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Introduction 

In recent years ion implantation was introduced into technology 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 
numberofpapers[I-4]. · - · ' · · 

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 pr~tons. These results see;n be interesting in aspect of diffraction phenomena and new 
method of experim~nt. On .the other han~ ;in ac!ual case many original diffraction phenomena 

were well explained basing on the theoreticaf prediction of the distributimi 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 theshot-: 
through layer. · - · · · - - - -
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1. Experimental 

The experiments were perforined on (Ill) oriented silicon crystals implanted with 4.8 MeV a 
-particles and I and 1.6 MeV protons. The ion doses were I x 1016 cm-2 for a-particles and I 
x 1017 cm-2 for protons. In the most cases the significantly thick substrates in the range 1.5 - 6 
min were used and the radius of curvature was greater than I 000 m. The I and 1.6 MeV 
protons were implanted in two neighbouring regions of the same sample. . ' 

· The samples were studied with different topographic methods and rocking curve 
measurements. Part of the experiments were: realized using synchrotron source ofX-rays. 

The important results were obtained with the use ofthe back-reflection synchrotron 
section topography. The section experiments· were performed using white beam X-ray 
radiation from the DORIS III storage ring operating with the energy of 4.455 GeV. The wave 
front of the beam in the_ section experiments was limited by 5 J!m slit .The angle of incidence 
was chosen to be equ~l to 8.5°. Each exposure revealed a number of reflections which. were 
indexed using numerical program. · · 

. The use of synchrotron radiation multicrystal arrangement enabled systematic 
recording of rocking curves from very small fragments of implanted region. 

2. Numerical calculation 

The rocking curves were obtained from the form of Takagi-Taupin equations assuming the. 
solution dependent only on the vertical coordinate z: · · · 

y i dD0 ·· ... 

0 nk ---;;;- = XoDo + Cxli D~, 
i 'D . · .. 

y h nk d; = Cx,Do :_a~D, (I) 

The equations are integrated towards the surf~ce ~iarting from the t~p reglons of the substrate . 
with the values corresponding to the analytical solution in the semi-infi~ite crystal [8). · 

• A modification 'of. the program was applied for simulation· of the· fringe pattern 
observed in the double-crystal topographs. We assumed here that the lateral variation of lattice· 
deformation is ~low enough so locally we may still. us.e equations ( l ). The beam divergence . 
was taken into account by adding appropriate number of, values calculated-for different angle 
of incidence. · · · . · ' 

The 'simulations of back-reflection section images were performed using fine con~tant 
step close to 0.5 J!m and the normal foim of Takagi Taupin equations: 

i an __ o . 
nk as = XoDo + Cx-D . 0 h h• 

i aD, -_c·x D -a,D, ---- h 0 
nk as, 

(2) 
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Agoodcorrespoddence between the theoretical and experimental curves was achieved 
approximating 'lattice parameter- profile by ~ distribution of·. vaca!lcies . and interstitial · 
computed using the TRlM-85 program published b); Biersackand.Ziegler (9). .. . 

The essentia)for obtaining a good approximation of fringes in back-retlectio~ double­
crvstal topograph and in the ·back-reflection section topography' is takin!! int~ account the 
m~tual displaceri1ent of the iattice of the shot-th.rough layer \\:ith re~pect to the bulk crystal 

·.being the integral of the lattice parameter change. That was realized multiplying z, and zr. by 

a factor e)l:p[ ±i~i((z l]where z is the co-ordinate perpendicular to the surface. The function 

f(z) is proportional to the integral ~flattice parai11eter chang~ profile: . 

f(z) ,;,/J ~a~i)dt (~) 

II 

where 

Li'a(z) = a(z)-a, (4) 

means the qitference between the lattice para!neter at the depth= and its value.in the substrate 
a . It may be easily found that at assumed absence of plristic ddi.mnation and that the planes 
p~q)endicular to the surface are straight. . ' ' 

.r 

1
j = cos<pM 

l:'l 
a_, . 

. ~here <p is the inclination of the reflecting planes to the surlace and .II is expressed by 
Poisson coetlicient. v as in [I 0] 

. . 

