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In Situ Observation of Charge Exchange and Surface Segregation of Hydrogen
during Low Energy H* and H,* Scattering from Semiconductor Surfaces
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The charge-exchange and diffusion/segregation dynamics of hydrogen has been investigated
for Si(111), B-B(100), and YB(100) surfaces. The backscattered proton yield during” Hon
bombardment of the surfaces increases significantly with the irradiation time. This increase occurs
because (i) the implanted hydrogen tends to segregate to the outermost surface layer and then passivates
the active dangling bonds and (ii) energetic protons backscattered from the solid preferentially capture
the dangling-bond electrons via transient chemisorption just before the protons leave the surface.
[S0031-9007(98)06529-6]

PACS numbers: 79.20.Rf, 34.50.Fa, 34.70.+e

The dynamics of particle-solid interactions has recenthtion just before leaving the surface. Thus, charge ex-
attracted considerable attention. The fastest process, elethange of hydrogen even in the keV regime is intimately
tron transition, occurs within an ultrashort time scale, in therelated to static chemisorption. Based on these findings,
femtosecond range. Understanding this process is a cruciale develop a technique fan situ observation of hy-
prerequisite in the development of surface analysis techdrogen diffusion and hydrogen trapping by, e.g., bulk
niques that use ions and should provide insight into surfacdefects during k" ion bombardment. We then demon-
chemistry such as molecular dissociation at surfaces [1,2§trate the general applicability of this technique by using
Among various projectiles, the proton is the simplest eleit to study hydrogen diffusion in well-defined surfaces of
mentary particle and plays an important role not only inSi(111), YB(100), 8-B(100), and highly oriented py-
surface chemistry but also in electrode reactions, plasm@lytic graphite (HOPG).
physics and thin-film growth, etc. [3—5]. However, very The experiments were carried out in an ultrahigh vac-
little is known about proton’s dynamical properties, suchuum (UHV) chamber (base pressutex 10~'° mbar)
as charge transfer, energy dissipation, screening, and magquipped with facilities for standard surface characteriza-
ing and breaking bonds during scattering. Moreover, hytion. The ion beams were extracted from the discharge
drogen is a common impurity in many semiconductors anaf a He/H, gas mixture and then their mass analyzed by
significantly affects their electronic properties by passivatusing a Wien filter (working pressure in tH®'°-mbar
ing defects and dopants. To date, although many studigange). The ions with kinetic energy of 1 keV were di-
have been done in this field [6—11], most of them involvedrected onto a surface at an incidence angle ¢f @@th
the static behavior of hydrogen in bulk semiconductorsrespect to the surface), and the ions backscattered through
Diffusion/segregation dynamics of hydrogen is still poorly 160° were detected and energy analyzed using an electro-
understood, evidenced by the large scatter in the reportestatic analyzer operating with a constant energy resolution
values of the diffusion constant of hydrogen in bulk semi-of 2 eV. The ion-beam current was measured by using
conductors [6]. This scatter is probably due to the coma Faraday cup so that the scattered ion yields were nor-
plexity of the experimental techniques used. In this Lettermalized relative to each other. The scattered ion yields
we therefore develop a more straightforward technique ofvere compared under the same experimental conditions
scattering/implantation of hydrogen ions to gain more in-by mounting two samples on a tandem sample holder.
sight into such hydrogen dynamics. The Si(111) surface (undoped, 1000cm) was cleaned

