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Oxygen-Tantalum Interaction in Niobium

This article  deals w ith results o f  the investigation  o f  oxygen dissolu tion  in niobium  foil con tain ing  
tan ta lu m  im purity . Experim ental d a ta  show  spatial separa tion  o f oxygen and  tan ta lu m  in niobium  if 
the oxygen concen tra tion  is n ear to  the oxygen solibility lim it in n iobium  a t room  tem perature. 
T an ta lu m  a tom s m ove to  the foil surface, and there is m ore oxygen in the  foil volum e than  near the 
foil surface. E nrichm ent o f  n iobium  foil surface by tan ta lum  influences strongly  the oxygen diffusion 
across the foil and foil surface ability  to electron injection.

1. Introduction

N iobium -based layer structures are widely used in electronics as parts  o f  various solid state 
devices ( J a c k s o n  et a l .; P a l a t n i k  et al. 1978). It has been verified tha t the extent o f  im purities 
in niobium  significantly affects the perform ance characteristics o f such devices ( P a l a t n ik  

et al. 1994; S h a m i r , A t z m o n y ). The m ost active interstitial im purity in niobium  is oxygen, 
th a t has the m axim um  dissolved energy in com parison w ith other typical interstitial im purities 
(nitrogen, hydrogen, carbon) ( F r o m m ). T antalum  is the m ain substitution im purity in 
niobium . These metals (Та and N b) themselves have much in com m on in their crystalline 
structure and chemical and physical properties ( F r o m m , G e b h a r d t ).

In the present study peculiarities o f  oxygen dissolution  in niobium  contain ing  tan ta lum  
im purity  were investigated.

2. Samples and experimental technique

The object investigated in this pap er was n iob ium  foil w ith a  thickness h =  5 ■ 10~4 ni. The foil was 
electrochem ically polished and  annealed  du ring  t =  30 m in at the tem pera tu re  T  =  2300 К  in a vacuum  
P  =  2 * 10~4 Pa. C o n cen tra tio n s (C) o f  the m ain  im purities in n iob ium  w ere: tan ta lu m  CTa =  500 ppm , 
oxygen C0 =  200 ppm , o th er im purities С  g  50 ppm .

D issolu tion  o f  oxygen in the n iob ium  foil was perform ed due to the sam ple exposition du ring  various 
times in the env ironm ent o f  oxygen a t T  =  1950 К  and P  =  2 • I0 ~ 3 Pa. Solid sta te  oxygen d iffu­
sion from  niobium  and  tan ta lu m  pow ders to the foil was used also. The pow ders con tain ing  
CQ =  1.2 • 104 ppm  were sintered with the  foil a t T  =  1950 К., P  =  8 • 10~4 Pa during  t =  30 m in. The 
experim ents on sin tering  were perform ed on tan ta lu m  foil also as niobium  foil.

The chem ical com position  o f  foils was m on ito red  by laser and secondary-ion  m ass-spectrom etry  
(LM S and  SIM S) m ethods. The laser w ith a  pow er o f  1013 — 1014 W t/m 2 an d  a  period o f  flash 10 — 20 ns 
was used for LM S. T he argon  ions w ith the energy o f  3 — 5 keV were used for SIM S. Besides that, 
the period o f  the crystal lattice (a) and  m icrohardness ( H v ) o f  foils were determ ined. T he value a was 
determ ined by X -ray  analysis w ith cobalt K a  rad ia tion . T he value H v  was determ ined by the  Vickers 
m ethod  using a  load  o f  0.1 kg.

F o r the investigation  o f  the n iob ium  surface p ro perty  o f  electron  injection the N b 20 5 film  w ith 
/; =  1 • 10~7 m  was grow n by electrochem ical ox idation  in 0.01 M aqueous so lu tion  o f  phosphoric  
acid a t room  tem perature. T he clipping probe  m ade o f  the sam e m ateria l as the base m etal was used 
to  apply  voltage (V) to  the N b 20 5 film  during  electrical m easurem ents. A ccording to  K o d a  et al. the 
cu rren t (I) flow ing th rough  N b 20 5 in the layer struc tu re  N b  —N b 20 5 —N b  in the field o f  non linear 
IV characte ris tic  has injection  nature .
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Fig. 1. M icrophotograph o f the cross-sec­
tion o f a niobium foil with diam ond pyramid 
indentations

3. Results and discussion

Figure 1 presents a m icropho tograph  cross-section o f  a n iobium  foil w ith d iam ond pyram id 
indentation . F igure 1 shows th a t the foil has a large crystal grains as the foil thickness. 
The values a and  H y in the volum e o f  the crystal grains increased regular by increase o f  
C0 in n iobium  ( F r o m m , G e b h a r d t ) ,  changing from  a =  3.300 A and  # v =  7 ■ 107 k g /m 2 
for the initial foil to  a = 3.308 A and # v =  3 • 108 kg /m 2 for the foil w ith CG =  
2 .2- 104 ppm . This last CQ value is near the oxygen solubility lim it (C,) in n iob ium  a t 
T  = 300 К ( T a y l o r ,  D o y l e ) .

