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Th e paper presents hi gh- resol uti on X- ray di ˜ra cti on studies per formed
for Si single crystal : as-gro w n, implanted w ith a 5 È 10 1 4 ions Â cmÀ 2 dose of

3 MeV /n A r ions, as w ell as implan ted and annealed in a very high vacuum .
T he results are discussed on the basis of rocking curves and the mathematical
analysi s of the recipro cal space maps. I t is show n that the lattice parameter

is increased in an implanted part of the crystal, but long distance lattice
curv ature is not present. A fter annealin g full rela xatio n of the crystal is
stated.

PACS numb ers: 61.80.Jh, 61.80. {x, 61.10. {i, 85.40.Ry

1. I n t rod uct io n

The Ùrst observati on of a speciÙc dam ageinduced by fast heavy ions in solid
wa s made by means of tra nsmission electro n m icroscopy in mica i rra diated by
ura nium Ùssion fragments [1]. Since tha t many inv estigati ons were carri ed out in
di ˜erent m ateri als by m eans of a num ber of m etho ds [2{ 5], especial ly tra nsmission
electron m icroscopy (TE M) [6, 7]; also X- ray techni que was successful [8, 9]. The
structura l di storti ons induced by impl anta ti on wi th fast heavy ions (of energies
above 1 MeV/ n) change properti es of a ta rget m ateri al . In the case of semicon-
ducto rs these changes can be appl ied for new electroni c devi ce technology.
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The aim of the present paper is X- ray di ˜ra cti on study of Ùne structura l
changes intro duced by impl anta tio n wi th fast inert gas ions, nam ely wi th 3 MeV/ n
Ar ions, and anneal ing in a sil icon sing le crysta l , whi ch is a m odel semiconducto r.
Up to now, several X- ray studi es of sil icon crysta ls im planted wi th Ar and Kr
ions were perf orm ed but f or m uch hi gher energies (of the order of 1{ 2 GeV, i .e.,
44 MeV/ n) [10{ 12]. In the cited inv estigatio ns the fol lowing X- ray metho ds were
appl ied: pro jection to pography in Laue geom etry and section to pography in Bra gg
geometry .

Previ ousl y we inv estigated by m eans of the X- ray di ˜ra cti on metho ds the
inÛuence of the impl anta ti on wi th a 1 È 1 0 1 4 ions Â cm À 2 dose of 4 MeV/ n neon
ions on the sil icon m atri x [13], as well as the fol lowi ng anneal ing at a high tem -
perature [14]. It was shown tha t im planta ti on caused di sturba nce of sil icon crysta l
structure and the increase in the latti ce param eter by 1 È 1 0 À 3 nm . The present
research is devoted to an e˜ect of i rra diati on wi th the simi lar dose at energy of
the sam e order ions of the next inert gas in the periodic ta ble, nam ely argon.

The X- ray di ˜ra cti on studi es were carri ed out f or the Si crysta l : (i ) as-grown
(sam ple Gr), (i i ) impl anted wi th the fast Ar ions (sam ple Im ), and (i i i ) im planted
and then annealed (sam ple An). The results are discussed on the basis of rock-
ing curves and the m athem ati cal appro ach to analysis of recipro cal space m aps
described f or the Ùrst ti m e in [15].

2 . E x per i m en t a l

The dislocati on- free sil icon single crysta l wa s grown by the Czochra lski
m etho d. The 110 ori ented 3 m m thi ck pl ate studi ed wa s im planted wi th a
5 È 1 0 1 4 ionsÂcm À dose of the 3 MeV/ n Ar ion beam from a = 1 6 0 Cycl otro n at
Hea vy Io n Laborato ry of the W arsaw Uni versi ty [16]. The beam current was equal
to 50 enA. The impl anta ti on was perform ed at room temperature by a uni f orm ly
defocused beam. The m ean range of the 3 MeV/ n argon ions in the sil icon crysta l
wa s calcula ted by m eans of a T RIM 5.3 pro gram [17].