Here, we report simultaneous observations of chargey resistive heating to 1500 K in UHV. The surface tem-
exchange and surface segregation of hydrogen on sonperature was controlled by passing a current through the
covalent semiconductor surfaces. We found that thsample. The3-B(100) and YBe(100) surfaces were cut
backscattered proton yield from Si(111) is significantlyfrom the single crystal rods that were grown by a floating
increased during H and " (Ey = 1 keV) ion bom-  zone method [12], and then heated in the UHV cham-
bardment. This increase occurs because (i) implanteder by electron bombardment from behind. The surface
hydrogen segregates to the outermost surface layer afteleanliness was verifieth situ by using H€ ion scatter-
being thermalized, and then passivates the active datnRg, time-of-flight ion-mass spectrometry (TOF-IMS), and
gling bonds and (ii) neutralization of energetic protonslow-energy electron diffraction (LEED).
backscattered from the solid is suppressed by this passi- Figures 1(a) and 1(b) show representative energy spec-
vation of the dangling bonds since a proton preferentiallyira of positive ions ejected from the Si(111) surface by
captures a dangling-bond electron via transient chemisorghe bombardment of incident 1-keV*Hand H* beams,
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FIG. 1. Representative energy spectra of positive ions scat- The spectral feature of the Hions scattered from

tered from a Si(111)7 X 7) surface by bombardment of an :
incident (a) 1-keV H and (b) 1-keV H* beam. Scattering the prehydrogenated Si(111) surface prepared by adsorp-

and incidence angles were T68nd 80, respectively. Mea- tion of atomic hydrogen was essentially identical to that
surements were made at 300 and 1000 K. The arrow on thfom the H* (H™) implanted Si(111) surface [13]. To
abscissa indicates the energy corresponding to elastic binagain more insight into the origin of the broadly humped
collision. background, we measured the TOF-IMS spectra during
the H,* (D,") bombardment of the deuterated (hydro-
respectively. The arrow on the abscissa indicates the emgenated) Si(111) surface. It is found that the spectral
ergy corresponding to elastic binary collision (EBC). Thebackground comes only from the scattered primary ions
H," ions are completely dissociated during the collision,and that no sputtered or recoiled chemisorbed hydrogen is
and the spectrum is essentially identical to that obtainedhvolved [13,14].
for aEy = 500-eV H" beam. The intensity of the energy The ions due to multiple scattering have a higher
spectrum taken at 300 K is significantly higher than that aprobability of neutralization relative to the ions due to
1000 K for both primary ions, and there is a pronouncedsingle scattering from the topmost layer atom. However,
broad peak extending from the EBC position towards thehis is not necessarily true for hydrogenated surfaces.
lower energy side. This broad spectral background is du&he charge state of hydrogen in bulk Si may offer
to the multiple scattering of the Hions that penetrate the insight into the origin of such a spectral background.
outermost surface layer. It has been suggested that a ground state of hydrogen
Figure 2 shows the temperature dependence of thim Si, which occupies a tetrahedral interstitial site, is
scattered H yield from the Si(111) surface obtained with in resonance with the valence band [6]; as hydrogen
incidence of the 1-keV H" beam. (For comparison, each moves from this position, the resonance level shifts into
yield was normalized by the ion beam current.) Thethe gap, thus forming a donor and acceptor level. This
ion yield decreases dramatically at around 800 K, whichshift indicates that hydrogen in Si is electronically active.
corresponds to the desorption temperature of chemisorbdddeed, the presence of‘Hhas been assumed jrrtype
hydrogen on the surface. Our TOF-IMS measurementSi, which is responsible for rapidly drifting hydrogen
(1-keV He" bombardment) reveal that'Hions are major species in an electric field. Such a free hydrogen (proton)
secondary ions from the Si(111) surface after the" H is much less stable than bound hydrogen and tends to
irradiation. The temperature dependence of the sputterddrminate an available dangling bond. In extraction of
secondary H yield (crosses in Fig. 2) is similar to that of such a proton into the vacuum, the surface effect should
the scattered primary Hyield. These results strongly play an important role. A proton should preferentially
suggest that hydrogen implanted in a solid can readilaccommodate an electron of the active dangling bond
segregate to the surface. The hydrogenated Si(11Df the clean Si(111) surface during formation of a
surface still exhibited a sharp X 7 pattern in LEED, transient chemisorption bond [15]. On the other hand,
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if the dangling bond is passivated by hydrogen, the LN L S B
orbital of a backscattered proton tends to be nonbonding, @) NoHe' bomb. oa o, sbhaha e o 0
thereby decreasing the electron capture probability at the i R [\A,A,‘An‘m“\/ﬁ/ /-\‘/-\.‘_ - /\"(. ]
passivated surface. . o e A

