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SUMMARY 

A low energy ion beam deposition technique was used to grow boron nitride 
films on quartz, germanium, silicon, gallium arsenide, and indium phosphide. 
The film structure was amorphous with evidence of a hexagonal phase. The peak 
boron concentration was 82 at %. The carbon and oxygen impurities were in 

e the 5 to 8 at % range. Boron-nitrogen and boron-boron bonds were revealed 
by x-ray photoelectron spectroscopy. The index o f  refraction varied from 1.65 

cient o f  friction for boron nitride in sliding contact with diamond was less 
than 0.1. 
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I to 1.67 for films deposited on the III-V compound semiconductors. The coeffi- 

INTRODUCTION 

Thin boron nitride (BN) films can be useful for passivation, as gate 
dielectrics, and masks in x-ray lithography. BN, a htgh temperature, wear- 
resistant, corrosion-resistant material, is chemically inert. Several techni- 
ques are used to synthesize BN: chemical vapor deposition (refs. 1 and 2), 
sputter deposition (ref. 3), ion implantation (ref. 4), reactive evaporation 
(ref. 5), and ion beam deposition (ref. 6). 

In the present study, the compositional and optical properties, as well 
as the mechanical characteristics of the films are reported. 

EXPERIMENTAL 

The BN samples were deposited on quartz, germanlum, silicon, n-type gal- 
lium arsenide, and n-type indium phosphide substrates. 
technique utilized a borazine plasma. 
150 and 500 eV, and the substrate temperatures were 200 and 350 OC. The films 
adhered to all the substrates. 

The ion beam deposition 
The ion bombardment energies were 

The microstructural data for BN were obtained by means of transmission 
electron microscopy (TEM) and electron diffraction. The film was mechanically 
removed from the substrate for the microstructural studies by ion etching. 
(The film could not be pried off in the same manner as pyrolytic BN.) 

The chemical bonding states of boron, nitrogen, carbon, and oxygen were 
studied by means of x-ray photoelectron spectroscopy (XPS). The x-ray source 
was an aluminum anode. The measurements were taken at a power of 400 W .  The 
binding energy of the gold 4 f7/2 peak was set at 83.8 eV. 

Depth profiling was performed by rastering of a focused, 3 keV argon ion beam. 
The BN film surface was analyzed by Auger electron spectroscopy (AES). 



The s to ich iomet ry  o f  t h e  f i l m  was ca lcu la ted  us ing  standard elemental  s e n s i t i v -  
i t y  f a c t o r s  ( r e f .  7 ) .  

The t ransmiss ion spectrum f o r  BN deposited on a germanium m u l t i p l e  i n t e r -  
n a l  r e f l e c t i o n  ( M I R )  p l a t e  was measured f rom 2.5 t o  50 pm by spectrophotometry.  
I n  a d d i t i o n ,  absorp t ion  s tud ies  of BN-on-quartz were made i n  the  0.19 t o  3 . 2  pm 
range. 

Re f rac t i ve  i nd i ces ,  e x t i n c t i o n  c o e f f i c i e n t s ,  and f i l m  th icknesses were 
determined us ing a r o t a t i n g  analyzer  e l l ipsometer .  A Xe arc  lamp produced the  
i n c i d e n t  l i g h t .  The m u l t i p l e  angles and wavelengths technique was app l i ed  t o  
t h e  exper imental  da ta  ( r e f .  8 ) .  A t  l e a s t  f i v e  angles of inc idence were u t i l -  
i z e d  a t  each wavelength. 

