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Abstract 

 

   We detected the H+ ions recoiled from Si(111)-1×1-H by medium energy 80 – 150 

keV Ne+ impacts.  The H+ fraction is dependent on emerging angle and emerging energy.  

With decreasing the emerging angle scaled from the surface normal the H+ fraction 

increases and reaches a saturation below ~ 70° and almost 100 % for emerging energy 

above 13 keV.  In contrast, the charge state is not equilibrated even at ~85°.  Such 

strong dependence on emerging angle is due to the location of H bound by Si atoms on 

top of the surface.  The sensitivity to H on the surfaces is estimated to be better than 
5×1012 atoms/cm2 at a small emerging angle ( outθ  < ~75° ), where the H+ fraction 

reaches ~100 %.  The unexpectedly large energy spread for the recoiled H+ spectra is 

attributed to the Doppler broadening caused by the zero-point energy of the vibrating 

H-Si system and additionally to small energy transfers among the three bodies of Ne+ and 

H-Si, although the assumption of binary collision between Ne+ and H is approximately 

valid.  This H detection technique can be widely applied to analysis of chemical 

reactions including adsorption and desorption mediated by water and hydroxyl on 

various kinds of metal-oxide surfaces. 
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1. Introduction 

  The role of H in materials science expands over many fields, including stabilization of 

dangling bonds in amorphous Si and SixGey films applied to solar cells and thin film 

transistors giving a positive effect, while H embrittlement of metals and deterioration of 

large scale integrated circuits (LSI) by inclusion of H result in a negative effect.  It was 

also reported that H passivates the Si(111) and (001) surfaces by terminating the dangling 

bonds and keeps clean surfaces[1,2].  In catalysis, hydroxyl group (OH) plays an 

important role to enhance catalytic activities of metal clusters on metal oxides 

surfaces[3,4]. 

   Variety of methods to detect H have been reported so far, induction coupled plasma, 

secondary ion mass spectrometry[5], elastic recoil detection analysis (ERDA)[6,7], 

nuclear resonant reactions[8,9] and electron stimulated emission[10].  Temperature 

programmed desorption combined with a quadrupole mass filter and infrared absorption 

analysis have been also employed to detect adsorbates containing H and vibrational 

modes of H bonds on surfaces, respectively.  In traditional ion beam analysis, ERDA 

using MeV He+ and heavy ions has been utilized to probe H in depth down to several 

hundred nm. In this case, an absorber foil is necessary to eliminate elastically scattered 

ions. Alternative ERDA techniques with time-of-flight detection[11-13] and combination 

of magnetic and electrostatic fields[14] have been also proposed. 

   Previously, we reported direct detection of H for Si(111)-1×1-H and hydroxylated 

TiO2(110) surfaces using medium energy He+ and Ne+ ions[15].  This method was 

applied to the analysis of a gas phase CO oxidation on rutile TiO2(110) surfaces[16], 

where the density of oxygen vacancies were determined by ERDA for the surface 

exposed to H2O leading to paired OH formation.  In this work, we first show strong 

dependence of a H+ fraction on emerging angle and emerging energy for recoiled H from 

Si(111)-1×1-H surfaces.  Detailed discussion is also made on the broadening of recoiled 

H+ spectra considering the Doppler effect caused by the zero-point energy of the 

vibrating H-Si bond and other probable factors. 

 

2. Experiment 

   We prepared carefully uniform Si(111)-1×1-H surfaces according to the methods 

recently proposed by Kato et al.[17] to obtain high quality surfaces and confirmed a clear 

1×1 pattern by reflection high energy electron diffraction (RHEED).  This method using 
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a 40 % w/w NH4F buffered solution including (NH4)2SO3 (1.0 % w/w) instead of an HF 

solution led to stronger water-repellency and more sharp 1×1 RHEED patterns than the 

usual treatment reported by Higashi et al.[18].  The key issue is to eliminate oxygen in 

the etching solution[17].  Therefore, we regard the surface as terminated completely by 

one monolayer (ML) of H (1 ML: 0.783×1015 atoms/cm2).   