The charge state of such a static hydrogen might be L [ 7 V\-J‘" ’ He‘(7~5x10“‘ior.-s>b.or.n.t:. ]
related to the final charge fraction of scattered hydro- 2t J..-/ - .,o...f\‘."--"\./'\'
gen. However, a very efficient positive ionization channel 5T / -, s N He* (1.5x10™ ions) bomb. |
opens for energetic hydrogen during a violent collision st !;‘ .
with the surface atoms. Such a reionization process oc- Sl e ]
curs in the asymmetric H-Si collision because thel H = AL B B
orbital has a strong antibonding character within a critical > (b) - i
approach distance of 1.5 a.u. [15]. This distance is at- T T e L
tained by hydrogen whose kinetic energy exceeds 25 eV, i A“Mn““‘““‘“ ]
which is similar to the experimental threshold energy - AA‘.MA“Y‘Q%GOO) E
(~30 eV) at which the spectral background commences [ s’ venereee®” ]
(Fig. 1). On the other hand, the symmetric H-H colli- A o ..,,..-...m-"“;'_;(mo)
sion, where the Hs orbital equally has both bonding and B ‘5:..--»""' .
antibonding molecular-orbital character, does not lead to P S AR R
reionization [13]. This is also responsible for the absence O 20 40 60 & 100 120 140 160
of sputtered or recoiled Hions during the H (H,") H," irradiation time (sec)

ion bombardment. Energetic'Hons are thus formed by R
reionization of hydrogen during asymmetric diatomic col-FIG. 3. Irradiation time dependence of the scattered proton

.. - - . - yield using a 1-keV H" beam for (a) the Si(111) surface
lisions with Si. The resulting H ions undergo neutral- with and without prebombardment by 1-keV Heons and

ization during transient chemisorption just before leavingp) the YB(100), 3-B(100), and HOPG surfaces without pre-

the surface. bombardment. Measurements were made at room temperature
The proportionality between scattered proton yield ancit an H* flux of (5.0 = 1.0) X 10" hydrogen ions ' cm™=.

the coverage of hydrogen passivating the surface makes

it possible to investigate the surface segregation of im-

planted hydrogen in real time. Figure 3 shows the depenof the surface dangling bonds by segregated atomic hy-

: s drogen. The good agreement between the amount of im-
dence of the intensities of backscattered protons from thSIanted hydrogen within 10[€5.0 = 1.0) X 10" cm™2]
surfaces of Si(111), Y&(100), 8-B(100), and HOPG on : e
bombardment time using the 1-ke\b Hbeam. All mea- and the density of the surface dangling bords)4

surements were done at room temperature at gn filix 10" em™) supports this supposition. It is thus found
of (5.0 + 1.0) X 1013 hydrogen ionss cm™2. For the that most of the implanted hydrogen is segregated at the

Si(111) surface, the proton yield increases rapidly at th surface during this period and that the trapping of hydro-

onset of bombardment. When the Si(111) surface is irraec:Jen in the bulk leading to the formation of defects or H

diated beforehand by the 1-keV Héeam, the increase in molecules is negligible during this onset period. This is

- o) .. not due to the temporal effect but to the ion-dosage ef-
proton yield W|th_t|me is gradual. The surface eXh'b'tedfect which we confirmed from several measurements us-
a7 X 7 pattern in LEED even after the measurements,

) . . X ing different ion beam intensities. Trapping of hydrogen
'\I;ge ;r;gg;asedm gig)orotonfyleld IdS ‘?ISO t%ra?;quil for theoy bulk defects is responsible for the suppressed increase
VBes(100) and 5-B(100) surfaces during theoH beam o o attered proton yield. This trapping is clearly seen
irradiation. For the HOPG surface, on the other hand, the, . 3(a) when the surface is prebombarded by 1-keV
yield slightly decreases with irradiation time. Table | lists g P y

; ) ) o 2P et which induces the bulk defects much more effi-
the range and straggling of the implanted ions dlstrlbutlor%ien,[I than does the 1-keV-H beam
as well as the damage formation calculated usingria y 2 '
computer code.