W ith fu rthe r dissolution  o f  the oxygen in n iobium  the values a an d  H y are practically  
constan t in the crystal grains volum e. The peak values H v are observed near the grain 
boundaries as a result o f  the supersa tu rated  solid solution  N b (O ) decay an d  precip ita tion  
o f  n iobium  oxide phases.

D istribu tion  o f  im purities across the n iobium  foil is displayed in F igure 2, w here one 
can see th a t the d istribu tion  o f  the oxygen (curve 1) and tan ta lum  (curve 2) in n iobium  
a t low C0 is nearly  hom ogeneous. A t CG »  C( the tan ta lum  moves to  the foil surface (curve 3) 
and  there is m ore oxygen in the foil volum e than  near the foil surface (curve 4).

S patial separation  o f the n iobium  and  tan ta lum  in the solid so lu tion  N b(T a) w ith unlim ited 
m utual so lu tion  of the com ponents ( H a n s e n , A n d e r k o ) is caused by m inim ization  o f  the 
solu tion  free energy in the availability  o f  the th ird  com ponent oxygen. It is p rom oted  by

Fig. 2. Distribution of oxygen (1,3) and tantalum  (2,4) across 
a niobium foil at low CQ (1, 2) and at CQ ^  C, (3, 4)
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Fig. 3. Distribution of oxygen across foils for oxygen dif­
fusion from tantalum  powder to niobium foil (1) and from 
niobium powder to tantalum  foil (2)

the high tem peratu re o f  the oxygen dissolution  and  difference o f the values C, and the free 
energy (E) o f  the oxide phases fo rm ation  for n iobium  and  tan ta lu m  ( F r o m m , G e b h a r d t ). 

P articularly , as the value E  for T a 20 5 is higher th an  for N b 2O s so it is m ore energy 
favourab le th an  th a t tan ta lu m  atom s m ove to  the foil surface, w here the probability  of 
oxide phase fo rm ation  is m ore p robable than  in  the foil volume.

F igure 2 shows th a t oxygen diffusion in the nonhom ogeneous solid solu tion  N b(T a) 
occurs from  the area w ith lower CD near the foil surface to  the area w ith higher C„ in the 
foil volum e. T h a t m ay be caused by increase o f  the electrochem ical po ten tia l (cp) o f oxygen 
in N b (T a) w ith increase o f  the tan ta lum  concen tra tion  CTa. So, the value cp is higher near 
the foil surface th an  in the foil volum e. Therefore, the oxygen diffusion in nonhom ogeneous 
N b (T a) occurs in the d irection  o f  the decrease o f  the value cp.

The lim it case o f  the oxygen diffusion in honhom ogeneous N b (T a) is the oxygen 
red istribu tion  between n iob ium  and  tan ta lum . The results o f  this experim ent are presented 
in F igure 3 w here the oxygen concen tra tion  in the foil is m uch higher in the case o f  oxygen
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Fig. 4. IV characteristics for the N b/N b2O s/N b on the base o f the 
initial (1) and oxygen-saturated (2) niobium foil
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diffusion from  tan ta lu m  pow der to  n iobium  foil (curve 1) th an  in the case o f  oxygen 
diffusion from  niobium  pow der to  tan ta lum  foil (curve 2).

The oxygen concen tra tion  C„ in the n iob ium  and tan ta lum  pow ders and  the diffusion 
conditions (T, t) were identical in bo th  cases. The oxygen diffusivities in n iobium  and  in 
tan ta lum  are sim ilar (F ro m m , G e b h a r d t ) .  T hat is why the results presented  in F igure 3 
m ay be caused by the presence o f  the energy barrier fo r the oxygen on the interface between 
niobium  and tan ta lum . This b arrie r arises from  the higher value cp in tan ta lum  th an  in 
niobium . It limits the oxygen diffusion from  niobium  to  tan ta lu m  and doesn’t lim it the 
oxygen diffusion in the opposite direction.

It is obvious th a t a sim ilar barrier is form ed in the nonhom ogeneous solid solu tion  
N b(T a) between layer with large CTa adjacent to  the foil surface and  the foil volum e with 
m inim um  CTa. This barrier lim its the oxygen diffusion from  the volum e to  the foil surface.

D isplacem ent o f  tan ta lum  atom s to  the surface o f  the n iobium  foil sa tu ra ted  by oxygen 
influences strongly the n iobium  surface properties, including the ability  to  electron injection. 
F igure 4 presents IV characteristics for the structure N b  — N b 20 5 — Nib on the base o f  the 
initial n iobium  foil (curve 1) and such one sa tu ra ted  by oxygen (curve 2). The chem ical 
com position o f  these foils is presented in F igure 2. The F igure 4 shows th a t the injection 
curren t th rough  the N b 2O s Film decreases by sim ultaneous increase o f  the C0 an d  CTa at 
the foil surface. As the oxygen solubility in niobium  leads to  decrease o f  the electronic 
w ork function  o f  n iobium  and hence leads to  increase o f  the electron injection from  niobium  
( I s h c h u k ,  K a n a s h ) ,  this effect is caused by the enrichm ent o f  the n iobium  surface by 
tan talum .

The au th o rs  wish to thank  L. S. P a l a t n ik  and A . I. F e d o r e n k o  fo r helpful discussions o f  paper 
results and A . A . A r in k i n  for perform ing o f  X -ray  analysis.
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