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ABSTRACT 

Secondary ion mass spectrometry (SIMP) has been used to determine 

depth profiles of deuterium implanted into single crystal silicon, targets 

at energies between 0.1 and 5 keV. The atomic mixing inherent in the 

sputtering process, which directly affects depth resolution, has been 

reduced by using a bombarding particle of low energy and high Z imp .̂ ting 

the sample at a large angle relative to the surface normal (3 keV, Cs , 

impacting at 60 ). Using this procedure, depth re.-olution of 20 fiat a 

depth of 800 A has been obtained in depth profiling of Ta?0 on Ta. Mean 

projected range and straggling of the implant profiles are in good agree­

ment with calculations when irradiations are performed at 11 from the 

normal to the (100) plane to prevent channeling. The saturation density 
22 3 of trapped, deuterium has also been determined to be 1.4 x 10 D/cm . 
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It has been proposed '"that by measuring hydrogen and deuterium 

dc-pth profiles in materials exposed to tokamak discharges, the flux and 

energy of hydrogen isotopes hitting the vacuum vessel wall and 1imiters of the 

plasma nacliine could be deduced. Of critical importance is a knowledge 

of ranges for H and D at appropriate energies in the material exposed to 

the discharge. This paper presents secondary ion mass spectrometry (SIMS) 

measurements of deuterium depth profiles in .silicon for the energy range 0.1 

tr 5 keV, and results of numericrl coLculations of mean projected range and 

strangle for D implanted into Si at energies between 20 eV anc" 10 keV . 

A possible problem exists with the SIMS analysis which is related to 

the atomic mixing process inherent in sputtering. At the energies of 

interest in the tokamak plasma edge the range for D in Ki may be as short 

as tens of Angstroms. To obtain accurate depth profiles of species with 

such small ranges, the atomic mixing process must be confined to a depth 

less than the range of the implanted iors. This work includes an examin­

ation of the sputtering process with special emphasis on how to minimize 

the thickness of the surface layer damaged by the primary ion beam. 

2. BASIC SPUTTERING CONSIDERATIONS 

When a keV ion beam collides with a solid surface, the vast majority 

of bombarding ions penetrate the solid and transfer their ene.'.gy to the 

lattice in a series of collision cascades. The energetic recoil atoms 

initiate secondary and tertiary collision cascades, some of which produce 

sputtering. The parameter most critical to good dep.h resolution is the 

primary ion penetration depth, as measured perpendicular to the sample 

surface. 



Tliu mean projected range of the- primary inn is directly dependent on 

the energy of the particle. The higher ti.t energy of the primary 'on, 

the thicker wiJ 1 he the layer of lattice disorder. The of feet of onergy 

on ion beam induced mining has been studied using Rutherford back-scattering 

spectrometry (RliSJ and lias deen shown to affect the depth resolution of 

SIMS depth profiles (4). For this reason, the normal 5 keV primary ion 

energy was lowered to 'J keV. The primary ion beam could not be focussed 

well below this energy. 

The mean projected range of the primary particle will also be de­

pendent on its atomic number (50. This is illustrated by using I.S3 

theory to calculate values of tie mean projected ranges in silicon for 

oxygen (Z = 8 ) , argon (Z = 1.8), and antimony (Z = 51) at 10 keV. The re­

spective ranges are 225 X, 122 A° and 84 X. Therefore, we decided to use 

a surface ionization cesium (Z = 55) ion source which had been developed 

for the RCA SIMS instrument. ' 

Furthermore, the thickness of the damaged surface layer can be lessened 

if the primary ions impact the sample at a large angle relative to the sur­

face normal. For the SIMS instrument used in this work the angle of 

incidence is 60 which should result in a damaged layer a factor of two 

thinner than the mean projected range of a normally incident ion. Under 

the experimental conditions used for this work—3 keV Cs impacting at 60 — 

the damaged surface layer in Si is expected to be about 18 A. By contrast 

we note that many ion microprobes use 20 keV oxygen ions impacting at 0 

which results in a damaged layer of M O O A in Si. 

