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Th e di˜e rences in the R uther ford backscatterin g angu lar spectra mea -
sured for 100 keV hydrogen atoms H0 and protons H + backscattered from

Si crystal are rep orted and analysed . I t w as show n that the H 0 atom beam
is b etter channelled in the pure crystal and is much more sensiti ve to the
crystal surf ace coverage , particula rly A u layer than the H + ion beam. T he
deep crystal regions seem to strengthen this di˜erences.

PACS numb ers: 61.85.+ p, 68.49. Sf, 61.80.L j

1. I n t rod uct io n

Ano m al ies in channel ling of ions in crysta ls, l ike suppression of the polari -
sati on term in channel l ing stoppi ng power [1{ 3] or a giant Bark as ẽ ect in sim i lar
condi ti ons [4], were recentl y reported and discussed [5].

The e˜ect of charged parti cles channel l ing is well understo od. Rutherf ord
backscatteri ng (R BS) is used as a useful techni que f or investigati on of various ef-
fects, for instance, distri buti ons of im planted im puri ti es [6] or surface melti ng [7].
Al so the computer analysis of the channel ling e˜ect wa s developed [8, 9], show-
ing tha t the results of sim ulati on are, for instance, dependent on the pro jecti le
net charge [10]. However, the RBS m easurements [11], perf orm ed on Si crysta l in
r a n d om and channel l ing di recti ons for He+ and He++ inci dent ions (i n the m ax-
im um stoppi ng power energy range) showed tha t the spectra were stati stical ly
indi sti ngui shable. It wa s due to the short path (4 nm ) on whi ch the helium beam
reachesi ts equi l ibri um charge distri buti on. Previ ousl y [12] we reported on a better
channel l ing of H0 ato m s in Si crysta l and a better resoluti on of the crysta l Ùne
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structure of Si by H0 as compared to the resul ts produced by H + ions. The aim of
the present work is to extend the previ ous results and search for a sim i lar e˜ect
in the case of hydro gen ions channel ling in Si crysta l covered by vari ous surface
layers of di ˜erent thi cknesses.

W e m easured the angular RBS yi elds of parti cles scattered from Si crysta l
for H + and H0 ini ti al beam s and perf orm ed the analysis of spectra in dependence
of the typ e and thi ckness of crysta l coverage and of the penetrati on depth f rom
whi ch the backscattered ions were registered. The RBS spectrum is com posed of
di ps correspondi ng to the ion channel l ing along the crysta l axi s and planes. Each
di p is characteri sed by the angular wi dth ê 1 = 2 related to the potenti al barri er and
by the m inimum yi eld â m in related to the backsatteri ng pro babi l ity .

2 . Ex p er im ent a l set -u p

The typi cal R BS exp erimenta l set-up described previ ously [12] was used. In
bri ef, i t consists of Co croft{ W alto n accelerato r wi th Tho nnem an ion source. The
vo l tage suppl ied on cascade can range from 50 up to 250 kV. The reacti on chamber
operati ng at a pressure of 10À 7 Tr was equipp ed wi th a three- axi s goniom eter.

The backscattered parti cles were registered wi th a semiconducto r, surface
barri er detecto r wi th the energy resoluti on of F W H M = 1 0 keV. The detecto r
positi on was chosen at a scatteri ng angle of 135 deg in order to m inimi se the
bl ocking e˜ect.

The reacti on cham ber was equipped wi th a neutra l iser al lowing the percent-
age of H 0 in the beam to be changed up to 18%. The fracti ons were then separated
electrostati cal ly. The angul ar diverg ence of incident beam wa s 0.05 deg.

The CA MAC- system contro l of the am pl iÙcatio n and discrim inatio n of Ùnal
signals f rom the detecto r were used.

3. R esul t s

For the present experim ent the 100 keV ion energy was chosen and the
angle between the (001) axi s, perpendicul ar to the crysta l surface, and the beam
di recti on was equal to 42 deg.

The real ro ta ti on axi s and the ti lt angle were exactl y determ ined from the
relati on between the crysta l structure and the angul ar di stances between the suc-
cessive m inim a corresp ondi ng to channel l ing along (110) and (111) crysta l planes.

The intensi ti es of H0 and H+ beam were di ˜erent so, in order to make com -
pari son, the backscattered spectra were norm alised by calcul ati ng the average
backscatteri ng yi eld over the region of at least 180 deg of the rota ti on angle.