  Immediately after the surface treatment, the samples were introduced into an analysis 

chamber evacuated to an ultra high vacuum (~2×10–10 Torr).  Ne+ ions created in a 

duoplasma ion source were accelerated to 80 – 150 keV and collimated to a size of 0.18 

mm in horizontal and of 2.0 mm in vertical planes before impinging on the samples 

mounted on a 6-axis goniometer.  We measured precisely the beam current of ions 

incident on the samples which were positively biased by 90 V to suppress secondary 

electrons emission.  The same bias voltage of +90 V was also applied to a final aperture 

placed 50 mm in front of the sample holder to absorb secondary electrons emitted from it.  

It is crucial to avoid the ion irradiation effect leading to decrease in areal H density on 

the Si(111) surface.  Therefore, we utilized a low beam current of 1-2 nA and shifted 

slightly the beam position on the surface after a dose of 0.1 μC.  The H ejection rate 

from the surface was evaluated quantitatively and the correction for the areal density of 

H on the surface was made to determine the H+ fractions.  A toroidal electrostatic 

analyzer (ESA) detected recoiled H+ ions with an energy resolution (FWHM: full width 

at half maximum) of ΔE/E = 1 - 3×10–3.  Indeed, we estimated the energy resolution for 

10 - 120 keV He+ ions incident at 45° on Au(0.6 ML)/Ni(111) and scattered to 45° with 

respect to surface normal.  The detailed discussion on the energy resolution will be 

made later in terms of the energy spread of recoiled H+ profiles.  The detection 

efficiency of the three-stage micro-channel plate coupled with a position sensitive 

detector attached to the toroidal ESA was measured in advance using 150 keV H+ beams.  

From the scattering yield from Au of Ni(10.1 Å)/Au(4.0 Å)/Si(111) which was analyzed 

by Rutherford backscattering with 2.0 MeV He+ ions, the detection efficiency was 

derived to be 0.44±0.02. 

 

3. Results and Discussion 

   First we calculated numerically the cross sections for H recoiled by medium energy 

He+, N+ and Ne+ incidence using the Ziegler-Biersack-Littmark (ZBL) potentials[19].  

The calculated recoil cross sections for 100 keV He+, N+ and Ne+ impact are shown in 
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Fig. 1.  The recoil cross sections for N+ and Ne+ impacts are more than 2 orders of 

magnitude larger than for He+ impact.  It must be also noted that the above cross 

sections are 5 orders of magnitude larger than for MeV He+ incidence[20].  Thus an 

excellent sensitivity to surface H is expected, if one uses medium energy Ne+ ions.   
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 Fig. 1. Recoil cross sections calculated for 100 keV He+, N+ and Ne+ impacts on H as a 
function of recoil angle using the ZBL potentials.  

 

However, such high recoil cross sections may eject H significantly from the surface at a 

relatively small Ne+ dose.  We roughly estimate the total recoil cross section for 

medium energy Ne+ impact on H at an impact parameter less than 1 Å.  Note that the 

bond length of H-Si for Si(111)-1×1-H was derived to be 1.49 and 1.54 Å, respectively 

by the tight binding method[21] and first principles calculations[22].  If one assumes an 

unscreened Coulomb potential and an impact parameter (s) less than 1 Å, which result in 
ejection of H, the total recoil cross section ( ) is deduced to be 3.14×10  cm .  

+

loss from the surface by Ne+ impact by measuring the H+ yields as a function of Ne+ 

dose.   

Figure 

2sπ –16 2

This leads to H ejection of ~5 % after a Ne  dose of 0.1 μC.  Actually we checked the H 

2 shows the H+ yield for 143.9 keV Ne+ impact on Si(111)-1×1-H at incident 

an  d emerging angles of 54.7 and 85.0°, respectively without shifting the irradiation area. 

