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M l A N  SCATTERING FROM I4N; and Hi BOMBARDED STLICON SURFACE 

KEY WORDS: Raman Scattering from implanted silicon 

M.S. Mathur, V.P. Derenchuk and J . S . C .  McKee 

Department of Physics, University of Manitoba 
Winnipeg R3T 2N2 CANADA 

ABSTRACT:- 

H+ and the Raman spectrum of the implanted surface was obtained. 

recorded spectrum not only confirms the infnrmation of various silicon-nitrogen, 

silicon-hydrogen, silicon-hvdrogen-nitrogen-oxygen complexes but enables 

the identification of others. 

The surface of a P type S i  wafer was bombarded with 14N+ and 2 

The 2 

INTRODUCTION 

The process of ion implantation involves ionizing and accelerating 

atoms and causing them to enter n suitable material. Soon after 

penetrating the target material the energetic ion initiates a cascade of 

atomic collisions, sometimes very near the surface region; resulting in 

the formation of surface alloys of graded composition. Novel surfaces 

with interesting physical properties can thus be created by the 

technique of ion implantation. One such surface layer of silicon 

nitride is widely used as a passivating and dielectric thin film in 

semiconductor technology, and can be synthesized easily by the N i  
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166 MATHUR, DERENCHUK, AND MC KEE 

bombardment of silicon surface. It has been shown by Smith et a1 (I), 

Crowder et a1 (2) and Bourgoin et a 1  ( 3 )  that the bombardment of 

crystalline silicon by a heavy dosage of ions ions/cm ) results 

in the formation of a continuous layer of amorphous silicon on the 

crystalline surface. The dangling bonds of the amorphous silicon layer 

can be passivated by bonded hydrogen. Metal-nitride-oxide-semiconductor 

films have memorv applications and the presence of hydrogen also effects 

its characteristics . We are interested in the Raman characteristics of 

the surface formed by N; as well as H; implantation of a P-tvpe silicon 

surface. Being complementary to the IR data, this Raman study of the 

2 

V 

an - 

implanted silicon surface, as mentioned above, is important to f u l  

establish the structures formed on the surface of silicon bv the imp 

tation of both Ni and H+ 2' 

EXPERIMENTAL 

A P-type single-crystal<l11> cut Si wafer p r o p e r l y  cleaned, etched 

and polished has been bombarded with inns produced in a linear 

accelerator employing duo-plasmatron ion source. Dry CP-grade Nitrogen 

and Hydrogen gases are used as ion-source feed-in material and 30 keV 

14N+ and H+ are implanted in the material. 

2 order of  10l8 ions/cm , 

the target to prevent the deposition of pump oil vapours and to help 

achieve a good vacuum (=I0  

* 

The total fluence is of the 

A liquid nitrogen cooled jacket is used around 

2 2 

-7  mm Hg). 

The surface Raman facility at the University of Kentucky, Lexington 

(KY) USA, specifically designed to study the surfaces and surface Raman 

enhancements has been used to study the Raman characteristics of the 

implanted silicon surface. A sample wafer was mounted in an evacuated 

* 
Linear Accelerator on Loan from Leo Narodny, Barbados Optical Co. 
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RAMAN SCATTERING 167 

chamber and the 5145 A line of Ar' laser was allowed to illuminate a 

small portion of  the implanted area through a high pressure window. 

Using, a standard 90" geometry for Raman scattering, scattered radiation 

was collected by a specially designed optical collection system, and a 

zylindrical lens was used to transfer the Raman scattered radiation 

through another high pressure window on to the entrance slit of a 

Jarrell-Ash double monochromator. The monochromator was driven by a 

Burleigh-Piezo-electric Inchworm. The entire operation of the mono- 

chromator and the data acquisition by a photon counting technique is 

computer controlled. Average dark noise of  the cooled photomultiplier 

during, the 5 sec/step was of the order of 9 ccwnts. Thc d a t a  was stored 

on a disc and was transferred to a plotter f o r  display as required. 