For bulk Si, the reported values of the diffusion Con-TABLE I.  Range and straggling of the implanted primary ions
stant of hydrogen are highly scattered fror@= to (1-keV He" and H* beams) distribution in Si, B, and graphite,

1071 sz s ! [6]. At least three states of hydrogen are ang the number of vacancies and sputtered target atoms per
present in the equilibrium condition: (i) bound hydrogenprimary ion.

at a dangling bond of a defect site, (ii) atomic hydrogen . . n n
that occupies the interstitial site, and (iii) molecular hy- H,'/Si  He'/Si H'/B H,'/C
drogen. The unbonded atomic hydrogen should be thBange (&) 141 167 79 81

most rapid diffuser in a crystalline Si. The steep increas%/ggggg:e%igﬁ) 78 . 51)‘; 4 38 9 3% °
in the proton yield at the onset of the, Hirradiation of Sputtering yield 0.011 0.166 0.009 0.009

the Si(111) surface [Fig. 3(a)] arises from the passivation
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For both theB-B(100) and YRB¢(100) surfaces, the lat- oxygen. Similarly, there is a remarkable increase in
tice is formed by the covalently bonded B network con-the scattered H (D*) yield on a metal (Ta) and a
sisting of an electron-deficient icosahedron. Terminatiorsemiconductor (Si) surface after oxygenation [20]. If
of the surface by B clusters was confirmed by the scan-the impinging proton is neutralized at the surface, the
ning tunneling microscopy image of ¥g&100) [16]. The situation is exactly the same as sputtering of secondary
segregation of implanted hydrogen g+B and YBy is  ions. In both cases, therefore, a positive ion is formed
rather slow compared with that in Si despite the factdue to reionization during asymmetric collision with
that the depth range of implanted hydrogen in B is shalehemisorbed oxygen, after which the partly ionic bonds
lower than that in Si, indicating that hydrogen is trappedare broken.
more efficiently in bulk B. The neutral icosahedron has In summary, we have investigated the dynamics of
an affinity for two additional electrons so that hydrogenthe fastest electronic transitiqgn0~'> s) and the slowest
can be trapped in the lattice, causing the hydrogen to dddiffusion/segregatioii~1 s) of hydrogen. We found that
nate an electron. Also possible is the formation of threethe dynamical charge transfer even in the keV regime is

centered bonds, intimately related to a static chemisorption process, which
also bridges the charge states of the hydrogen in the bulk
/ \ and the hydrogen ejected into the vacuum. These findings

B—B, demonstrate the potential of this technique for situ

which is characteristic of boron hydrate. The slower in-observation of hydrogen diffusion in bulk semiconductors.
crease in the proton yield foB-B than that for YBg
[Fig. 3(b)] may be related to the lack of yttrium, which
acts as an electron donor in the ¥B The different
behavior of the proton yield with irradiation time for
HOPG can be explained by the efficient trapping of the [ P. Haochangt al., Phys. Rev. Lett57, 3035 (1986).
implanted hydrogen in the bulk interstitial site and by the [2] B- Willerding et al., Nucl. Instrum. Methods Phys. Res.,
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. [3] C.T. Rettneret al., Phys. Rev. Lett69, 383 (1992).
the surface. Moreover, the large proton yield from HOPG [4] C. Astaldiet al., Phys. Rev. Lett68, 90 (1992).
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proton yield with irradiation time is related to the forma- [7] N.M. Johnson, C. Herring, and D.J. Chadi, Phys. Rev.

tion of point defects (or broken bonds) on the surface from Lett. 56, 769 (1986).

which a proton captures an electron more efficiently. [8] C.G. Van de Walle, Y. Bar-Yam, and S.T. Pantelides,
As regards neutralization, it is currently held that  Phys. Rev. Lett60, 2761 (1988).
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