The annealing of the im planted specimen in a hi gh vacuum ( 1 0 to rr)
wa s di vi ded into several steps. Fi rst, the crysta ls were subj ected to a preanneal ing
(1 hour at 473 K + 1 hour at 673 K) in order to obta in low pressure in the chamber
and for prel im inary cleaning of the sampl e surface. Then, a high tem perature
trea tm ent was appl ied. Duri ng the m ain anneal ing process the pressure also slowl y
increases in the cham ber, so we di vi ded the pro cess into two parts, appl yi ng two
tem perature regimes. Duri ng 1 hour the tem perature rose from 673 K to 973 K,
next for 1 hour the tem perature was kept constant, and Ùnal ly duri ng 20 m in the
tem perature was reduced up to 473 K.

The X- ray di ˜ra cti on studi es were carri ed out by m eans of a Phi l ips hi gh-
- resoluti on MR D di˜ra ctom eter equipped wi th a Ge 220 Bartel s monochrom a-
to r and a two- reÛection 220 Ge analyser. The characteri stic Cu radi ati on
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(Ñ = 0 : 1 5 4 0 6 nm ) was appl ied. The investigated sam ples were set up for the sym -
m etri cal 440 reÛection. The rocki ng curves were measured wi th the open detecto r,
wherea s the reci procal space maps were recorded using the analyser in front of the
detecto r.

3. R esul t s

The sym m etri cal 440 reÛection rocki ng curves ( ! scan) for the as-grown
sil icon crysta l , for the im planted wi th f ast Ar ions specim en, and for the i rra diated
and next annealed sam ple are presented in Fi g. 1 as the sol id l ine, dotted line, and
dashed l ine, respect ively. The rocking curves for Gr sam ple and for An sam ple are
very sim i lar. The rocki ng curve f or Im sam ple shows a weak di ˜use peak on the left
side of the m ain m aximum indi cati ng a form atio n of stra ins in the interi or of the
sam ple. Recently i t was shown tha t the di storti on of the rocking curve in the sil icon
crysta l im planted wi th ni tro gen by pl asma im mersion ion impl anta tio n wa s caused
by stra ins in the im planted region [18]. The intensi ty of the main m axi mum of Im
sam ple is slightl y hi gher tha n m axi ma of other two rocking curves, tha t m eans
tha t the Ar ion shot- thro ugh layer is not defect- free.

Fig. 1. The rocking curves (440 reÛection ) measured w ith the C u K ˜ 1
radiatio n. T he

solid line is the ro cking curve for the virgin sili con crystal, the dotted line | for the

implanted with the 5 È 10
14 ions Â cm À dose of the 3 MeV /n energy argon ions sample,

and the dashed line | for the irradiated and next annealed specimen.

The m aps around the 440 recipro cal latti ce point are given in Fi g. 2. Com -
pari ng the m ap after the im planta ti on (Fi g. 2b) to tha t of the as-grown crysta l
(Fi g. 2a), one can see tha t the form er map is distorted. The map f or An sampl e
(Fi g. 2c) is l ike tha t for Gr sampl e tha t indi cates tha t after anneal ing the crysta l
comes back to the alm ost ini ti al sta te.
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Fig. 2. T he 440 recipro cal space maps for silicon crystals: (a) for the virgin sample,

(b) for the irradiated crystal, and (c) for the implanted and then annealed sample. T he

axes are marked in units of Ñ= 2d w ith Ñ b eing the w avelength of the incide nt radiatio n

and d interplanar distance. T he neighb ouri ng contours represent the intensity ratio equal

to 10.

4. An al ys is of t he r esul ts an d di scu ssio n

The calcul ated m ean range of the 3 MeV/ n argon ions in sil icon is 2 9 : 9 ñ m
tha t m eans tha t Ar ions penetra te the Si crysta l up to about 3 0 ñ m. Thi s indi cates
the requi red depth of penetrati on of X- rays duri ng di ˜ra cti on experim ent. Next,
we calcul ated the penetra ti on depth for the 440 reÛection of Cu K ˜ radiati on in
Si sing le crysta l for the Bra gg case. W e revealed tha t the m ain m axi mum stands
for the reÛection from the near-surf ace lay ers up to 2 m, and tha t the penetra ti on
depth achieves 5 0 m for the ta i l ends.