Signals significantlv higher than the background mentioned earlier were 

taken as real. 

RESULTS AND DISCUSSION 

As demonstrated earlier ( 1 - 3 ) ,  the ion bombardment of crystalline 

surfaces by a heavy dosage ions/cm ) results in the formation of 

a continuous layer of amorphous silicon on the crystalline surface. 

Raman scattering from such a combination of crystalline and amorphous 

silicon should contain both amorphous and crystalline characteristics. 

Bourgoin et a1 ( 3 )  confirmed this by simultaneous observation of a 

crystalline peak at 5 2 2  cm-' as well as a-Si peak at 480 crn-' in the 

Raman spectrum. In our observations the presence of both 520 and 488 

cm Raman peaks confirm the existence of a-Si layer on crystalline 

silicon surface. This combination of crystalline and amorphous silicon 

has been subjected to hoth 14N: and H+ bombardment. resulting in the 

implantation of these ions in both types of silicon, which in turn is 

2 

-1 

2 
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168 MATHUR, DERENCHUK, AND MC KEE 

expected to result in the formation of various complexes involving 

Nitrogen, Hydrogen and amorphous as well as crystalline silicon. 

Exposure of silicon t o  atmosphere results in the formation of  n Si02 

layer on the silicon surface, which should also be revealed in the Raman 

spectrum. Komarov g ( 4 )  have shown that the irradiation of silicon 

crystal with Ni dosage in excess of  1017 ions/cm2 results in the 

formation of non-stoichiometric complexes like Si N along with the 

precipitates of the phase Si3N4. Some of the characteristic activities 

of these complexes will be Raman active, and should be identifiable in 

the surface Raman spectrum of such a system. The Raman bands observed 

in our study of H; and N i  implanted silicon are collected in Table 1 and 

are compared with the published IR and Raman data on silicon nitrogen 

and silicon hydrogen complexes. 

implanted crystalline silicon surface as recorded by us are displayed in 

Figures l(a-g). Smith %& (1) pointed out the presence of 480 and 300 

cm Raman bands and associated them with the transverse optical and 

longitudinal acoustic structures in a-Si. Our 305 cm-' Raman band and 

the 305 cm-l IR absorption in a-Si3N4 as observed by Komarov et a1 ( 4 )  

are equivalent to the above 300 cm-l Raman band (see Table 1). The 

Raman bands at 612 and 970 cm-' are the overtones of the 305 and 488 

cm Raman bands discussed above, and following Brodsky %t ( 5 )  can be 

labelled as q,, and YTO. Following the earlier observations of 
Dylewski g & (6), the 802 and 1035 cm-l Raman bands can be attributed 

to Si-0 and Si-N stretchings in S i 0 2  and Si3N4. 

reported that upon annealing the implanted sample at 9OOvC.  the Si-0 and 

Si-N stretchings shifted to 1060 and 830 cm-'. In our study Raman bands 

at 1070 (doublet) and 836 cm-' are observed, suggesting the possibility 

of some annealing by the ion beam during bombardment. 

X Y  

2 The Raman spectra of the N; and H+ 

-1  

-1 

Yadav et a1 ( 7 )  

The 836 cm-l 
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F i g .  l c  

Raman band i n  our  o b s e r v a t i o n  has  a shou lde r  a t  842 cm-' which could  be 

due t o  (SiH2)n wagging mode (8) .  

band a t  380 cm-l ( s h o u l d e r ) ,  and a s s igned  i t  t o w L O  o r  t h e  l o n g i t u d i n a l  

o p t i c a l  s t r u c t u r e  i n  a-Si.  

which cor responds  w e l l  w i th  t h e  352 and 375 cm-l I R  a b s o r p t i o n s  of 

a-Si3N4 ( 4 ) ,  and t h e  375 c m - l  Raman band can be  a t t r i b u t e d  t o  W L o .  