I 

M=l+.v 
1-v 

3. Rcimlts and discussion 

(6) 

The rocking curves recorded using synchrotron ·multicrystal arrangement and small 
diameter of the probe beam provided a.very good resolution of the subsidiary maxima as ma) 
be seen in Fig. I. The curve.a corresponds to lower dose of I MeV protons than curw h. The · 
higher dose causes_ larger separatilin between the main peaks dm: to the'.substratc ami top 
region of the sl1ot~through layer.,The subsidiary niaxima arc m~~h more visible at higher doso: 
due to the stronger latticepa'rametcr gradient. · · ... 

· The theoretical curves reproducitig the.character of experimental ones were ~1htaincd 
by n~m~erical -· ii1tegration. o-f the Takagi-T~upin · equations assuming . the lattice . depth 
distribution profile; proportional to the vacancy-interstitial distribution pro Iiles produced by 
Biersack-Ziegler program TRJM-85. see Fig: :!. It may' be expected that both ,,·ac:mci~s and. 
interstitials · should result the e!Tective increase of lattice pammeter. The reasonable angular . 
positions of subsidiary'maxima were obtaitied assuming validity or Cl). (5). The thc~lro:tical' 
curves are shown in Fig. 3. . ' 
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It is expected that a good. approximation of lattice parameter profiles by Ziegler­
Biers~ck 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 [II]. , . . . .·.. . . · 

The double~crystal topogniphs exhibit interference fringes in' the implanted area. The 
distance between fringes in the topographs is dependent on the ~ngular 'position in the rocking 
curve and they became more dense close to the peak'[6rThese fringes are also more distin~t 
in· the topcigraphs· iakeri '\vith synchrotron· multicrystal arrangement. Two representative 
topogiaphs of the sample implanted with protons are 'shown in Fig. 4. I~ the presently. 
considered relatively flat samples the fringe formation is caused by inhomogeneous ion do'se 
distribution: That was confirmed by the difference in the rocking curves taken from different 
regions which-may be also observed in ·Fig. I.·· · · · · · 

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 a-particle implanted silicon. We assumed here the variation 
of the ion dose described by a top fragment of the Gaussian ~urve. . 

The synchrotron back-reflection section pattern representative f{lr flat sample is shown 
in Fig. 6. This topograph is characteristic tor more sensitive reflection with higher indices. We 
may notice the strong line corresponding to the entrance of the beam into the sample and a 
complicated pattern co.rresponding to the vicinity. of the buried layeL .·In this region a 
characteristic sequence of three black strips is seen. The first black strip (second frof!l the' top 
in the topograph) which· is usually wide and intense is expected to. be the direct· contrast 
coming from the region with a significant lattice parametef gradient. The tolio~ing dear 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 lattice 
parameter is again decreasing. The last strip is due to the reflection from the bulk and the prior 
clear gap is probably due a possible kind of secondary extinction due to the reflection from the 
top layer; ' 

The. position of the direct contrast due to. the buried ··layer can· be used· for direct 
determination of its location below the surface. As may be easily found the distance 1

1 
on the 

section pattern for an arbitr(lry spot is related to the corresponding depth l; by the following 
formula: 

. cos(ah)sin(0-<p) 
I =I r . =I fAh 
·' · sin(20+ah) . 

(7) 

where: 0 def1otes as previously. the Bragg-angle :for centrally. adjusted:reflection, <p denotes 
the inclination of the 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 centrat'ly adjusted reflection.' The values of ah can be calculated 
from the po~ition. of spots on the film. The ad<!quate accuracy of the 'evah1ation ·requires exact· 
knowledge of· the entrance angle ·of the· beam with respect to ·the surface· and the 
misorieiltation of the pla~es with respect to the surface: A realistic· value of 0;25° of accuracy,' 
provides usually 5% of accuracy in deterni.imition of ranges. . ' . . . ( . . . ' 

. The evaluated values of ion ranges were 21 Jlm for 4.8 MeV a.~particles, 18·Jlm for f 
MeV protons and36 Jlm fori.6MeV protons. These values are in good agreement,with those 
based on Monte Carlo cal~ulatiorisfrom'[I2]. ·.. . ·· '· ·. · . · . · . ' 
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The character of the Bragg-case section pattern was well rep~oduced using the 
numerical integration of the Takagi-Tallpin equations at it is shown in Fig. 7. 

