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Potential sputtering of proton from hydrogen-terminated Si (100) surfaces
induced with slow highly charged ions
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A potential sputtering mechanism of hydrogen has been studied for impact of slow highly charged
Xe?" jons(<5 keV,q=4-12) on well-defined H-terminated($00) surfaces. It was found that the
sputtering yields of protons are proportionatto(y~5), independent of the surface condition, that

is, for both Si(100)X 1-H surface and Si(10021-H surface. The yield for Si(1001-H
surface was ten times larger than that for Si(100)2H surface, although the H coverage of the
former is only twice the latter. Surface roughness is found to be the key parameter to vary the yield,
and also to influence the energy distribution of sputtered protons. These findings are consistently
explained with a pair-wise bond-breaking model induced by a double electron capture, where the
classical over barrier process plays an essential role.20@2 American Institute of Physics.
[DOI: 10.1063/1.1520335

In the last two decades, interactions of slow highly by localization of electronic excitations via strong electron—
charged iongHCls) with various surfaces have been exten-phonon coupling?
sively studied because of the exotic nature of the collision In the present letter, proton sputtering phenomena were
dynamics and possible applications to high-sensitivity surstudied for well-defined H-terminated($00) surfaces, such
face analysis and surface modificatiofWhen a slow HCl  as Si(100)x 1-H, Si(100)3<1-H, and Si(100)k1-H
bombards a solid surface, atoms and molecules on the susombarded by X& (q=4~12E=2~5keV), which al-
face are emitted as neutral and charged particles due to mybwed a quantitative study of proton sputtering induced with
tiple electron transfer and potential energy deposition, whicksjow HClIs. Ann-type S{100) sample, used as a target, was
is called potential sputtering. In this case, the kinetic energthemically cleaned by repeated \NBH:H,0,:H,0 (1:1:5
of the incident HCI does not play any important role, and caming HF:H,0 (1:20) treatments. To obtain the reconstructed
be made small enough so that the radiation damage to thsj(100)2x 1 clean surface, the sample was heated to 1200 K
target substrate is negligible. This is compared with kineticor 2 min under UHV conditions with a ceramic heater on a
sputtering, which is induced through a kinetic energy transfegample holder. The base pressure of the collision chamber
from energetic ions. Although kinetic sputtering has been, ;5 3x 1010 Torr, which became~1x10~? Torr during
adopted as one of the most popular techniques of surfaggq sample heating. The Si(100J2-H surface was ob-
elemental analysis, radiation damage to the substrate is UBsined by exposing the clean Si(100§2 surface to atomic
avoidable, and could also cause serious problems to the Mgy 40 keeping the substrate temperature at 600 K until
terial properties. In this respect, potential sputtering with e coverage saturated. The Si(108)B-H and Si(100)1
slow HCls has two extreme advantages: high sensitivity an 1-H surfaces were prepared by exposing the Si(100)2

low damage, which are usually incompatible. .
. : X 1-H surf mic hydrogen 400 K an room
Proton sputtering induced with slow HClIs has been stud- surface to atomic hydrogen at 400 K and at roo

ied for untreated surfacese., surfaces covered by water and '(tjeurzggrgtu;e,hortei?scgéer:y];iI;'rzin?tqrnglec ?gg;%%?g t\(l)vas;epgor-e
hydrocarbong which revealed that the proton yields drasti- Y 9 ' P prep

cally increase as a function of the charge statd the HCI th'e Si(100)3<1-H and Si(100)XK1-H surfacgs via_the
[proportional tog” (y~5)].8-%° Similar findings were also Si(100)2x1-H surface was found to be quite important to

reported for higher energy HCIs, where thelependence Opti"” ‘;’fll)le dfata fpr proton ylelds,d becausle the'clean
was a bit weaker than the above.g., y~3 for 18 keV Si(100) surface is quite active and unstable against a

Arft L and y~4 for 4.8 keV Af9). Such a strong tiny amount of water molecules. Pulsed HCI beams were

g-dependence in proton sputtering was explained with a pa"used to sort out the mass of the secondary ions with the time

wise potential sputtering mechanism based on the classicf flight (TOF) technique. The Si crystal sample was posi-
over barrier model? In contrast to these findings, the sput- tivély biased to accelerate secondary ions toward a two-

tering of insulator material is found to be proportional to thedimensional position sensitive detector located 14 cm from
potential energy of the incident HCls, which is interpreted aghe target. The details of the experimental setup are given

defect-mediated desorption, where the defects were producéf"dﬁeWheré‘-‘l’15
Figure 1 shows an example of the TOF spectrum of sec-

_ _ _ ondary ions sputtered from a Si(100¥1-H surface with
INRIPS, 6-3-1 Kashiwanoha, Kashiwa, Chiba 277-0882, Japan; electrom% K & | . hich isted of 5
mail: kuroki@nrips.go.jp .25 gV )i ion |mp§ct, which consisted o proton_, i
PRIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan. and SjOH, (n=0~2) ions. The Si peak has a tail to
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FIG. 1. TOF spectrum of secondary ions sputtered from a Si(20Q)}H 6 (degrees)

surface with 2.25 keV X& . The Si target was biased to 325 V.

FIG. 3. Sputtering yields of proton and*Sfrom a Si(100)2< 1-H surface
with 4 keV Xé* ions as a function of incident angte The solid line shows

shorter TOF side, which corresponds to energetic &nis- cos2 6

sion induced by kinetic sputtering.