Single-pass sc ra tch  t e s t s  o f  the BN sur face were conducted i n  a f r i c t i o n  
and wear apparatus opera t ing  i n  a i r .  One end o f  a rod contained the  diamond 
p i n .  Dead weights were p laced i n  a pan loca ted  a t  t he  o ther  end o f  t h e  rod,  
thus p e r m i t t i n g  t h e  f i l m  t o  be loaded. The diamond and BN sur faces were 
brought i n t o  contac t  and loaded. The contact  t i m e ,  p r i o r  t o  a s l i d i n g  exper i -  
ment, was 30 sec. The t o t a l  s l i d i n g  distance was approx imate ly  10 mm; t h e  
s l i d i n g  v e l o c i t y  was o f  t h e  order  o f  12 mm/min. 

RESULTS AND DISCUSSIONS 

Resul ts  f rom TEM and e l e c t r o n  d i f f r a c t i o n  s tud ies  i n d i c a t e  t h a t  t he  f i l m s  
a re  predominant ly amorphous. I n  add i t ion ,  a c r y s t a l l i n e  phase, e x h i b i t i n g  
fea tures  i n  the  8 t o  30 nm range, i s  i d e n t i f i e d .  The d i f f u s e  r i n g s ,  noted i n  
the  e l e c t r o n  d i f f r a c t i o n  pa t te rn ,  a re  due t o  hexagonal BN. 

XPS scans (pass energy, 50 eW) of  the B ( l s ) ,  N ( l s ) ,  C ( l s ) ,  and O(1s) 
photoe lec t ron  l i n e s  f o r  t he  as-deposited BN f i l m  sur face  ( InP  subs t ra te )  con- 
f i r m  t h e  AES data.  A f t e r  argon i o n  sput te r ing  f o r  65 min, t h e  C ( 1 s )  l i n e  i s  
a t  an energy rep resen ta t i ve  o f  a carbide ( r e f .  9) ;  t he  O(1s) peak, r e l a t e d  t o  
B2O3, i s  d imin ished ( r e f .  9) .  The B ( 1 s )  spectrum r e s u l t s  f rom B-N and 8-8 
bonds ( r e f .  10) .  The N ( 1 s )  s t r u c t u r e  i s  p r i n c i p a l l y  due t o  8-N ( r e f .  10) .  

AES ana lys i s  o f  t he  as-deposited BN f i l m  i n d i c a t e s  t h e  presence o f  t h e  
B(KLL) and N(KLL)  peaks, as w e l l  as the adsorbed C(KLL)  and O(KLL) contami- 
nants.  A depth p r o f i l e  o f  the  elements i s  presented i n  f i g u r e  1 f o r  BN depos- 
i t e d  on GaAs ( s u b s t r a t e  temperature, 200 O C ;  i o n  beam energy, 500 eW, f i l m  
th ickness,  1290 A ) .  The B and N s ignals  increase a f t e r  t h e  contaminat ion l a y e r  
i s  removed. The C and 0 i m p u r i t i e s  are i n  the  5 t o  8 a t  % range. Discharges 
occu r r i ng  on the  w a l l s  w i t h i n  the depos i t ion  chamber can produce i m p u r i t y  
i n c o r p o r a t i o n  ( r e f .  6 ) .  The B concentrat ion i s  approx imate ly  7 5  a t  % near 
t h e  f l l m  sur face,  and drops t o  about 52 a t  X near t h e  BN-GaAs i n t e r f a c e .  I n  
con t ras t ,  t he  N concent ra t ion  ranges f rom 6 t o  8 a t  %. The C ,  0, and N 
l e v e l s  peak i n  the  l n t e r f a c i a l  reg ion .  S i m i l a r  r e s u l t s  a r e  obta ined f o r  a 
1160 A t h i c k  BN f i l m  deposi ted on InP; the maximum B concen t ra t i on  I s  8 2  a t  %. 
l h e  AES r e s u l t s  f o r  f i l m s  deposi ted on GaAs and InP subs t ra tes  a re  summarized 
i n  t a b l e  I. We used the  elemental s e n s i t i v i t y  f a c t o r s  t o  c a l c u l a t e  t h e  atomic 
concent ra t ions .  Another p o s s i b i l i t y  i s  t o  use the  s e n s i t i v i t y  f a c t o r s  de r i ved  
from stotchlornetr tc  BN; however, those fac to rs  a re  d i f f e r e n t  f rom ours, w i t h  
the  elemental  f a c t o r  g i v i n g  more weight t o  B ( r e f .  4 ) .  I n  the  present  case, 
we have a m a t e r i a l  which i s  n e i t h e r  elemental 8, N,  nor BN. Resul ts  obta ined 
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by XPS i n d i c a t e  8-N and 8-B bonds. Thus, n e i t h e r  choice of s e n s i t i v i t y  f a c t o r s  
w i l l  be accurate.  The elemental  fac to rs  were se lec ted  i n  order  t o  be consis-  
t e n t  w i t h  t h e  o ther  publ ished work ( r e f .  4 ) .  