The H+ yield indicated at a dose of 0.1 μC, for example, means the data acquisition 

during Ne+ irradiation from 0 to 0.1 μC.  Unexpectedly, a strong H reduction takes place 

exponentially.  The observed H+ yield, YH(I) is well reproduced by  
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Now, we show a typical ERDA spectrum observed for 143.9 keV Ne+ ions incident on 

th

result indicates that ~25 % of H is lost from t r Ne+ d  μC.  Note 

that the data acquisition from 0 to 1 μC in this case corresponds to the recoil yield from 

the surface with an average H amount of 88 % of the initial value.  The λ value is, of 

course, dependent on incident angle and Ne+ energy. The data shown hereafter are after 

the correction of the H loss from the surface.  As an additional contribution to H loss 

from the surface, we consider the sputtering effect and/or ion beam stimulated desorption 

like the electron stimulated desorption[10].  According to Matsunami et al.[23], the 

sputtering yield for 143.9 keV Ne+ impact on Si is ~0.3, which leads to an H loss of ~6 % 

after a dose of 0.1 μC, if one assumes the same ejection rate for H as the sputter etching 

rate for Si.  Therefore, the high ejection rate for H from the surface is probably due to 

the processes of recoil as well as sputtering and/or ion beam stimulated desorption. 

    
800

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

100

200

300

400

500

600

700
143.9 keV Ne     Si(111)-1×1-H+

EH = 11 keV
θin = 54.7°
θout = 85°

R
ec

oi
le

d 
H

+  Y
ie

ld
 (c

ou
nt

/0
.1

 μ
C

)

Ne+ Dose (μC)

 Observed
 Best-Fit

YH(I) = 874.8

 

 

 

 

  
372 μC

exp(-I/λ )
λ = 0.

Fig. 2. H+ yield (count per 0.1 μC) observed for 143.9 keV Ne+ impact on Si(111)-1×1-H, as a 

 

 

 

 

 
function of Ne+ dose (μC).  The Ne+ ions impinged on the same area of the surface during the 
measurement. 

 

 

 

e Si(111)-1×1-H at an angle of 58.0° (see Fig. 3).  The H+ ions recoiled to 72.5° with 

respect to surface normal were detected (recoil angle: φ = 49.5°).  The recoiled H+ 
spectrum was best-fitted by a symmetric Gaussian shape with FWHM of 213 eV, 

indicating no significant multiple scattering by underlying Si atoms.  If we assume the 
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amount of H on the Si(111) to be just one monolayer, the H+ fraction is deduced to be 

79.0±7 %.  As mentioned before, the H+ fractions are dependent strongly on emerging 

angle and also significantly on emerging energy (the energy of H when emerging from 

the surface).  The former is attributed to the location of H terminating the dangling 

bonds of the top layer Si atoms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figures 4(a) and (b) indicate the singly-ionized fraction for H recoiled at 5 and 11 keV, 

respectively by 104.35 and 143.9 keV Ne+ impacts, as a function of emerging angle 

which is scaled from the surface normal.  The H+ fraction abruptly increases with 

decreasing emerging angle and reaches saturated values of ~55 and ~88 % at an emerging 

angle below ~75° for recoil (emerging) energy of 5 and 11 keV, respectively.  Such a 

high charge fraction reflects the fact that the H atoms bound to Si atoms are recoiled as 

H+ (proton) in such a violent collision which accompanies a large energy transfer.  The 

recoiled H+ spectra become asymmetric with a tail on the lower energy side at an 

emerging angle above 87° owing to multiple scattering.  The H+ fraction seems still 

non-equilibrated even at an emerging angle more than 85°.  Such a situation is ascribed 

to the location of the H terminating the dangling bond of the Si on top of the (111) 

surface, because the charge state of the recoiled H+ is equilibrated via undergoing several 

times of electron capture and loss processes during passing through the surface 
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Fig. 3.  Recoiled H+ spectrum observed for 143.9 keV Ne+ incidence on Si(111)-1×1-H.  
Incident and emerging angles scaled from surface normal are 58 and 70° (random), 
respectively.  The spectrum was obtained by 5 point-smoothing (triangles) and best-fitted by 
symmetric Gaussian profile (solid curve). 
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region[24].  Actually negatively charged H– ions were not observed within the detection 

sensitivity even at emerging angles above 86° for recoil energy of 5 keV, although 

