


‘Introduction

‘In recent years ion implantation was introduced into technotogy of electronic-devices. :
Many physical phenomena in the-process ‘of implantation are yet not well know and can be
‘studied with X-ray diffraction methods: which were "applied to the implanted layers in a
‘number of papers [14]- . e SR :

In the present paper we confront results obtained with different X-ray methods in -
silicon implanted with light particles of high energies: 4.8 MeV. a-particles and 1.and 1.6 '
MeV protons. These results seeni be interesting in aspect of diffraction phenomena and new .
~ method of experiment. On the other hand:in actual case many original diffraction phenomena
were well explained basing on the theoretical prediction of the distribution of ions and related
defects. Some of the confronted results were published in our former papers {5-7]. ©

- -Good theoretical approximations of rocking curves and topographical - contrast were”
obtained by numerical integration of Takagi-Taupin equations taking into ‘account a vertical
. incoherence coming from the mutual displacement of the lattice in the substrate and the shot- -’
* through layer. C T R T R T e
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: 1. : Experimental

The experlments were performed on (1 1 1) orlented silicon crystals 1mplanted w1th 4.8 MeV o

“-particles and 1 and 1.6 MeV protons. The ion doses were 1 x 1016 ¢m-2 for - particles and 1
x 1017 ¢mr2 for protons. In the most cases the significantly thick substrates i in'the range 1.5 - 6
mm were used and the radius. of curvature was greater than 1000 m. The l.and. 1.6 MeV
protons were implanted in two nelghbourlng regions of the same sample

" -The samples were studied with different t0p0graphlc methods: and rockmp curve
measurements. Part of the experiments were realized using synchrotron source of X-rays.

. The important results were obtamed w1th the use of .the back—retlectron synchrotron
section . topography. - The. section’ experiments " were - performed using - white' beam - X-ray
radiation from the DORIS 11 storage ring operating with the energy of 4.455 GeV. The wave
front of the beam in the section experiments was limited by 5 pm slit. The angle of 1nc1dence

was chosen to. be equal to. 8 5°. Each exposure revealed a number of reﬂectrons whrch were - :

1ndexed using numerical program.

"The . use:: of . synchrotron rad1at1on mult1crystal arrangement enabled systematrc g

record1ng of rockmg curves from very small fragments of 1mplanted region. . - -

2. Numerlcal calculatlon
The rocklng curves were obtained from the form of Takagl-Taupm equatlons assumrng the.
solutlon dependent only on the vert1cal coordm‘ ez! :

The equatlons are mtegrated towards the surface startln;> from the top reg,1ons of the substrate -

w1th the values correspond1ng to the analytical solution in the s semi-infinite crystal [ 8]

: A’ modification * of ‘the program was ‘applied ‘for ‘simulation-of ‘the' fnnz,e pattern”

observed in the double-crystal topographs. We assumed here that the lateral variation of lattice
deformatlon is slow enough so locally. we may still use equations (1).:The-beam dwergence

was taken into account by adding approprlate number of values calculated for dlfferent angle
of 1nc1dence , » .

LF

The sxmulatrons of back—reﬂectlon sectlon 1ma;>es were performed usmz> ﬁne constant

step close t0 0.5 um and the normal form of Takagl Taupin equations:
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perpendrcular to the surface are stralght L RIS

) A good correspondence between the theorctrcal and e\penmental curves. \\as achre\ed =
approxrmannb lattice. parameter protlle by a. dlstnbutron of _vacancies and xntcrsmlal

‘computed using the TRIM-85 program publlshed b\ Blersacl\ and Zlegler [9]

. The essential for obtammb a good approximation of’ trmges in back- rellectlon double- :
crystal topogaph ‘and in_the "back-retlection section topogrdph\ is. talunx_ into_account the
mutual dlsplacement of the lattice ot the. shot- throubh layer mth respect to the bull\ crystal

Jbeing the integral of the lattice parameter chanpe That was realized multiplying %, and ¥; b\

a factor e\p[ mf( )]where z is the co-ordinate perpendlcular to the xurlace The Iuncuon

flz ) is propomonal to the mtegral of lattu.e parameter cham_e prollle e e - :
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where ,
U Aalz)=alZ)-a, s ‘(4)7

means the difference between the lattice parameter at the depth = and its value in the substrate
. It may be easily found that at assumed absenu. of plastu. de lormauon and thal the planes:
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'where @ is the lnclrnanon ot thc rellectmb planes to the surlace and RYARTS L\plL\\Ld by.+

Poisson coetﬁcrent v asin [10] ST T R S e

M= l+v
d=v
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3. R‘c"sults and d‘iscussion’ .