Raman bands a t  719 and 760 cm-l a r e  ove r tones  of t h e  352 and 375 cm-' 

Raman bands above. Hass (9 )  r e p o r t e d  t h e  Raman s p e c t r a  of S i 0 2  i n  t h e  

10-1300 cm- r eg ion  and observed bands a t  60, 410, 490. 600, 800, 1065 

and 1200 cm I .  The 410 cm-l Raman band above w i t h  an IR c o u n t e r p a r t  a t  

443 cm-' i s  a s s o c i a t e d  wi th  a 'bond-rocking'  motion i n  which t h e  atoms 

Rrodsky & (5 )  observed n Raman 

We a l s o  obse rve  a doub le t  a t  360-375 cm-l 
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move roughly perpendicular to the Si-0-Si planes, and has its equivalent 

in our study at 4 4 5  cm . The 800 cm 

Hass, as mentioned above, has been associated with the 'bond-bending' 

type of motion in which the oxygen moves approximately at 90" to Si-Si 

lines in Si-0-Si planes. This mode was calculated by Lippincott et a1 

(10) to be at 730 cm-'. In our study this band appears at 803 cm . 
The bond-stretching vibrations in Si02 in which the bridging oxygens 

move in opposite directions to their Si neighbours. and roughly parallel 

to the Si-Si lines was assigned by Hass (9 )  to the 1067 cm Raman band. 

In our study the 1080 cm-' component of the 1070 cm-' doublet discussed 

earlier; could be the equivalent 'bond-stretching' vibration. Hass also 

-1 -1 Raman band in Si02 spectrum of  

-1 

- I  
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Fig. l g  

F ig .  1 (a-g) Raman spec t rum of  t h e  14N+ and H+ implanted  s u r f a c e  of 2 2 

P-type s i l i c o n .  Ent rance  s l i t  = 2 5 0 ~  i n t e r m e d i a t e  s l i t  = 

100~1, and e x i t  slit = 250u w i t h  5 s e c / s t e p  and 1 Watt 

laser power. a )  140-307 cm-l r e g i o n  b)' 310-501 c m - l  

r e g i o n  c )  500-700 cm-l r e g i o n  d )  700-896 c m - l  r e g i o n  

e )  900-1107 cm-l r e g i o n  f )  1110-1304 c m  r e g i o n  

g) 1305-1501 cm-' r e g i o n .  

s e c / s t e p  i s  of t h e  o r d e r  of 9 coun t s .  Only those  s i g n a l s  

s i g n i f i c a n t l y  h i g h e r  t han  t h i s  d a r k  n o i s e  h e r e  a r e  be ing  

cons ide red  as r e a l .  

-1 

Dark n o i s e  d u r i n g  tlie 5 
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174 MATHUR, DERENCHUK, AND MC KEE 

T a b l e  1. L R  A b s o r p t i o n  a n d  Raman Bands  of N +  and  Ht implanted S i  

( a )  ( b )  ( C )  ( d )  ( e )  ( f )  ( 8 )  

1 4 N +  + 
S F 3 N 4  a-Si3N4 B - S i 3 N 4  S i H  S i 0 2  S i 0 2  + H? imp.Si 

IR (cm- ) IR (cm- ) IR (cm-') IR (cm-') I R  (cm-') Raman (cm-') Raman (cm-') 1 1 

2 2 3  

2 6 4  

3 0 5  3 0 0  3 0 5  

3 5 5  3 5 2  3 5 0  

3 7 0  3 7 5  3 7 6  3 8 0  ( S h )  1 7 5  

4 0 5  4 0  3 4 0 5  

4 3 2  4 4 5  4 4 9  

4 6 0  4 6  1 

4 8 5  4 9 3  4 9 6  4 8 0  4 8 8  

5 0  1 5 0 6  

5 1 0  5 2 0  

5 3 7  537 

5 8 0  

6 0 0  

6 1 2  

6 4 0  

6 7 0  

6 8 0  

6 9 4  

7 1 8  

7 4 5  

5 7 0  

6 0 5  

6 6 0  

6 6 8  

6 7 6  6 8 0  

6 8 4  

6 10 

6 6 0  

7 5 0  

4 1 0  ( S )  