The instrumental degradation of depth resolution from crater edge effects 

was reduced in this work through the use of ion beam rastering with signal-

gating, and stigmatic secondary ion optics. Under these conditions, the 

depth resolution obtainable should be of the order of the thickness of 
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the damaged surface layer. To test this, a deptli profile was made of a 

la 0. film anod.ically grown on a S-Ta film which had been deposited on a V 

polished glass substrate. The tantalum oxide film thickness was determined 
18 -

by ellipsometry to be 770 X. A portion of the depth profile from 700 A 

to 800 k is shown in Fig. 1. The 2a (84?; to 1.6%) falloff of the oxygen 

signal gives a depth resolution d, of 20 A. The depth resolution in silicon 

is expected to be -20% worse due to the fact that the mean projected range 

of the bombarding ions is larger in Si than in Ta,0 r > but the example does 

still show how under these conditions of ion bombardment the atomic mixing 

process can be reduced and good depth resolution obtained. 

3. EXPERIMENT AND RESULTS 

SingLe crystal silicon samples were irradiated with monoenergetic 

deuterium ions from a hot cathode, low energy spread ion source- The 
(81 beam of deuterium ions was mass-analyzed by a modified Wien filter. 

Fluences were measured without secondary electron suppression. The back-
—7 —ft 

ground pressure during irradiation was 10 torr D„ and 10 torr of CO, 

CH and HO. 

Single-crystal silicon was used as a sample for all irradiations be­

cause of its high purity, low hydrogen content, high trapping efficiences, 

smooth surface, and because calibrated primary standards of H and D in 

Si were available. These primary standards were used to calibrate secondary 

standards of H and D implanted into Si at RCA. The depth scales on all 

profiles were determined by measuring (with a profilometer) the depth of 

the crater sputtered during the analysis of the implanted standard. Sputter­

ing rates using the Cs ion source are stable to ± 2%/day. Several instrumental 

features are necessary for profiling H and D in solids and have been described 
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previot is ly . Since under cesium bombardment nega t ive secondary ions 

2 -predominate , Lhe s p e c i e s monitored in t h i s study was t) . 

The range R measured for severa l lov dose implants a t normal i n c i ­

dence was deeper than p red ic t ed by the theory descr ibed in s ec t i on 4. This 

d i sc repancy can be explained if channel ing of the incoming D ions to g r e a t e r 

depths o c c u r s . To check t h i s h y p o t h e s i s , (100) s i l i c o n was implanted with 

D ions a t ang le s of inc idence of 0 to 11 . The r e s u l t a n t D p r o f i l e s for 

a 2.5 keV implant a r e shown in F ig . 2. The 0 implant d i s t r i b u t i o n l i e s 

deeper than t h a t of the 11 sample by ?. 150 A and has a f u l l -w id th a t 

ha 11 -maxImum approximate ly 100 J\ l a r g e r than the p r o f i l e of the 11 sample. 

For a 5 keV D implant the d i f f e r e n c e in range between the 0 and II 

i r r a d i a t i o n s was even l a r g e r (420 X). Di f fe rences in H range in Si due 

to channel ing have been seen p rev ious ly a t h igher energy. 

A s e r i e s of D implants a t 11 was made a t the fol lowing e n e r g i e s : 

100, 250, 500, 1250, 2500, and 5000 eV. The f luences were kept s u f f i c i e n t l y 

low to i n s u r e tha t s a t u r a t i o n would not occur . Several of the SIMS depth 

p r o f i l e s a r e shown in F ig . 3 . The s t r a g g l e (defined in t h i s work a s the 

h a l f - w i d t h a t half-maximum) and range for a l l implants were measured and 

a r e shown in F ig . 4 . The dep th p r o f i l e s of 100 eV and 250 eV implants did 

not show a s c l e a r l y def ined peaks as did the higher energy implan t s . We 

expect t h a t t h i s i s due to the l a r g e r s t r a g g l e - t o - r a n g e r a t i o a t low energy. 