The rocking curves recorded using synchrotron” multrcn stal arranbumm and small
diameter of the probe beam provided a.very good resolution of the subsidiary maxima as may
be seen in Fig. 1. The curve u corresponds to lower dose of* L MeV. protons than curve b.The':
hlgher dose causes larger separation between  the main. peaks: due o the substrate and top
region of the shot- throu5h layer ~The subsldmry niaxima are much more vmhle at- hu_hu doses,
due to the stronper lattice” parametcr gradient. .+ . ; TN

The theoretical curves reproducing the. charaeter ol L\le’IlllLlll.dl ones were ohmmed

by numerlcal mtepr:mon of the Takagi-T aupm cquations - assuming _the . lattice - depth
distribution proﬁle proportlonal to the vacancy -interstitial distribution prolrlu produ;cd by
Biersack-Ziegler program TRIM-85. sce Fig: 2. It may be c\pulcd that both vacancies and |
1nterstmals should result the eﬂeeuve increase of lattice parameter. ‘The reasonable .mpultxr' s
posltlons of subsrdlary ma\lma were obtained assummg valrdm ol y: (\) 'lhe thcon.tual“
curves are shown in F15 30 ’ S :
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It is expected that a go'od\‘approxxfmation of lattice parameter profiles by Ziegler-

- Biersack' theory  is-probably “restricted to ‘a’certain- range of energy and-dose of ions. The ‘

inadequacy of this approximation for higher energies was reported in [11].

_ The double-crystal topographs exhibit-interference fringes in‘the implanted area; The
-~ distance between fringes in the topographs is “dependent on the angular position in the rocking
curve and they became more. dense close to the peak [6]. These fringes are also more distinct
in’ the topographs  taken“with" synchrotron - multicrystal anéngéméﬁt. Two representative

g topogiaphs of t'hc.’sahple implanted with protons. are ‘shown in- Fig. 4. In the presently
considered relatively flat samples the fringe formation is caused by intiomogeneous ion dose

regions which may be also observed in Fig. 1.” - o :
o In'some cases when the distribution of-the ion dose was regular it was possible to
reproduce the character of the fringes using a kind of column approximation. It is illustrated in
~“Fig. 5 showing the comparison of photometric profile: across the implanted area with a
numerical simulation in 4.8 MeV o-particle implanted silicon. We assumed here the variation
- of the ion dose described by a top fragment of the Gaussian curve. gt
The synchrotron back-reflection section pattern représentative for flat sample is sho&n
~in Fig. 6: This topograph is characteristic for more sensitive reflection with higher indices. We
. may notice the strong line corresponding to the entrance of the beam into the sample and a
. complica}ec!‘ pattern corresponding to the vicinity of the buried layer. In_this region a
characteristic sequence of three black strips is seen. The first black strip (second from the top
in’ tl?e topograph)  which is usually wide and intense is expected to be the direct contrast
~coming from the region with a significant lattice parameter gradient. The following clear gap
is due to the mostly.deformed region similarly .as in the topographic image of dislocations
The following second.black strip comes from the rear side of the buried layer. where the Iattice.
- parameter is again decreasing. The last strip is due to the reflection from the bulk and the prior

distribution: That was confirmed by the difference in the rocking curves taken from different

clear gap is probably due a possible kind of secondary extinction due to the reflection from the

top layer: -« : S HEEN L SRR :
, 'The..position of the direct contrast due to the buried “]a}?erce.m'be used " for “direct’
dete;mmanon of its location below the surface. As may be easily found the distance 1, on the

“ section pattern for an arbitrary spot is related ito the corresponding. depth ;- by the following 4

formula:': - R s
. cos(a,,)sin(G)—(p)_ (A o - k
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whe.rg: G) c.ien‘_kotes as ‘previously. the Bragg-angle . for centrally. adjusted.‘ feﬂ:ection,'(p denotes

the inclination o.f th.e reflecting planes for centrally adjusted reflection and a'denotes the angle

between the projection of reflected beam of considered reflection on the vertical plane and the

direction of. reflected beam of cemral-ly adjusied reflection. The values of a, can be calculated: -
from the position of spots on the film. The adequate accuracy of the ‘evaluation‘fequires exact” :

kn'owl.edge_ of the “ entrance™ angle” of " the - beam with " respect ‘to " the surface “and the
misorientation of the planes with respect to the surface. A realistic' valie of 0.25° of accuracy,’
provides usually 5% of accuracy in determination of ranges,” T v L et

~ The evaluated values of ion ranges were 21" um for 4.8 MeV a-particles, 18 pm for 1.
Mq\k/‘prqtons»'arj’d'}v()‘ pum for 1.6 MeV protons. These values are’in good agreement with those
based on Monte Carlo calculations from [12). " © U oo e

; .Thcf character of the Bragg-case section pattern was well répr%oducy:édwusihg the
nu/mencal integration of the Takagi-Taupin equations at it is shown in Fig. 7. ’

. . . 4
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In some of the recorded pétterns ‘werobsen}eizl charathrVisvtic‘:r interference tails shown in
fig. 8a. They appear when the change of ion dose along the beam intersecting the sample takes
place. It:may be expected that they are due to the interference of the radiation reflected from

‘the bulk and the radiation reflected from the rear region of the ‘shot-through layer. The

interference tails were revealed in simulated images assuming a variation of ion dose along