Several  absorp t ion  bands a re  found i n  the  t ransmiss ion  spectrum f o r  
BN-on-Ge. The peak a t  6.9 pm i s  due t o  t h e  B-N bending mode ( r e f .  5 ) .  The 
maximum near 6.5 pm i s  assoc iated w i th  N = 0. The B-H v i b r a t i o n  I s  observed 
a t  4 pm ( r e f .  5 ) .  A broad s t r u c t u r e  I n  t h e  v i c i n i t y  o f  2.9 pm r e s u l t s  f rom 
0-H. 

The Tauc p l o t ,  i . e . ,  fi versus E i s  presented i n  f i g u r e  2. The 
absorbance i s  A, and t h e  photon energy i s  E. The sample i s  BN-on-quartz 
( s u b s t r a t e  temperature, 200 O C ;  i o n  beam energy, 500 eV). According t o  an 
e x i s t i n g  theory o f  amorphous so l i ds ,  a l i n e a r  r e l a t i o n s h i p  between 
E can be used t o  determine Eo, the o p t i c a l  band gap ( r e f .  11 ) .  R e f e r r i n g  
t o  the  da ta  shown i n  f i g u r e  2, we f i n d  
Our prev ious r e s u l t s  i n d i c a t e  t h a t  f o r  B/N o f  t he  order  o f  2, Eo i s  5.1 eV 
( r e f .  1 2 ) .  Therefore, t he re  i s  a t rend which suggests t h a t  Eo decreases 
as the  B concent ra t ion  increases, but a t  a lower r a t e  than t h e  pub l ished da ta  
( r e f .  3 ) .  

fl and 

Eo t o  be o f  t h e  order  o f  4.8 eV. 

The e l l i p s o m e t r i c  r e s u l t s  f o r  ion  beam deposi ted BN-on-GaAs ( s u b s t r a t e  
temperature, 200 "C; i o n  beam energy, 500 eV) a re  summarized i n  t a b l e  11. 
According t o  the  AES measurements, the f i l m  i s  nons to ich iomet r lc .  A l te rna -  
t i v e l y ,  t he  f i l m  can be r e f e r r e d  t o  as  heavi ly-doped B. The r e f r a c t i v e  index 
va r ies  f rom 1.66 t o  1.67 f o r  the  wavelength reg ion  i nves t i ga ted .  The maximum 
absorp t ion  c o e f f i c i e n t  i s  approximately 1 .29~104  cm-1 (4300 A ) .  The 
r e f r a c t i v e  index f o r  BN-on-InP (subs t ra te  temperature, 200 "C;  i o n  beam energy, 
500 eV) i s  i n  the  1.65 t o  1.67 range (see t a b l e  I). D i s c e r n i b l e  abso rp t i on  i s  
observed a t  5000 A .  The maximum absorpt ion c o e f f i c i e n t  i s  o f  t h e  order  o f  
0 .35~104  cm-1 (4000 A ) .  A t  f i x e d  wavelength, t he  absorp t ion  c o e f f i c i e n t  
f o r  t h e  BN f i l m  on InP i s  smal ler  than t h a t  found f o r  BN-on-GaAs. I t  i s  i n t e r -  
e s t i n g  t o  note t h a t  t h e  r e f r a c t i v e  index f o r  BN-on-Si ( s u b s t r a t e  temperature, 
200 O C ;  i o n  beam energy, 150 eV) changes f rom about 1.71 t o  1.81 over a s i m i l a r  
wavelength r e  i o n  r e f .  12) .  The maximum absorp t ion  c o e f f i c i e n t  i s  est imated 
t o  be 0 . 1 6 ~ 1 0  a !  cm- . 