The analysis of the reci procal space m ap al lows one to determ ine the m i-
cro structure of the inv estigated crysta l and to disti ngui sh the di ˜erent e˜ects.
The assumpti ons and the way of perf orm ing the analysis were presented in [15].
The calcul ated functi ons: the interpl anar spacing di stri buti on functi on 1 (2 ) and
the ori enta ti on distri buti on functi on 2 ( ) describe latti ce stra ins and a latti ce
bending, respecti vel y. We assume tha t the reci procal space m ap for the as-grown
crysta l is a ref erence map tha t m eans tha t 1 (2 ) and 2 ( ) for the Gr crysta l
characteri se the experim ent consi dered, i .e., they are the instrum enta l functi ons
for the hi gh-resoluti on di ˜ra ctom eter. The resul ts of the perf orm ed analysis are
presented in Fi gs. 3, 4, and 5.

In Fi g. 3 the runs of 1 (2 ) functi ons are given for Gr sam ple (sol id l ine in
Fi g. 3a and b), for Im pl ate (open circl es in Fi g. 3a), and An sam ple(open tri angles
in Fi g. 3b). The functi on 1 (2 ) for Im specimen (Fi g. 3a) reveals the addi ti onal
di ˜use maxi mum . To characteri se more preci sely thi s asym m etri cal bro adening of

1 (2 ) we spli t up the functi on into tw o component functi ons in the way shown
in Fi g. 4. The Ùrst com ponent f uncti on corresponds to the who le sam ple wi th the
sam e latti ce param eter (open tri angles), and the second com ponent functi on is
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Fig. 3. T he runs of F 1 (2 ˚ ) functions in a logarith mic scale obtained from the analysi s

of the recipro cal space maps show n in Fig. 2: (a) from the map b for the fast A r ions

implanted sample (op en circles), and (b) from the map c for the irradiated and then

annealed specimen (op en triangles). T he ref erence F 1(2 ˚ ) function for the virgin Si

crystal (map a) is given by a solid line.

Fig. 4. T he splitti ng of the F 1(2 ˚ ) function for the Si sample implanted w ith fast

A r ions: the calculated F 1(2 ˚ ) function (dashed line), the Ùrst comp onent function

corresp ondi ng to the w hole sample with the same lattice parameter (op en triangles),

and the second comp onent function for the part of the crystal volume w ith a larger

lattice parameter (op en circles).

connected wi th the part of the crysta l vo lum e of the extended latti ce parameter
(open ci rcl es).

From the analysis of F 1 (2 ) for Im sampl e i t fol lows tha t the addi ti onal di f-
fuse maxi mum is of 1{ 2 orders less intense tha n the main m aximum. The shift of
thi s addi ti onal peak (b etween 2 = 0 0 1 and 0.03 in the low angles di recti on) cor-
responds to the rel ati ve change of interpl anar distance of Â = +1 3 1 5 1 0 ,
i .e., to the increa se in the latti ce parameter of 0.7{ 2 1 10 nm . The broadening
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of the functi on F 1 (2 ˚ ) for Im sam ple (open circl es in Fi g. 3a) of about 10{ 50% in
compari son wi th the reference functi on (sol id l ine in Fi g. 3a) in a com plete functi on
run shows an appearance of stra ins perpendicul ar to the reÛecting planes caused
by the creati on of extended defects. The point defects and quasi-point defects in
the near-surf ace Ar ion shot- thro ugh layers consist in substi tuti on in part Ar ions
in Si ato m rows, and they cause a latti ce expansion. Arg on is chemically inert, and
i t is why i t causes only stra in of crysta l latti ce.