Marion-Young[25] predicted the equilibrium H– fraction of ~5 %.  The H+ fraction 

saturated at a smaller emerging angle less than 75° is indicated in Fig. 5, as a function of 

emerging (recoil) energy.  Interestingly, the H+ fraction is saturated at 100 % for 

emerging angle of 13 keV.  
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F . 4. Emerging angle dependent H+ fractions for (a) 5 and (b) 11 keV H+ ions recoiled by Ne+ 
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From the view point of the sensitivity, the H+ detection at a smaller emerging angle is 

ad

 recoiled H+ spectra.  

vantageous and the sensitivity to H is expected to be better than 5×1012 atoms/cm2 for 

medium energy Ne+ impact at a small emerging angle below ~75°.  A larger recoil angle 

increases the recoil cross section but tends to result in multiple scattering and decreases 

the recoil (emerging) energy leading to a smaller H+ fraction.  Increase in emerging 

energy, however, enhances background level mainly originating from the components of 

Ne+ scattered by Si and thus the optimum emerging angle and energy are ~75° and 10 - 

13 keV, respectively.  A similar situation probably takes place for detection of the H 

located on top of surfaces such a hydroxylated TiO2(110) surface. 

   It is intriguing to elucidate the large energy spread of the

Actually, such a large energy spread degrades the sensitivity of ERDA to H on the 

surface. There are some sources causing energy spreads of recoiled H+ profiles, (i) 

system energy resolution including incident energy spread, a finite acceptance angle and 

energy resolution of the toroidal ESA, (ii) Doppler effect from the vibrating H-Si system 

and (iii) other unknown factors.  Previously, we measured the energy resolution of the 

toroidal ESA by direct incidence of 60.0 keV He+ ions and obtained a E/EΔ  value 

(FWHM) of 4100.9 −× [26].  The system energy resolution was estima m the 
MEIS spectra  in a wide range of 10 – 120 keV He+ ions incident on Au(0.6 

ML)/Ni(111) and scattered from Au.  Here, 1 ML means an areal density of 

Ni(111)(1.86×1015 atoms/cm2).  The RHEED pattern observed for the Au/Ni(111) shows 

growth of two-dimensional (2D) Au(111) islands with the bulk Au-Au bond length of 

2.88 Å (bulk Ni-Ni bond length is 2.49 Å).  According to low energy ion scattering 

analysis[27], Au atoms are located on top of the surface and shifted by 0.3 Å toward the 

vacuum side from the top Ni(111) plane.  Figure 6(a) is a typical MEIS spectrum for 10 

keV He+ incidence. The observed spectra were best-fitted by the exponentially modified 

Gaussian (EMG) line shape defined by 

  

ted fro
observed

)}
2

/E
(erf1)}E2(1exp{1)E(f

2σΔΔ −−= {
22

0
2

000 σ
σσΔ

σσσ
−

+ ,              (2) 

where ΔE is a relative energy loss, erf(x) an error function, σ  experimental system 
energy resolution, and 0σ  quantifying an asymmetry induced by a large-angle 

collision[28,29].  The spectrum rise and rear slope are fitted, respectively by assuming 
σ  = 12.2 eV (standard deviation) and 0σ  = 34 eV.  The energy resolution ΔE/E 

WHM) and the asymmetric factor 0(F σ  a  indicated as a function of He+ energy in re
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Figs. 6(b) and (c), respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 As the result, the contribution from the system energy resolution (FWHM) is ∼33 eV 
for a recoil energy of 11 keV, which is negligibly small.  It is interesting that the 
asymmetric factor 0σ  coming from inner shell excitations is well scaled almost linearly 

in a wide energy range from 10 up to 150 keV.  This spectrum asymmetry becomes a 

crucial factor in best-fitting MEIS spectra from near-surface heavy atoms and also from 

nano-clusters of heavy metals[30].  Another factor to broaden the H+ spectra is an 
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acceptance angle of the detector.  The size of the aperture placed in front of the detector 

is 0.2 and 4.0 mm in the horizontal and vertical plane, respectively.  A small variation of 

the recoil angle comes from a finite size in the horizontal plane, because recoiled H+ ions 

are deflected in the horizontal plane.  Considering the distance of 72 mm between the 

aperture and beam position on the sample surface, the acceptance angle is deduced to be 

0.16°, which leads to an energy spread of ~30 eV for 125 keV Ne+ incidence and recoil 

angle of 45°.  Obviously this contribution to the energy spread is small enough. 