The c o e f f l c i e n t  o f  f r i c t i o n  as a f u n c t i o n  o f  load  i s  shown i n  f i g u r e  3 f o r  
t h e  S i  subst rate,  and BN-on-Si a t  two temperatures: 200 and 350 O C  ( i o n  beam 
energy, 150 eV). The c o e f f i c i e n t  of f r i c t i o n  i s  g rea te r  f o r  the  diamond p i n  
i n  contac t  w i t h  t h e  bare S i .  When the diamond contacts  the  BN sur face,  t h e  
c o e f f i c i e n t  o f  f r i c t i o n  i s  reduced. The c o e f f i c i e n t  i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  the  subs t ra te  temperature. The contact  area between the  diamond and BN 
causes a permanent groove t o  be formed i n  the  f i l m .  Complex e l a s t i c  and p las -  
t i c  processes a re  respons ib le  f o r  the wear t r a c k .  The c r i t i c a l  load  requ i red  
t o  f r a c t u r e  S i  i n  s l i d i n g  contac t  w i th  diamond i s  5N. Moreover, when a BN 
f i l m  i s  deposi ted on S i ,  the  c r i t i c a l  load  needed t o  f r a c t u r e  t h e  S i  sur face  
1 s  increased t o  7N. 

CONCLUSIONS 

I o n  beam deposi ted t h i n  BN f i l m s  can conta in  up t o  8 2 . a t  X boron. 
Carbon and oxygen i m p u r i t i e s  are also present .  
w i t h  evidence o f  a hexagonal phase. Boron-ni t rogen and boron-boron bonds a r e  

The BN s t r u c t u r e  I s  amorphous, 

3 



detected. Although the films are boron-rich, the optical band gaps are of the 
order of 4.8 eV. We find that the optical band gap decreases as the boron con- 
tent increases, but at a slower rate than the published results (ref. 3). The 
measured index of  refraction varies from 1.65 to 1.67. The coefficient of 
friction for BN i n  sliding contact with diamond i s  less than 0.1. The critical 
load needed to fracture the silicon surface I s  increased by 40 percent when a 
BN film i s  used. 
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A, EN- on-GaAs 

n k 
( A )  

4000  1.667 0 .035  
4300  1 . 6 6 1  . 0 4 4  
4600 1 .672 - 0 4 5  
5000  1.663 . 0 5 0  
5500  1.666 . 0 4 2  
6000  1.662 . 0 3 3  

TABLE I .  - AES RESULlS FOR BN FILMS DEPOSI lED 

ON GaAs AND InP 

BN-on- InP 

n k 

1 . 6 6 9  0.001 
1 . 6 6 4  .009 
1 .660  .004  
1 . 6 5 6  .004 
1 .653  
1 . 6 4 8  

[Substrate temperature, 200  O C ;  

ion beam energy, 500  eV.1 

InP 1 1 6 0  

Maxi mum 
%N 

8 
8 

TABLE 11. - REFRACSIVE INDICES, n, 
AN0 EXTINC1 I O N  COEFFICILNTS, k, 

FOR BN FILMS OEPOSITLD ON 

GaAs AND InP 

[The wavelength i s  A. Substrate 
temperature, 200  "C;  ion beam 
energy, 500 eV.1 
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200 OC: ION BEAM ENERGY, 500 EV. 
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