The l a r g e e r r o r b a r s on t he low range s i d e of the low energy implants i s 

in p a r t due t o t he d e f i n i t i o n of range which i s d i scussed in Ref. 2. The 

depth p r o f i l e s i n F igu re s 2 and 3 a r e no t symmetrical Gauss ians . We no te 

t h i s because Gaussian p r o f i l e s have been used in Ref. 2 . 

The dep th p r o f i l e s a l l show a f i n i t e deuterium c o n c e n t r a t i o n a t the 

s u r f a c e . For t h i s to occur , one of two c o n d i t i o n s must be met. E i the r 
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t h e r e must be an a c t i v a t i o n energy requi red to escape the c r y s t a l , or 

t rapping must occur a t d e f e c t s r a t h e r than simply a t the end of the r ange . 

These cons idera t ions- lead us to prorose tha t t h e s e deuter ium p r o f i l e s , a t l e a s t 

in p a r t , must r ep re sen t damage p r o f i l e s in a d d i t i o n tc end-o f - r ange p r o f i l e s . 

I t has been proposed tha t a t high f l uence , s i l i c o n w i l l s a t u r a t e 

with hydrogen to n c e r t a i n depth (dependent on inc iden t energy) and w i l l 

have a f l a t p r o f i l e from the sur face in to t h i s dep th , but w i l l then show a 

dec reas ing hydrogen c o n c e n t r a t i o n a s the depth i n c r e a s e s . This behavior has 

been observed a t h igher bombarding e n e r g i e s . S a t u r a t i o n l e v e l s form the 

(12) b a s i s of one method of determining ene rg i e s of hydrogeiiic s p e c i e s a t the 

tokamak plasma edge. While i t i s not the purpose: of t h i s paper to e l a b o r a t e 

on tha t method, the s a t u r a t i o n phenomena i s of s u f f i c i e n t i n t e r e s t t h a t we 

present the f i r s t high r e s o l u t i o n data he re . Two s i l i c o n samples were im­

planted with 4 keV D9 to f luences of approximately 1 x 10 and 1 x 10 
2 

at /cm . Deuterium depch p r o f i l e s ot the two samples a r e shown in F ig . 5. One 

can see how the p r o f i l e of the h igh-dose sample i s s a t u r a t e d a t approx imate ly 
22 3 o 

1.4 x 10 at/cm to a depth of 700 A, the mean p ro jec ted range of t he low-
(2) 

dose sampLe. This maximum concentration is in good agreement with predictions . 

4. CALCULATIONS OF RANGE AND STRAGGLING 
(14) Thompson et al. ' have compared disorder distributions predicted 

by Monte Carlo calculations with those observed experimentally for H in­

cident on silicon at energies between 10 keV and 80 keV. From these compari­

sons they have concluded that in this energy range the electronic contribu-
0 5 tion to the stopping power crn be represented at kE " where k has a value 

1.55 times that predicted by Lindhard theory. In the present work we 

have used this electronic contribution to dE/dx, the Lindhard version of the 
(15) Thomas-Feric.i elastic scattering cross section; and the methods described 

in Reference 16 to calculate the average projected range, R, and its straggling 
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(HWHM) S, for 20 eV to 10 keV D incident on amorphous (or randor.lv oriented) 

silicon. The results of these calculations are shown as the lines labeled R 

and S, respectively, in Fig. A. The results agree well with the experiment. 

5. SUMMARY AND CONCLUSIONS 

To obtain sufficiently good dopth resolution to measure the snail 

deuterium ion ranges encountered in this study, STMS techniques we~e im­

proved to reduce the thickness of the surface layer damaged hy the primary 

ion beam to < 25 A. This was accomplished by bombarding with 3 keV Cs 

ions at a 60 angle of incidence. 

With these improvements depth profiles measurements were made for 

0.1 to 5 keV D implantations into Si. The agreement with calculations 

gives encouragement that the calculated ranges at lower energy are also 

accurate. The good depth resolution will enable more accurate compari­

sons of depth and damage profiles with theories and will allow the measure­

ment of hydrogen energies in tokamaks over the range 0.1 to 10 keV with on 

energy resolution of - 10%. 

This work was supported by the U. S. Department of Energy, Contract No. 

