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Th e R uther ford backscatter i ng angu lar scattering yields for 100 keV

H + and H 0 pro j ectiles fro m Si crystal was measured . T he analysi s of results
using Monte C arlo simulations leads to the conclusi on that H0 beam su˜ers
smaller disp ersi on than H + beam, w hen crossing crystal surf ace. I t means

that the H 0 scattering probabil ity is smaller at large impact parameters. For
greater p enetration depth the channeling pro cess turns out to be the same.

PACS numb ers: 71.45.Gm

1. I n t rod uct io n

For swi ft ions the electro nic stoppi ng cross-section S e i s described by the
Bethe theory and is proporti onal to the square of ion ato mic numb er S e / Z 2

1
. For

m edium velocit y ions i t is necessary to intro duce the concept of ẽ ecti ve charge Z Ê

and in thi s case S e / Z Ê 2 [1]. In general , the e˜ecti ve chargeof ions in m atter is di f-
ferent from the ion ato m ic numb er. For ions of energy 1 MeV / a.m .u. the charge di s-
tri buti on reachesequi l ibri um di stri buti on on the distance of L / 1 0 nm [2, 3]. W ith
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decrease in ion veloci ty L also decreases, and f or the energy 0.4{ 0.6 MeV/ a.m .u.
i t reaches L / 1 nm [4, 5]. The energy losses along the main crysta l lographic
di recti ons, in channel ing condi ti ons, are much smal ler tha n the energy losses in
di sordered structures due to the lowering of the probabi l i ty exci ta ti on and charge
exchange [6]. The characteri stic di stance for reachi ng the equi l ibri um charge di s-
tri buti on for 0.38 MeV He+ and He2 + ions is about 2 nm , i .e. several latti ce
constants [7]. It is di£ cult to estim ate the contri buti on to the energy loss from the
Ùrst ato mic surface layer and relate i t to the contri buti on tha t comes from the ion
m oti on in the bul k latti ce. A possible exp erimenta l metho d to Ùnd the rela ti on
is a deta i led analysis of the R utherf ord backscatteri ng (R BS) energy spectra in
SIM OX- l ike (separati on by im plantati on of oxyg en) structures [8]. Al so, the sen-
siti vi ty of the angular RBS spectra on the angle of ions incidence wi th respect to
crysta l lographi c axi s and pl anes is com monl y kno wn. Parti cul arl y, such spectra
depend on param eters of the ion beam inci dence in the crysta l . The ini ti al ion
beam diverg ence and the surface structure strongly m odi f y the m easured spectra.
It is expected tha t the analysis of angul ar RBS spectra measured as f uncti ons of
the ini ti al charge state of the inci dent ion beam enables getti ng inf orm ati on on the
pro cess of equi l ibrati on of the charge state di stri buti on in the subsurf ace regions
for m edium energy ions. W e used the R BS techni que in order to get backscatteri ng
angular spectra for 100 keV H+ and H0 pro jecti les channeled in single Si crysta l .

2 . E x per i m ent a l p r oced ur e

The experim enta l arra ngement and the sam ple preparati on used in thi s ex-
perim ent were described elsewhere [9]. The incident ion beam consi sting of proto ns
H + and hydro gen ato m s H0 of the angular di vergence of 0.02 deg was di rected onto
Si (001) single crysta l mounted on a three- axi s goniom eter of 0.01 deg setti ng ac-
cura cy. The beam spot of 0.5 m m di ameter was shi fted by 0.3 m m wi th respect
to the rota ti on axi s of the crysta l in order to m inimise radi ati on damage. The
backscattered ions were registered wi th a semiconducto r detecto r placed at an an-
gle of 130 deg. The detecto r solid angle was 0.01 srad and the energy resoluti on
FW HM = 10 keV. By selecting appro pri ate energy thresho ld for detected signals i t
wa s possible to detect backscattered ions from the depth interv al of up to 40 nm .
Thi s depth corresp onds to the channel ing oscil lati on length of ions along m ain
crysta l lographi c planes.

In order to increase ion beam neutra l izati on a neutra l izer was mounted in
the reacti on chamber just before the Ùnal col l imati ng slot. The neutra l izer was
bui l t from 70 cm long tub e wi th contro l led gas pressure ranging from 1 0 À 2 to
1 0 À 3 T orr. A swi tchi ng on of the neutra l izer pro duced 15{ 20% neutra l izati on of
the ion beam. In order to appl y neutra l pro jecti les onl y the charged fracti on was
electrostati cal ly rem oved from the beam .

The surf ace of Si sing le crysta l was cleaned by oxi dati on at the tem perature
of 1000 K in the presence of H2 O vapour for 5 m in and subsequent rem oval of
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the resulta nt SiO 2 layer in 15% HF acid. Af ter tha t the crysta l was im mediatel y
m ounted on the goniom eter in the reacti on chamber.