4 4 3  ( S )  

4 9 0  ( S )  

5 6 8  (W) 

600 (W) 

(continued) 
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862 858 

885 896 

906 906 

927 

985 980 

1030 1045 1040 

1061 

1200 

Table  1 (continued) 

764 

811 (M) 800 (W) 803 

845 840 

860 

890 890 

905 

930 

985 

1035 

1070 

1086 

1135 

1165 

1183 

1192 

1246 

1270 

1290 

1415 

1452 

1460 1476 

a) Knmarov 
e )  K n i g h t s  e t  a1 (12)  f )  our d a t a  on the s u r f a c e  Raman of 

S = s t r o n g ,  M = medium, W = weak, Sh = Shoulder  

(4 )  h )  V o l g i n  t (11) c )  Niller (15) ,el+ Has4q (9 )  

2 '  H 2  
implanted P-type Si. 
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o b s e r v e d  b a n d s  a t  490  and 600 cm-] ,  which were  n o t  a s s i g n e d .  

r m  Raman hand a b o v e  a p p e a r s  a t  600  cm i n  o u r  s t u d y  a l s o ,  and t h e  490 

cm The 1200 cm-’ Raman 

hand o f  S i 0 2  a s  o b s e r v e d  by Hass ( 9 )  h a s  i t s  e q u i v a l e n t  i n  o u r  s p e c t r u m  

a t  1192 cm-’. 

The 600 

- I  -1  . 

- 1  
band h a s  been  a s s i g n e d  and d i s c u s s e d  e a r l i e r .  

The Si3N4 s p e c t r a  i n  t h e  i n f r a r e d  r e g i o n  o f  1200 t o  ‘LOO cm-l a s  

o b s e r v e d  hv Romarov g (4) i n d i c a t e s  s t r o n g  a b s o r p t i o n s  . i t  c ) . ’ ? ,  885 

and 847 cm-’ .  

and 861 cm-’. 

c o n t a i n s  a hand a t  1030 cm-’, which  w a s  r e p c r t e d  bv Volgin 

an T R  a b s o r p t i o n  nt  1045 cm f o r  (a -Si  N ) and a r  1040 cm f o r  

(B-Si3N4).  Our Raman s p e c t r a  c o n t a i n s  a c o r r e s p o n d i n g  hand a t  1038 

- 1  
cm . 

O u r  Raman s p e c t r u m  c o n t a i n s  e q u i v a l e n t  h n r d s  a t  9 7 0 ,  890 ,  

The Si3N4 I R  s p e c t r a  a s  r e p o r t e d  by Komarov e t  a 1  4)  _ _  
;11 ( 1  ) a s  

- 1  - I  
3 4  

K n i g h t s  ( 1 2 )  reported t h e  I R  and R.iman s p e c t r . ~  of a - S i l i -  

con-hydrogen a l l o y s  w i t h  r e f e r e n c e  t o  S i  I { ,  S i 3 H 2 .  S i  H wlic%r? t l p o r , ,  

o n e ,  two and t h r e e  hydrogen  a toms r e s p e c t i v e l y  a r e  b o n d r d  t o  s i l i c o n  

atom which i n  t u r n  i s  bonded t n  s i l i c o n  n e t w o r k .  The hydrogen  atom.; 

t h u s  a c t  as t e r m i n a t i o n  of what o t h e r w i s e  would be d a n g l i n g  b o n d s .  