The F 1 (2 ˚ ) functi on for An sam ple (open tri angles in Fi g. 3b) is congru-
ent to the ref erence f uncti on (the sol id line). Al ike for Gr crysta l the functi on
is sym m etri cal ; the addi ti onal di ˜use m axi mum disapp eared. In com pari son wi th
the F 1 (2 ˚ ) for Im sampl e i t is bro adened by about 3.4% in the hal f-wi dth. Be-
cause the radiati on penetra ti on depth corresp ondi ng to the hal f-wi dth does not
achi eve 5 ñ m , thi s broadening reveals form ati on of the extended defects wi thi n the
near-surf ace shot- thro ugh layers. On the other hand, after anneal ing the F 1 (2 ˚ )

functi on is narro wed from 3% in the level of 0.1 of the m ain maxi mum intensi ty to
20% in tha t of 0.005, whi ch indi cates the large relaxati on of stra ins in the stoppi ng
power region as a result of the anneal ing (m igratio n of the Ar ions to intersti ti al
positi ons).

Fig. 5. The runs of F 2( ) functions in a logarith mic scale obtained from the analysi s

of the recipro cal space maps given in Fig. 2: (a) open circles for I m sample (map 2b),

and (b) open triangles for A n sample (map 2c). T he solid line presents the ref erence

2( ) function for Gr specimen (map 2a).

In Fi g. 5 the runs of 2 ( ) f uncti ons for Gr sam ple (sol id l ine in Fi g. 5a
and b), f or Im pl ate (open circl es in Fi g. 5a), and for An sam ple (open tri angles in
Fi g. 5b) are presented. In the region of the intensi ti es from 1.0 to 0.1 the functi ons

2 ( ) for Gr and Im sampl es are almost the sam e, whereas in the tai l region,
correspondi ng to the X- ray penetra ti on depth from 20 to 50 m , thi s functi on
for Im sam ple is narro wed. The calcul ated m ean range of argon ions in sil icon is
about 30 m tha t m eans tha t in thi s region maxi mum deform ati on of crysta l latti ce
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occurs. Thi s is the reason of lowering the di ˜ra cted intensi ty in the ta i ls region in
compari son wi th the case of Gr sam ple, as wel l as a hori zonta l narro wi ng of the
reci procal space m ap (Fi g. 2b). The functi on F 2 ( ! ) for An sam ple is identi cal as
the functi on F 2 ( ! ) for Gr sampl e (Fi g. 5b) tha t indi cates stra in relaxati on. Mo re
deta i ls wi l l be presented in the next paper (i n preparati on).

5 . Co n cl usion s

The aim of the present paper was the study of Ùne structura l changes induced
by im planta tio n wi th fast Ar ions into a sil icon single crysta l and fol lowing anneal-
ing in a high vacuum . For the research we appl ied an X- ray di ˜ra cti on techni que,
nam ely the rocki ng curve measurements and the recipro cal space m ap im aging.

The rocki ng curve for the im planted sam ple revealed an addi ti onal peak in
the left side of the m ain m axi mum . Af ter the annealing thi s peak fell o˜ and the
rocki ng curve becam e very l ike tha t for the vi rg in crysta l tha t m eans tha t as a
resul t of anneal ing the post- im planta ti on structura l changes di sappeared.

From the mathem atica l analysis of the recipro cal space m aps i t fol lows tha t:

1. The impl anta tio n wi th the f ast Ar ions caused Ùne changes in the Si lat-
ti ce structure . For the left ta i l region of the F 1 (2 ˚ ) functi on the addi ti onal
di ˜use m aximum was revealed whi ch was connected wi th the di spersion of
the inter- planar spaci ngs, tha t means the increase in the latti ce parameter
of about 0.7À 2 : 1 È 1 0 À 2 nm in the stoppi ng power region.

2. Af ter anneal ing the hal f-wi dth of the F 1 (2 ) functi on slightly increased
indi cati ng the f orm ati on of the extended defects wi thi n the near-surf ace
shot- thro ugh layers, whereas in the tai l region the addi ti onal peak disap-
peared and the 1 (2 ) functi on wi dth decreased, tha t m eans a large relax-
ati on of stra ins in the stoppi ng power region.

3. The unexp ected narrowi ng of the functi on 2 ( ) for the im planted crysta l
in the ta il region can be expl ained by the f act tha t when the angular di stance
from the middl e of the interf erence region ri sesthen X- ray beam penetra tes
the deeper layers in the sam ple and achi eves deform ed layers whi ch in con-
sequence gives a decrease in the di ˜ra cted intensi ty .
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