/ . 4 \ I 
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In some of the recorded patterns we observed characteristic interference tails shown in 
fig. Sa. 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 imi 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 obtaiu'ed also assuming validity of eq.(5). . 

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. · 

In the case of implanted region the interference pattern is much more complicate aiid 
containing several systems offringes as is shown in Fig. 9. The character of this picture was to 
some extend reproduced in numerical simulation shown iii fig. 10. In this case :we assumed a 
two dimensional variation of the ion dose · " · 

.. _N(x,y),.,exp(d+l) 
2cr2

. 
(8) 

I 
where x and y are the surface coordinates. In addition in ·some cases -the sharp edges of 
implanted area were introduced using ~rough approximation 

M'(~.y) = 0, for bx2 + /_;;::: rc. (9) 

where the value rc was chosen to position the boundary inside the area of integration and a 
and bare the coefficients controlling the extensio~ along the x co-ordinate. Similarly as in 
previous calculations the v~rtical incoherence of the crystal lattice was takeri into. account. 
Some discrepancies between the experimental and theoretical images .come: from more 
irregular character ofion dose distribution. In actual case the radius of curvature was close to 
lOOm. . .. 

Conclusions 

The silicon implanted with highenergylight ions was studied by means ofv~ous X­
ray methods realized using conventional and synchrotron radiation sources. In most cases the 
characteristic rocking cirrves witli ili.creasing period of the subsidiary maxima forlower angles 
of incidence were obtained The double crystal topographs revealed interference fringes with 
the period also increasing for lower angles. 

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. cThe bending. of the samples introduced additional 
wide spread interference pattern extended up to· few millimetres behind the entrance of the 
beam. 
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Fig. 1 
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Two. experimental rocking ~urves for the 1 . MeV proton· implanted 'silicon taken with 
synchrotron triple-crystal arrangement with symmetrical 333 ·r'ef!ection ·of 1.35 A wavelength. 
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Fig. 3 
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The convoluted rocking curves taking into acc~imt 0.5'' probe beam divergence obtained by 
numerical integration of Takagi-Taupin equation in 333 reflection of L35 A wavelength 
assuming the lattice parameter depth profile proportional to that shown in Fig. 2. The curve u 
corresponds to 2 x lower ion dose than curve h. 
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Two representative topographs of the sample impl~ted with 1.6(1cft part of the picture) and 
I 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 fringes in the area implanted 
with I MeVenergyare31 inaand33 inbrespectively. ,. 
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Fig. 5 . 
. The comparison of photometric profile. across the- implanted area (a) with numerical 

simulation (b) in 4.8 MeV a-part~cle implanted silicon. The simulation was obtained 
assuming the variation of the ion dose described by a top fragment of the Gaussian curve. 
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Numerical simulat.ion of intensity distribution lor,. synchrotro; section topograph in 55:1 
reflection of 0.4 A wavelength. assuming the_ lattice· parameter depth distribution profile 
coining from Biersack-Ziegler theory. . ·. · · · ' · 
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a 

b 

Fig. 8 . . 
a - The interference tails in 131 back-reflection section topograph in I A wavelen.gth of I 
MeV protons implanted silicon crystal. •.. 
b- The simulation of the interference fringes simii;:tr to those shown in u. 

Fig. 9 
The back-reflection synchrotron- section topograph of the elastically bent silicon wafer 
implimted·'with non-uniform beam of 4.1 MeV a-particles in Ill reflection· of 0.66 A 
radiation. 
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It was possible to obtain reasonable approximation of most of these results bv 
numerical integration ·of the TakagicTaupin equations. The lattice parameter protile.s 
corresponding to the vacancy-interstitial distribution obtained using Biersack-Ziegler TRIM-
85 program was assumed. A proportional factor, including the ion dose. was used as a fitting 
parameter and the incoherence oflattice due to vertical displacement was taken into account. -
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