K n i g h t s  

a Si-H s t r e t c h i n g  mode d u e  t o  h y d r o g e n  bonded s i n g l y  t o  t h e  s i l i c o n  

atom. We a r e  o h s e r v i n g  a Ramon band a t  640  cm which  v e r y  w e l l  c o u l d  

b e  t h e  band d i s c u s s e d  a b o v e .  K n i g h t s  e t  a 1  (12 )  a l s o  d i s c u s s e d  t h a t  n 

c o m b i n a t i o n  of SiH2 and SiH3 g r o u p s  w i l l  p r o d u c e  modes i n  t h e  800-950 

cm r e g i o n  and p r e d i c t e d  (bv  t h e  u s e  of f o u r  bodv f o r c e s )  t h a t  b o t h  

SiH2 and SiH3 c l u s t e r s  c a n  e x h i b i t  a modr  a t  Our 905 cm-’ 

Raman band c o u l d  v e r y  wel l  be t h a t  p r e d i c t e d  a b o v e .  The 506 and  537 

c m  Raman b a n d s  i n  o u r  s t u d y  f i n d  t h e i r  e q u i v a l e n t  i n  t h e  I R  s t u d i e s  of  

V o l g i n  e t  a 1  (11)  a t  510 and  537 cm-l a s s i g n e d  t o  V 

4 ? ?  

( 1 2 )  d i s c u s s e d  t h e  p r e s e n c e  of t h e  650 cm-’ band a s  d u e  t o  

- 1  

- 1  

900 cm-I. 

- 1  

( F ? ) ,  N - S i - N  
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RAMAN SCATTERING 177  

b e n d i n g  v i b r a t i o n s  i n a - S i 3 N 4  and [3-Si3N4. The 1 2 8 7  cm-l Raman band in 

o u r  s t u d y  i s  an o v e r t o n e  of  t h e  0 4 2  cm-I hand d i s c u s s e d  e a r l i e r .  Grucn 

_ _  e t  a 1  ( 1 3 )  h a v e  r e p o r t e d  n Si-H s t r e t c h i n g  v i b r a t i o n  a t  1460  ern-', and  

o u r  1457 cm-l Rnman band is i n  d i r v c t  c o r r e s p o n d e n c e  w i t h  i t .  

A hand a t  l l R ( i . 4  cm-I h a s  b e e n  r e p o r t e d  by Anderson  2 & ( 1 4 )  i n  

The p r e s e n c i ’  o f  a 1183  cm-’ band in o u r  s p e c t r u m  t h e  s p e c t r u m  of I12H6.  

s u g g e s t s  t h e  p o s s i b i l i t y  of  t h e  f o r m a t i o n  o t  B 2 H h  i n  t h e  i m p l a n t e d  

P-type s i l i c c i n  w i t h  boron  b r i n g  t h ~  P-tvprl i n l p l i r i t v .  M i l l e r  et n l  ( 1 5 )  

h a v e  r e p o r t e d  t h e  1 K  s p c c t r u r n  o f  I i N -  :Ind i ~ h s c r v e d  n s t r o n y ,  A b s o r p t i o n  a t  

1380 cm-’. 

w e l l  c o u l d  be t h e  e q u i v a l e n t .  T h r s e  b a n d s  a r c  r e l a t i v r l y  week ,  b u t  t h r y  

a r e  d e f i n i t e l v  o h s c r v n b l c .  The c o n c c n t r a t j o n  o f  h r o n  i n  s i l i c o n  as a 

- 1  I n  o u r  s t i i d v  n s h o l l l d c r  appear -a  a t  1 3 9 5  cm , which  v e r y  

P-type i m p u r i t y  is i n  t h e  r a t i o  of  1 t o  10’. 

i m p i n g i n g  i o n  beams i n t r r a c t i n g  w i t h  t h e  r r l n t i v e t v  small c o n c e n t r a t i o n  

of boron  a t o m s  i s  v e r y  r e a l .  The s m a l l  c o n c e n t r a t i o n  of t h e  b o r o n  

complexes  as Raman s c a t t e r e r s ,  w i l l  y i e l d  v c r y  weak Raman s i g n a l s ,  which  

u n d e r  normal  c i r c u m s t a n c e s  would he d i f f i c u l t  t o  r e s o l v e  f r o m  t h e  

h a c k g r o u n d .  But t h e  h i g h  r e s o l u t i o n  of  t h e  equipment  u s e d  i n  t h e  

p r e s e n t  s t u d y  e n a b l e s  t h e  d e t e c t i o n  o f  t h e s e  boron  c o m p l e x e s  t h r o u g h  

t h e i r  C h a r a c t e r i s t i c  v i b r a t i o n s .  