D uri ng the m easurements the num ber of backscattered ions was registered
as a f uncti on of the crysta l ro ta ti on angle. The ful l angul ar scan wa s composed
of 6000 single m easurem ents. In each step a stati sti cal ly rel iabl e numb er of about
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1000 parti cles were registered. In the case of low intensi ty H 0 inci dent beam i t
resul ted in the measurement ti m e of about 3{ 4 s.

The norm alised angul ar spectra of parti cles backscattered from Si (001) sin-
gle crysta l for 100 keV H 0 and H + beam s are presented in Fi g. 1. Both spectra
were registered using the sam e Si sam ple duri ng successive rota ti ons of the sampl e
over 180 deg. Thi s e˜ect is independent of the order of perform ing measurements.
These spectra were repeated several ti mes using the same Si crysta l sam ple wi thi n
four or more rota ti ons and also usi ng the di ˜erent Si crysta l sampl es. In a ll the
cases very simi lar results were obta ined, as is shown in Fi g. 1. Each point in the
Ùgure corresponds to an avera ge of several m easurem ents.

Fig. 1. T he normailsed angular spectra of proj ectiles backscattered from Si (001) single

crystal for 100 keV H 0 (solid line) and H + (dots) incident ion beams. On the left (110)

Si plane and on the right (111) Si plane. T he tilt angle 42.3, the penetration depth

0{1 70 nm.

It can be clearl y seen in Fi g. 1 tha t for channel l ing di recti ons, corresp ondi ng
to the low-index Si crysta l planes, the depths of the mini ma are slightl y greater for
H 0 tha n f or H + ini ti al beam s, all over the who le angular spectrum . A compari son
of the m any num bers of R BS spectra m easured for a pure Si crysta l wi th a cl ean
surf ace wa s perform ed. For the com pari son we put the R BS spectrum for H 0 on
the spectrum for H+ Ùtti ng the m ain crysta l lographi c dips at the level of ê 1 = 2 and
then we com pared the corresp ondi ng minimum yi elds â min . It turned out tha t the
spectrum for inci dent H 0 ato ms reveals a more detai led crysta l structure (i ncludi ng
som e higher order crysta l lographi c di recti ons) and a lower â min tha n the spectrum
for inci dent H + ions. In the case of Si surface the relati on â min ( H0 ) < â min ( H+ )
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ta kes place.
The deta i ls of each spectrum depend on the penetra ti on depth from whi ch

the registered pro jecti les are backscattered. Thi s depth is indi rectl y related to the
energy lost by a parti cle on path to the detecto r and can be determ ined by the
thresho ld vol ta gein the spectrom etri c system . The higher thresho ld, the shal lower
depth of ion scatteri ng. On the other hand, for a very shal low depth crysta l surface,
im puri ti es and conta minatio ns pl ay a dom inant ro le whi ch leads to the increase
in â min . Al so, for a large depth the energy loss stra ggl ing, the angular stra ggl ing,
and hom ogeneit y of beam in crysta l channel cause the increase in â min .

The spectra were m easured for di ˜erent threshold vol tag es whi ch are related
to di ˜erent scatteri ng depths. It was f ound tha t the better resoluti on of the Ùne
structure in the angul ar RBS spectrum for inci dent H 0 ato ms, in com pari son to
the spectrum for inci dent H+ ions, was independent of the depth (130, 150, and
170 nm ) of pure Si crysta l from whi ch ions were backscattered.

Next, the spectra were m easured for di ˜erent covera ges of Si crysta l . SiO 2 ,
Ag , and Au layers of various thi cknesses were used. The e˜ect of a better Ùne
structure resoluti on was shown to be independent of the surface layer thi ckness
up to 7 nm of SiO2 . In thi s case an increase in â min from â min = 0 : 3 (f or pure Si
surf ace) to â min = 0 : 4 5 (f or SiO 2 covered Si surf ace) was found.

The m ost pro nounci ng e˜ect was found for the sil icon crysta l partl y covered
by the evaporated gold layer. The rota ti on of crysta l duri ng one com plete turn
al lows us to obta in the spectra, Ùrstl y, for the pure crysta l surf ace, and next, for
the Au- covered surface. A thi ckness of the Au layer in thi s exp eriment vari ed
from 0.5 nm to 3 nm . A penetra ti on depth from whi ch the registered pro jecti les
were backscattered vari ed from 100 nm to 170 nm . Thi s depth was selected by the
di scriminato r thresho ld vo lta ge.