   Next, we estimate the contribution from the Doppler effect originating from the 

  

zero-point energy of the vibrating H-Si system.  Based on the quantized harmonic 

oscillator model, if we take the momentum representation, the wave function of the 

system is given by 

)/p(He
!n2

1)1()p(a n
2/p

n

4/1
n

2

h
h

h ωμ
πμω

ωμ−= ,               (2) 

where μ, ω , , Hn are reduced mass, angular frequency, Planck constant and the h

omHermite p n ials of the n-th order, respectively and thus we obtain the velocity 

(

oly

μ/pv = ) distribution expressed as 2)p(a .  According to high-resolution electron 

(vertical) modes have the h

n

REELS)[17,31], the H-Si bending (lateral) and stretching energy loss spectroscopy (H
ω  values of 78 and 258 meV, respectively, which are 

considerably larger than TkB Bk : Boltzmann constant) at room temperature (25 meV).  

Indeed, the probabilities to take the n = 1 state are estimated to be 0.046 and 3.3×10–5 for 

the bending and stretching modes, respectively at 300 K from the Planck distribution 
function.  Therefore, we may well consider the zero-point energy ( 2/h

 (

ω ) only and 

thus the velocity distribution is simply expressed by )
v 2

0

hω
μ

−exp(1
hπωμ

 (FWHM: 

μ/ω2ln2 h ).  Figure 7 shows the energy spreads (FWHM) of H+ recoiled at 11 keV 

estimated from the Doppler broadening due to the zero-point energy as a function of 

incident angle, which are compared with the observed ones.  Obviously, the 

contribution from the Doppler broadening to the observed energy spread is 60-70 % at 

most, although significant correlation is seen on the incident angle dependence.  The 
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situation is almost the same as that for different recoil energy.  Fukutani et al.[9] 

detected the zero-point oscillation of the H-Si system using the nuclear resonant reaction 
of 1H(15N, αγ)12C at 6.385 MeV and derived the h//ω (bending mode) of 89 meV and 

h⊥ω (stretching mode) of 247 meV, which are consistent with the HREELS data.  Note 

this case satisfies the condition of a pure binary collision.  In our case, however, 

small energy transfers may occur among the three bodies of Ne+ and H-Si, although the 

binary collision between Ne+ and H is approximately valid.  In fact, the recoiled H+ 

profiles are almost symmetric Gaussian and the Monte Carlo simulations of ion-recoil 

trajectories reveals small enough events of multiple scattering from underlying Si atoms. 
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   It is show

gives an excellent sensitivity to surface H atoms better than 5×1012 atoms/cm2 for 

Si(111)-1×1-H surfaces.  The recoiled H+ spectra are best-fitted by symmetric Gaussian 

shapes indicating no significant multiple scattering effect even at grazing emergence. 

The H+ fraction is dependent on emerging energy and strongly on emerging angle scaled 

from surface normal.  The latter comes from the location of the H atoms bound to the 

top-layer Si.  The H+ fraction reaches almost constant at emerging angle below ~75° 
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and 100 % for emerging energy above 13 keV, whereas the charge state equilibrium is not 

attained even at a large emerging angle above ∼85°.  The present result clearly indicates 
that the H is recoiled as a bared proton and then captures an electron with a low 

frequency.  A careful check of H ejection from surfaces is required in order to obtain a 

good accuracy for the absolute amount of H located on top of the surfaces. 

   The unexpected large energy spread of recoiled H+ spectra degrades the sensitivity.  

 not clear at present that this method makes it possible to give depth profiles of H 
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