- ‘the beam as is representatively shown in fig. 8b. Similarly as the periodicity of; interference

maxima in double-crystal rocking curves the periodicity of the fringes strongly depended on -
the phase factor due to the vertical displacement of the shot-through- layer p. A reasonable -
agreement was obtaindd also assuming validity of eq.(5). ~= - " = s

The character of Bragg-case section pattern both in the implanted and non-implanted *
areas is drastically changed when the crystal is elastically bent. In this case additional distinct
interference fringes may be observed in the regions of a few millimetres behind the system of -
stripes discussed previously. In the case of bent substrates this phenomena-was discussed in
[13-15] and good- approximation of interference patterns were obtained by - numerical
integration of the Takagi-Taupin equations. - o L

In the case of implanted region the interference patiern is much more complicate and
containing several systems of fringes as is shown in Fig. 9. The character of this picture was to
some extend reproduced in numerical simulation shown in fig: 10. In this case we assumed a
two dimensional variation of the ion dose ) oo i e
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where x and y are the surface coordinates. In addition in some cases-the sharp edges of
implanted area were introduced using a rough approximation o o
AN(x,y)=0, for bx?+3y* 2r.. . @)
where the value r, was chosen to position the boundary inside the area of integration and a
and hare the coefficients controlling the extension along the x co-ordinate. Similarly as in
previous calculations the vertical incoherence of the crystal lattice was taken ‘into. account.
Some discrepancies between the experimental and theoretical images  come: from more
irregular character of ion dose distribution. In actual case the radius of curvature was close to
100 m. : ’ i - PRI
i

o S . Conclusions

, The silicon implanted with hivgh‘e'xierg.y’light\ ions was studied by means of various X-

* ray methods realized using conventional and synchrotron radiation sources. In most cases the

characteristic rocking curves with increasing period of the subsidiary maxima for lower angles -
of incidence were obtained The double crystal topographs revealed interference fringes with

the period also increasing for lower angles. - =~ - S SR Lo

. In. the case -of_flat. samples the: back-reflection “synchrotron “section: topography -
produced a series of stripes corresponding to the reflection from the surface and the vicinity of

. the buried layer. The location of these stripes enables the evaluation of the depth of different |

" layers and. the evaluation of ion ranges.-The bending of the samples introduced additional

wide spread interference pattern extended up to few millimetres behind the entrance of the

beam. . . : : :
B <o R ok
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Fig. 1.~ , ..
Two experimental’ rockin
synchrotron triple-crystal arrangement with symmetrical 333 teflection of 1.35°A wavelength.
The curves were recorded from'0.1 % 0.1°mm? ar A régi (
ion dose. The ion dos'e'vis' lower in tﬁq case of the curve .~ **

7

6

  (;;;  ‘U,:

4532 4533 .

'g,t':urves for' the1°MeV proton -implanted “silicon “taken with

eas of the implanted région differing in ‘the

)
~3

 | ‘
15

icrometers

10
“depth in m

3

o uol

‘Jed saioUDODA .

20

’

TN

o
=
49

The distribution of vacancies’ (expected:to be accompanied by interstitials) obtained ‘using -

TRIM-85 program for presently studied silicon implanted with 1 MeV protons.
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" Fig. 3 : e Lo s
The convoluted rocking curves taking mto account 0. 5“ probe beam dlver[,ence obtained by
numerical integration of Takagi-Taupin- equation *in 333 reflection of 1.35 A wavelength
assuming the lattice parameter depth profile proporttonal to that shown in Fn, 2. The curve u
corresponds to 2 x lower ion dose than curve b. : :

Fig.4. . el
Two representative topographs of the sample tmplanted w1th 1 6 (lcft part of the ptcture) and -
1 MeV protons (right part) taken with synchrotron triple-crystal arrangement The topograph
shown in a was taken at 26" lower angle than b. The numbers of frmges in the area tmplanted
with 1'MeV energy are 31 ingand 33 in b respecttvely el
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Fig. 5"

" The companson of photometrtc proﬁle across the 1mplanted area (a) w1th numencalh

simulation () in 4.8 MeV' a-particle implanted silicon. - ‘The: SImulatxon was obtamed
assumxng the vanatlon of the ion dose descnbed by a top fragment of the Gaussxan curve. ‘
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*.~ White beam synchrotron back-reflection section topograph of flat silicon byys}al implanted ;.
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" Numerical ‘simulation of intensity _distribution” for: synchrotron section ‘lbpogréph?»in 553

-_reflection of 0.4 A wavelength, assuming the_lattice “parameter depth distribution profile
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section topograph: of :the elastically bent silicon wafer

" The back-reflection synchrotron

-non-uniform -beamof 4.1 MeV a-particles in. 111 reflection of 0.66 A
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It was p0551blc to obtam reasonablc approx1mauon of most of these results by
numerical integration “of the Takagl-Taupm equations.” The " lattice - parameter profiles .
corrcspondmg to the vacancy-interstitial distribution obtained using Biersack-Ziegler TRIM-

* 85 program was assumed. A proportional factor, including the jon dose. was used as a tmmb
parameter and the incoherence of lattice due to vertical displacement was taken into account.
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