In Fi g. 2 typi cal spectra of parti cles backscattered from pure Si and Au / Si
surf ace f or 100 keV H+ and H0 ini ti al beam s, are shown. In thi s case the thi ckness
of the gold layer was 1.5 nm and the depth of backscatteri ng was 170 nm . The
spectra were norm al ised to the same num ber of parti cles detected from the pure
Si part of the sampl e. It can be seen from the Ùgure and from the T abl e tha t for

T AB LE
T he relative increase in averaged R BS spec-

tra of particles backscattered from pure Si
( N Si ) and A u covered Si crystal (N A u ) for
100 keV H 0 and H + inciden t beams.

Penetration depths [nm]

N Au = NS i 0{170 0{150 0{130 130{170

H 0 2. 89 1.86 1. 91 2.1

H + 1. 93 1.82 1. 82 1.33
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Fig. 2. T he typical angular RBS spectra of particles registered from pure Si (lef t) and

A u/Si (right) for 100 keV H + (dotted line) and H 0 (solid line) incident beams. T he

thickness of gold coverage was 1.5 nm, the depth of backscattering w as 170 nm and the

tilt angle È = 42 : 3 deg. The spectra were normalised to the same numb er of counts for

the pure Si part of sample.

Fig. 3. Details of the spectrum from Fig. 2 registered in four subsequen t crystal rota-

tions. T he spectra were normalised to the r a n d o m level. On the left pure (110) Si plane

and on the right (110) Si plane covered with 1. 5 nm of A u.
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the gold covered surf ace the relati ve increase in yi eld is m uch greater f or H0 tha n
for H+ beam s. Thi s di ˜erence was not found for shal lower scatteri ng depths, for
whi ch the changes were appro xi matel y the same.

It wa s found tha t the R BS spectrum from Au/ Si crysta l for incident H0

ato m s reveals a lessdeta i led crysta l structure and a hi gher â min tha n the spectrum
for incident H + ions. The four spectra registered one after another were shown
in Fi g. 3. They were norm al ised to the rando m level. The relati on â min ( H0 ) >

â min ( H + ) holds for Au/ Si, in contra di cti on to the opp osite relati on for pure Si
crysta l . A sim ilar, but a much lesspro nounci ng e˜ect was noti ced for Ag layer on
Si crysta l .

4 . D iscu ssio n

In summary of the experim ent:

¯ The angular R BS spectra for H0 incident ato ms better reÛects the Ùne struc-
ture of subsurf ace region of pure Si crysta l tha n the spectra for H+ inci dent
ions, as is shown in Fi g. 1. It is independent of the depth from whi ch parti cles
were scattered. For Si crysta l covered wi th Au or Ag layer the Ùne structure
of crysta l is better reÛected by RBS angul ar spectra for H + incident ions
tha n H0 ato ms, as shown in Fi g. 3.

¯ An extra ordi nary increase in RBS yi eld from deep lyi ng (0{ 170 nm and
130{ 170 nm ) regions of Si crysta l covered wi th Au layer for H 0 inci dent
ato m s in com pari son wi th the R BS yi eld for H+ incident ions, was found.
For shal lower scatteri ng depths the e˜ect was m uch weaker.

The pri nci pal di ˜erence between H + and H0 pro jecti les enteri ng a crysta l
channel is tha t H + ion can capture electro n at a di stance of a few nanom eters
before enteri ng the crysta l , whereas H 0 can loss an electro n in col l ision wi th an
ato m situa ted just in the Ùrst surface layer. By analysing an upwa rd shi ft of the
surf ace density of sta tes (S-DOS) for Si [13] and Au [14] com ing from Gal i lei
tra nsform ati on (about 10 eV) and the upwa rd shift of H+ level (typi cally 2 eV) i t
can be found tha t the di rect Aug er neutra l isati on or the resonant neutra l isati on
to exci ted proto n states fol lowed by Aug er deexcita ti on are to ta l ly dom inant. The
electron capture, either Aug er or resonant in nature, is an origin of a momentum
tra nsfer to proto n in each single event, whi ch results in an addi ti onal ini ti al angular
di spersion (stra ggl ing) for the pro to n beam in com parison to the angular di spersion
for the hydro gen ato m beam . However the e˜ecti veness of the neutra l isati on for
H + is hi gher in case of Au surf ace tha n in case of pure Si surf ace. It results in
larger addi ti onal ini ti al angul ar stra ggl ing for the proto n beam appro achi ng the
Au surface tha n the Si surf ace.