The angul ar yi elds of random backscattered pro jecti les were m easured for
two ful l rota ti ons of the crysta l (12000 points). The ti l t angle of the rota ti on axi s
h 0 0 1 i wi th respect to ion beam was ˚ = 4 2 deg. The neutra l izati on was swi tched on
pro duci ng H0 duri ng one crysta l ro ta ti on and then duri ng the next one rota ti on i t
wa s o˜ pro duci ng H + . Due to the crysta l sym metry in (001) ori enta ti on after every
90 deg of rota ti on the same RBS angular scan was registered. Thus, the compari son
of subsequent scans enabl ed estim ati on of the ti m e stabi l i ty of m easurements. In
the case of H+ no radi ati on dam age wa s found in the angular scan duri ng one
crysta l ro tati on (3200 s), for the beam current of the order of 1 nA on the ta rget.

Since for low energy inci dent parti cles (100 keV) the wi dths of channel ing
di ps are large, the determ inati on of so-cal led \ random" level was im possibl e. As
a consequence each part of the angul ar scan conta ins m inim a corresp ondi ng to
the channel ing in the high index axi al or planar di recti ons. For these di recti ons
sensiti vi ty of the channel ing e˜ect to the angular di vergence of the beam af ter
tra nsmission thro ugh the crysta l surface increa ses. Thus the conti nuum potenti al
m odel [10] does not al low for su£ cientl y preci se theo reti cal calcul ati on of large
parts of angular scans. The inÛuence of the crysta l surf ace on the RBS angu-
lar spectra were analysed by com pari ng the m easured spectra wi th the spectra
obta ined by computer sim ulati on of the channel ing.

3. Sim ulat io n

In the Mo nte Carl o simulati on of the channel ing pro cess the channel ing cell
wa s selected in h 0 0 1 i di recti on as described in R ef. [11]. The pro jecti le tra jectory
wa s determ ined on the basis of bi nary col l ision model wi th the step of calcul ati on
l = 0 : 2 5 a =cos˚ , where a i s the latti ce consta nt for Si , ˚ i s the ti l t angle of the ro-
ta ti on axi s wi th respect to the ion beam directi on. The scatteri ng angle was calcu-
lated from the magic form ula [12] usi ng the Zi egler{ Bi ersack{ Li ttm ark (ZBL) po-
tenti al . In each step of calculati on the tem porary positi on of the nearest-neighbour
therm ally vi bra ti ng ato m wa s determ ined f rom the norm al di stri buti on. For 293 K
the one-di mensional therm al vi bra ti on ampl i tude of Si ato m is 0.00756 nm . The
breaki ng point correcti on for recti l inear parts of tra jectory was ta ken into account
by calculati ng tha t the inci dent and outg oing asympto tes of tra jectory cross at a
point whi ch is in the distance s before the pro jection of the scatteri ng centre on
inci dent tra jectory

s =
2 m 1

m 1 + m 2

§ +
m 2 À m 1

m 1 + m 2

b ta n( ˜ =2 ) ; (1)

where § i s the ti m e integ ra l , b i s the scatteri ng param eter, ˜ is the scatteri ng
angle. For m 1 § m 2 , s = b ta n ( ˜ =2 ) . The energy losses due to intera cti on wi th
electrons were determ ined for each scatteri ng using the D ettm an{ R obinson m odel
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[13], i .e. by ta ki ng into account separatel y the shell and valence electron contri bu-
ti ons and close and di stant coll isions. The change of tra jectory of m oti on due to
cl ose col l isions wi th electro ns Â ˜ sc att = m eÂ E c lose=m 1 E was ta ken into account
by determ ining the scatteri ng angle f rom norm al distri buti on N (˜ ; Â ˜ ) . The nu-
cl ear encounter pro babi li t y (N EP) [14] was calcul ated for each scatteri ng event and
stored as a functi on of the col l ision numb er and separatel y as a functi on of the
energy loss. In the latter the NEP was corrected accordi ng to the increase in the
scatteri ng cross-secti on wi th decrease in ion energy. The stra ight l ine tra jectory of
ion m oti on from the point of scatteri ng to the crysta l surf ace (and to the detecto r)
along wi th constant energy loss per uni t path length were assumed. The stra ggl ing
on the outg oing path and the energy resoluti on of the detecto r were ta ken into
account. The structure of crysta l surf ace was ta ken into account by generati ng
random positi ons of Si and O ato m s for the Ùrst and subsequent layers of the
selected channel ing cell . On the basis of calculated NEP( E ) the avera ge values of
NEP for the energy region correspondi ng to the energy resoluti on of spectro metri c
setup and for the subsequent v alues of the rota ti on angle ! for a given ti l t angle ˚