EY-76-C-02-3073. 
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FICURE CAPTIONS 

18„ F i g . 1 . P o r t i o n of a 0 dep th p r o f i l e of a 770 A Ta 0 film on Ta 

used to e v a l u a t e dep th r e s o l u t i o n . The la (84% to 18%) f a l l - o f f of t he 

oxyge 

due t o s p u t t e r i n g r a t e change j u s t p r i o r to the. i n t e r f a c e c a u s i n g a r i s e 

>en s i g n a l i s 20 A. The r i s e in t h e 0 s i g n a l a t 740 & i s probably 

in t h e implanted Cs c o n c e n t r a t i o n , t hus i n c r e a s i n g the s e n s i t i v i t y for 
18 

oxygen. The n a t u r a l l y o c c u r r i n g ' 0 was moni to red because t h e count 

r a t e for 0 was too h igh t o be measured r e l i a b l y . 

F i g . 2 . Deuterium d e p t h p r o f i l e s of two (100) s i l i c o n samples 

o o 

ion implanted wi th 2 .5 keV D a t 0 and 11 off t he s u r f a c e normal . 

F i g . 3 . Depth p r o f i l e s of D implanted i n t o Si a t 750, 2500 and 

' 5000 eV. 

F i g . 4 . C a l c u l a t e d mean p r o j e c t e d r a n g e , R, and s t r a g g l i n g , S, fo r 

d e u t e r i u m i n c i d e n t on s i l i c o n . S i s de f ined a s the h a l f width a t halE 

h e i g h t . Data p o i n t s a r e from t h i s w o r k : a r a n g e ; + s t r a g g l i n g . For e n e r g i e s 

of 500 eV and above , t h e u n c e r t a i n t y in t h e SIMS measurements a r e a p p r o x i ­

mated by the s i z e of t h e d a t a p o i n t s . 

F i g . 5 . Depth p r o f i l e s of two ( d O O ) s i l i c o n samples ion implanted with 
i ft ? l fi ? 

2 keV D to f l u e n c e s of: a ) 10 a t / cm ; b) 10 a t / cm . The s p u t t e r i n g r a t e , 

hence t h e dep th s c a l e , may be s l i g h t l y d i f f e r e n t in t h e s a t u r a t e d p o r t i o n of 

p r o f i l e a ) from t h a t i n t h e u n s a t u r a t e d p o r t i o n . 



• 9 -

700 . 720 740 760 780 800 
DEPTH CAngetrome) 

Figure 1 



-10-

1.2 

1 .0 

0. 8 

0 . 6 

0 . 4 

0 . 2 

~~t i — i — | — r — T — i — i — | — i — i — i — i — | — i — i — 

11° 0' 
} ( 

D — > S i <100) 

* * _ J I I 1 I 1 L-

0 500 1000 1500 2000 2500 

DEPTH ( A n g s t r o m s ) 

Figure 2 



NORMALIZED DEUTERIUM INTENSITY 

O IS) ^ 
u 1 

400 1 
>*. 

p 
CD 



\o-
o 

< 
o 

o 
< 
\~ 

Q 
icr 

Ld 

< 
Q: 

I 0 1 

10 

T _ T _ n _ T T j ( — r _ T _ T 

D ~ * S i 

n 1—i i 11 m i 

i i i 1 1 1 1 1 i i i 11 11 

10 10' 
ENERGY (eV] 

10 

Figure 4 



- 1 3 -

1 Q 2 3 C — i 1 1 r 1 1 1 1 r- - i 1 1 1 1 r — i 1 r -

m 
E 
0 

\ 
© 
E 
0 
•P 
0 

o 

< 
or 

LU 

z o u 

UJ 

U 
Q 

1 0 

1 0 

<a> <a> 1 0 1 8 a t / o m 2 

Cb) 1 0 1 6 a t / c m 2 

2k«V D — > S l C l O O ) 

J 1 1 1 1 I I L. L 
5 0 0 1 0 0 0 

DEPTH (An qstroms) 
1 — I Ll l I _ 

1 5 0 0 2 0 0 0 

Figure 