Ano ther di ˜erence is the resistivi ty of the investi gated structures. It am ounts
to £ = 1 0 4 ¨ m for pure Si and to £ = 2 : 2 5 6 m f or Au. It determ ines
streng th and ti m eof the col lective response of sam pl eselectrons. One can speculate
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tha t H + beam appro aching Au/ Si (but not pure Si ) are col l imated and focused due
to the im age charge induced in Au face, tha t results in reÙned ini ti al condi ti ons
for channel l ing, better for H + tha n H 0 . The H0 atom does not capture electrons,
so the ini ti al straggl ing of the beam is the sam e in both cases.

Ho wever, the capture of an electro n by proto n or loss of an electron by
hydro gen ato m , cannot cause such an increasesin the avera ge yi eld as can be seen
in Fi g. 2 and in the T able. The change of RBS yi eld for the crysta l covered by the
Au layer is caused by about 32 ti mes greater R utherf ord scatteri ng cro ss-section
of hydro gen ions from Au tha n from Si (corrected for the appro pri ate density
of scatteri ng centres) but the increases should be of the sam e value for H0 and
H + pro jecti les. For Ag layer of the sam e thi ckness and for the scatteri ng depth
0{ 170 nm thi s factor is 11.27, but the increase is 1.194 for H0 and 1.154 for H+

inci dent beam s.
The other sources of these di ˜erences, l ike instabi l iti es of accelerator or spec-

tro m etri c system were ta ken into account and rejected as insigni Ùcant but ori gins
of these e˜ects are sti l l not clear to the autho rs.

Ac kn owl ed gm ent s

W e tha nk Prof. Leszek W oj tcza k for di scussion and cri ti cal reading of the
m anuscri pt and Gregor Schiwi etz (HMI Berl in) f or di scussion. Thi s work was sup-
ported by the Uni versi ty of Ê§d¢, grant 505/ 272 (2002).

R ef er en ces

[1] S. Dat z, J . Gomez del C amp o, P.F. Dittner, P.D. Miller, J .A . Biggersta˜, Phys.
Rev . Lett . 3 8, 1145 (1977).

[2] J.A . Golo vchenko, A .N . Goland, J .S. Rosner, C.E. T horn, H .E. W egner, H . K nud-

sen, C .D. Moak, Ph ys. R ev . B 23, 957 (1981).

[3] J.A . Golo vchenko, D.E. C ox, A .N . Goland, Ph ys. Rev. B 2 6, 2335 (1982).

[4] G. de M. A zevedo, P.L. Grande, M. Behar J .F. Diaz, G. Schiw ietz, Ph ys. R ev.
Let t . 1 9, 1482 (2001).

[5] P. Sigmund, A . Schinner, Ph ys. Rev. L ett . 86, 1486 (2001).

[6] M. Bianconi, G. Luilli , F. Spalacci, E. A lb ertazzi, R. N apoti, A . C amera,

C. C ellini, N ucl . I nstru m. Me thods Ph ys. Res B 689 (1997).

[7] B. Pluis, A .W. Denier van der Gon, J .W. M. Frenken, J .F. van der V een,
2687 (1987).

[8] K . Dettmann, 227 (1975).

[9] P.J .M. Smulders, D. O. Bo erma, 471
(1987).

[10] M. Moneta, J . C zerbniak, 142 (1990).

[11] B. Schiedeskamp, H .E. Ro osendaal , H .O . Lutz, 5118 (1986).



766 M. Monet a, K. Gront , T . Gwizda¤¤a, J. Czerbniak

[12] J. C zerbniak, M. Moneta, K . Pud ¤owski, Ac ta Ph ys. Po l. A 1 01, 857 (2002).

[13] D.V . Ledyankin, I .R. U razgildi n, V .E. Y uraso va, R adia t. E ˜ . Defects Sol i ds 109,

55 (1989).

[14] G. Latkis, F. A umayar, H . Winter, R adi at. E˜ . Defects Soli ds 109, 129 (1989).


