSITED FILMS 1205 

Z 

Z 
i . i  

[hklJ for  f c c  
{hkl] for  bcc  

. ~  - k - a  

-I . . . . . . . . . . . . . . . . . . .  '- ~ b ,-i 
40.00 60.00 BO. 00 100.00 

20 
Figure I: X-ray diffraction pattern from a) 316L-SS mechanically polished substrate and 

b) sputter-deposited 316L-SS film-substrate couple. 
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Figure 2: X-ray diffraction pattern from a 316L-SS sputter deposited film-oxide free 
substrate couple in a) parafocusing geometry and b) grazing angle geometry. 



1206 SPUTTER-DEPOSITED FILMS Vol. 28, No. i0 

Ihkl] for f c c  

M 

a 

~ L l i l U l U l ~ a i n l ~ n l J l u l l l I I n n n D l l | l ~  
49.00 60.00 B0.00 100.00 

20 

Pigure 3: X-ray diffraction pattern from a) 316L-SS acid-cleaned annealed substrate and 
b) sputter-deposited 316L-SS film-substrate couple. 

Figure 4: a) Scanning electron micrograph of the 316L-SS film sputter-deposited on 
acid-cleaned annealed substrate showing perfect reproduction of the substrate 
grain structure, b) Optical micrograph of the partially removed Ailm from the 
substrate after slight etching of the surface. 