The p o s s i b i l i t y  of  t h e  

The p o s s i b i l i t y  of  t h e  f o r m a t i o n  of  o t h e r  c o m p l e x e s  i s  e v i d e n c e d  by 

t h e  p r e s e n c e  of some Raman b a n d s ,  which  h a v e  n o t  b e e n  r e p o r t e d  e a r l i e r .  

T h e s e  a d d i t i o n a l  b a n d s  a p p e a r  a t  1 1 3 0 ,  1165 ,  1246 ,  1 2 7 0  a n d  1476 cm-’. 

We h a v e  m e n t i o n e d  t h e  p o s s i b i l i t y  o f  t h e  f o r m a t i o n  o f  B 2 H 6  a s  c h a r n c -  

t e r i z e d  bv t h e  p r e s e n c e  of  1 1 8 0 . 4  cm-l band .  

a c h a r a c t e r i s t i c  Raman mode a t  1125 cm ( 1 6 ) ,  t h e  p r e s e n c e  of a 1130 

cm Raman band in o u r  o b s e r v a t i o n s  a g a i n  s u p p o r t s  t h e  p o s s i b i l i t y  cf 

t h e  i n t e r a c t i o n  of  H +  w i t h  b o r o n ,  t h e  P- type  i m p u r i t y  t o  p r o d u c e  few BH 

BH on  t h e  o t h e r  hand h a s  3 
- 1  

- 1  
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molecules on the surface of the crystalline silicon. Another 

possibility can be the mutual interaction of N +  and Hf on the surface to 

form some complexes which are adsorbed on the surface. This is 

evidenced by the presence of 1165 and 1270 cm-l Raman bands which are 

very close to the N-N-N symmetric stretch-bending and bending-symmetric 

stretching mode of N H reported by Pimentel Gt (17) to be at I168 and 

1273 cm-' respectively. 

might be the equivalent of the 1224 cm-l IR absorption band of SiO 

reported by Anderson et a1 (18). 

band provides strong evidence for the formation of  planar N2H2 complex, 

which has been reported to exhibit N = N stretching at 1481 an-' (19 ) .  

Some n f  the ohscrved bands, f o r  example the 305, 375, 405. 4RR, 803 and 

8/10 ern-' bands are within few cm-' of the bands of  various complcxes as 

reported in Table 1. 'This may he the rcnson why these bands are 

relatively broad. We arc  observing an envelope covering the various 

components too closely to be resolved. 

3 

The 1246 cm-' Raman band in o u r  observation 

2 as 

The presence of  the 1476 cm-' Raman 

CONCLUSTOIJ 

14 + N The bombardment of  P-type silicon with and li+ not o n l v  results 

in the formation of an amorphous silicon layer but in various complexes 

involving silicon, nitrogen, hydrogen and boron, the P-type impurity. 

Any exposure of silicon to air results in the formation of a layer of 

silicon oxide, and thus oxygen also gets into the picture. In fact a 

complex ensemble of crystalline and polycrystalline silicon along with a 

host of complexes mentioned above has been subjected to Raman inves- 

tigation, hence the larger number of Raman peaks. The simultaneous 

presence of Si02, Si0, Si N and SiH supports the synthesis 0f.a hydro- 

gcnated silicon oxinitride layer of the type (Si 0 N ) HW. Complexes o f  

BH3, BN-, N H. SiO, Si02 in addition to both c1 and B type the type B2H6, 

2 2 

3 4  

X Y Z  
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Si N and SiH have been detected in the Raman spectrums of the surface 

of N, and H implanted P-type silicon. In addition the synthesis of 

N H and N H has a l s o  been demonstrated. The sensitivitv of the Raman 

technique is well established by the present results. 

3 4  
14 + + 

2 

3 2 2  
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