Figure 2 shows the sputtering yields of proton from the
Si(100)2x< 1-H and Si(100) X 1-H surfaces with X&" asa  pact as a function of incident angeof the HCI. The S ion
function of g. As a reference, Siyields from the same sur- yield drastically increased asincreased, which is a specific
faces are also displayed. The dashed lines showlepen-  feature to the kinetic sputterid§.On the other hand, the
dence, which more or less reproduce the observe@roton yield did not depend o#, again proving that the
g-dependences for both Si(100§2-H and Si(100)1 proton sputtering is not induced by a kinetic recoil effect that
x1-H surfaces. As discussed in the introductory section, governs the kinetic sputtering.
similar strongq dependence was observed for untreated  All these experimental results observed for well-defined
surfaces,™ which strongly indicates that the principal H-terminated Si surfaces are consistent with the proton sput-
mechanism of the proton sputtering with slow HCIs does notering modet? proposed for untreated surface’$,which is
depend on details of surface conditions. On the other handchematically described in Fig. 4. The contour lines in the
the Si* ion vyields were 2.310°° and 8<10°* for  figure show electron distributions of H—SiSi—H bonds-®
Si(100)1x 1-H and 2< 1-H surfaces, respectively, and stays wWhen an HCI approaches a surface, two or more electrons
constant over the charge states studied. Considering that thge transferred from a chemical bond on the surface to the
total sputtering yield of Si for 3 keV Xe is about 1.5 HCI, resulting in mutual repulsion of two charged atoms in
atoms/ion;° the charged fraction is-0.1% of the total sput- the bond. The repulsion causes the outer atom in the bond
tering yield. It is noted that the sum of 'Sand proton yields (which is hydrogen in the case of Fig) # be ejected as an
was almost constant far<8, and then increased as a func- ion into vacuum. Considering that the ions in the bond are
tion of g for =9, which is qualitatively consistent with the reneutralized within a finite time, the sputtering mechanism
observation for 20 keV Ar" (1<q<9) bombardments on a described earlier is expected to be effective for light ele-
clean amorphized §i00) surface:’ ments like hydrogen. This is because a light ion moves

Figure 3 shows the sputtering yields of proton and Si quickly away from the bond area, and thils is less likely
ions from the Si(100)X 1-H surface with 4 keV X&" im- o be reneutralized an@) at the same time receives enough

energy before the partner ion is reneutralized, which allows

107%g T = 3
s . <> ’.._{.’g % 4 ] Xe*
3 10° IN A AV @ e .
. AT s s Xe? *
> | §-¥ @ :
g 3 "'.0‘ 0-' E
- 10_4? .'-'0 Lo - /
E § ".."' 6,-'6 ;
"g [ ”* VSi‘:2xI.lx1 p:2x1, 1x1
$ 10k Jre 188 © ¢ ,
» U F Q- keV @ A § 3
F 3. 75ke¥ 3 —_—
b 4keV g v 1 -
SkeV v ] e
105L ' N 7
3 4 5 6 7 8 910 20 R
Charge state f@@@ :@@@ :@@@% %@ -,

FIG. 2. Sputtering yields of proton and *Sifrom Si(100)2<1-H and
Si(100)1x 1-H surfaces as a function of The dashed lines shog® de- FIG. 4. Schematic diagram showing the potential sputtering of hydrogen

pendence. The energy values are for primar{ X@sns. with an HCI from the Si—H bond.
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s HC!' s direction longer. Figures &) and 3b) show two-dimensional2D)

Bottom 200, Top 22610 Bottom =00, Top —695.0 distributiont* of sputtered protons for Si(100)21-H and

ol a - ] b : P Si(100)1X 1-H surfaces bombarded with 3 keV e re-
806V 9 - “ spectively. It is seen that the half width at half maxima for

o [/ ” N/ the Si(100)2X1-H and Si(100)X 1-H surfaces were-1
o4 . VL and ~0.25 eV, respectively, which is at least qualitatively
o 1 1 consistent with the above expectation. The 2D distributions
1N R / consist only of a single peak at the center, which are not in
A | ] — . accord with a naive expectation that the angular distribution
| " — S————— of sputtered protons reflects the direction of the Si—H bond

VE/ “9"""3.“('1"8"0)°2‘/ﬁ WWS .“(';"(‘)’o;]‘/ﬁ .00 before sputtering and also is influenced by the Coulomb field
! X ! X of the HCI. It is also seen that the 2D distribution of protons

FIG. 5. Two-dimensional latera|E distributions of sputtered protons from for the Si(100)X1-H skewed slightly to the downstream
(a) the Si(100)2<1-H and (b) the Si(100)x1-H surfaces with 3 keV  side of the HCI, although that for the Si(100¥2-H was
Xe*® iqns. The incident angle of the HCI is 40°. The dashed circles showgmost isotropic.
the active area of the detector. Summarizing, proton sputtering phenomena with slow
) ) HCIs were studied for three different well-defined
overcoming an attractive force that may recover after they.terminated SiL.00) surfaces. The proton sputtering yields
reneutralization of the partner ion. Whenever an electron i$or the Sj(100)2<1-H, Si(100)3x1-H, and Si(100)1
transferred from the bond to the HCI, it is a temporal mo-x 1_-H surfaces bombarded with 3 keV ¥Xe ions were
lecular orbital and is shared by the bond and the HCI. The_1 2% 10 4/ion, ~2.0x 10 %/ion, and ~1.3x 10" 3/ion,
probability of the electron ir_1 the HCI orbit_for a specific respectively, and were proportional ¢d(y~5). The yield,
Si—H bond may be degefm'ned by the ratio of the phasgs well as the kinetic energy distribution of the sputtered
space volume, which i8:1, wheren is the principal quan-  protons, was consistent with the pair-wise potential sputter-
tum number of the electronic state of the transferred electror]ng model based on the over barrier model although the
Considering thah~q,” the probability for the hydrogen to - qantitative understanding on the angular distributions is left
remain charged is proportional ¢5. Crudely speaking, two- as an interesting future problem.
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