were determ ined. In thi s m anner the code generated results correspond exactl y to
the geom etry and exp erimenta l condi ti ons. Next, the calcul ated angul ar distri bu-
ti ons were related to the experim ental scans. The norm al izing facto r was the rati o
of counts from the analyzed region of crysta l ro ta ti on angle ! for calculated and
m easured spectra, to NEP for the same region of rota ti on. A sequence of spectra
wa s generated for random ly distri buted Si and O atom s (creati ng SiO 2 ) in subse-
quent layers and the theoreti cal and experim enta l spectra were Ùtted by m eans of
â 2 cri teri on.

4. R esul t s an d dat a an al ys is

A typi cal f ragm ent of angular R BS angular yi elds for H+ and H 0 parti cle
beam inci dent on Si(001) wi th ˚ = 4 2 deg is shown in Fi g. 1. Both yi elds were
m easured for the sam e sam ple. A more deta iled structure of the H 0 angul ar scan
tha n tha t of the H+ scan was found in regions of m inim a and in shoulder reg ions.
These di ˜erences were recorded for al l sampl es,but they di sappear for penetra ti on
depth of 100{ 150 nm . It means tha t the dechannel ing e˜ect prevai ls over surface
e˜ects causing ion beam di spersion. The analysis of mini ma for H0 and H+ gives,
wi thi n the stati stical error, the sam e angul ar wi dth. Al so, â m in determ ined wi th
respect to arbi tra ry accepted \ random " level gives, wi thi n the stati stical error,
the sam e values. The angular wi dths of dips in the \ shoul der" regions are also the
sam e. It m eans tha t for low index crysta l lographi c planes the avera ged height of
the potenti al barri er in the model of conti nuous potenti al [10] is the sam e. Next, i t
m eans tha t the channel ing of H + in the crysta l is independent of the ini ti al charge
state of the beam .

The Mo nte Carl o simulati on code was used to Ùnd m easurement param eters
whi ch give the best agreement wi th exp erimenta l results, as shown in Fi g. 2. The
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Fig. 1. E xp erimental R BS angular yields for 100 keV H + | dots and H 0 | solid line.

T he tilt angle ˚ = 42 deg of the rotation axis to the ion beam line.

parameter to be determ ined was the num ber n of centres in the Ùrst layers of the
crysta l givi ng contri buti on to the low angle scatteri ng, i .e. leading to the increased
di vergence of the incident ion beam. For H 0 the best agreement was obta ined for
density of scatteri ng centres n 0 = 2 È 1 0 1 4 at. cm À 2 corresp ondi ng to Gaussian
spreading of the ion beam of 0.1 deg, and for H+ the density is n 1 = 2 È 1 0 1 5 at.
cm À 2 . The di ˜erence is interpreted tha t H 0 intera ct wi th disordered surf ace layer
as soon as it loses i ts electron. However, in exp eriment, i t was accepted as a good
appro xi m atio n tha t in both cases (i .e. H+ and H 0 ) the di sordered surface layer
wa s the same. In the case of H+ ions the simulati on gives the best agreement wi th
exp eriment, i f Ùrst four surf ace layers (i t corresponds to 0.4 nm looki ng along h 0 0 1 i

di recti on) are disordered. Even i f we do not kno w exact parameters of thi s layer,
we Ùnd tha t the scatteri ng probabi l i ty is larger in the case of H + tha n in tha t of
H 0 . The ion beam reaches equi l ibri um charge distri buti on after three scatteri ngs,
and the fol lowing m oti on is independent of the ini ti al charge state.

5. Co n cl usion s

In the presented work the channel ing of 100 keV H0 and H+ parti cles was
analyzed. The classical RBS exp erimenta l setup was used to get backscattered
angular scans from typi cal Si single crysta l . Exp erim ental resul ts wi th the aid of
Mo nte Carl o simul atio n and Ùtti ng pro cedure reveal tha t in case of H0 the path
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Fig. 2. Simulated (solid line ) and experimental (dots) RBS angular yields for H + . For

simulation n = 2 È 1 01 4 atoms /cm 2 of Si and O atoms randomly distrib uted in the Ùrst

Si(001) layer w as assumed.

for loss of electron is 0.4 nm . The scatteri ng probabi l i ty before crossing the crysta l
surf ace and in the subsurf ace region is larger in the case of H + tha n in tha t of H0 .
Al so, the deta i led analysis of large fragm ents of angul ar spectra m ay be trea ted
as an addi ti onal metho d for analysis of structure of subsurf ace regions.
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