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Nuclear-reaction analysis of H at the PbÕSi„111… interface: Monolayer depth distinction
and interface structure

K. Fukutani,* M. Wilde, and M. Matsumoto
Institute of Industrial Science, The University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8505, Japan

~Received 25 June 2001; published 29 November 2001!

Hydrogen atoms buried at the interface between Pb layers and the Si~111! surface were investigated by
resonant nuclear reaction analysis~NRA! using 1H(15N,ag)12C in grazing incidence geometry. Pb atoms were
deposited on the H-terminated Si~111! surface at 110 K, and the H depth was clearly distinguished with a depth
scale of one monolayer. The NRA spectrum revealed a monotonous shift to higher energy with increasing Pb
coverage indicating H remains at the interface between Pb and the Si substrate. The dependence of the spectral
shift on the Pb coverage was found to have an offset corresponding to a depth of about 0.1 nm. This offset
suggests a model for the Pb/H/Si~111! interface structure implying that the initial Pb layer resides in the
preadsorbed H layer.

DOI: 10.1103/PhysRevB.64.245411 PACS number~s!: 68.35.Ct, 79.20.Rf, 68.55.2a
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I. INTRODUCTION

Hydrogen interacting with solid surfaces and interfaces
of great importance and interest not only in fundamen
physics and chemistry,1,2 but also in a variety of technologi
cal applications. Due to the light mass and small atomic s
H atoms tend to be absorbed by materials as demonstrate
hydrogen storage materials and are responsible for und
able phenomena such as hydrogen embrittlement. In cas
semiconductor technology, hydrogen at interfaces is pra
cally interesting and important because of its influence on
Schottky-barrier height3,4 and its ability to reduce the densit
of the interface states by saturating dangling bonds. In
epitaxial growth of metals and semiconductors,5–7 hydrogen
atoms sometimes modify the growth mode acting as a
factant.

Despite the importance of H in a variety of surface a
interface phenomena, H is visible to only a limited numb
of techniques, because of the small scattering factor du
its light mass and the small number of electrons available
electron spectroscopy. For the investigation of H at surfa
subsurfaces, and interfaces therefore, a depth-resolved
nique is strongly required. Resonant nuclear reaction an
sis ~NRA! ~Refs. 8,9! and elastic recoil detection~ERD!
~Refs. 5,10! enable depth-resolved measurements. In the
vious publications, we investigated the formation of met
H/Si~111! interfaces by NRA using the1H(15N,ag)12C
reaction.11,12 In these studies, it was found that an interfa
layer of H atoms is formed between a Pb overlayer and a
substrate and the deposited Pb atoms form a uniform lay
110 K. Compared with the Pb/Si~111! interface,13,14 a
H-induced dipole layer was suggested to be present at
interface modifying the Schottky-barrier height,4 but the real
interface structure is not known yet. The depth resolut
~the spectral width divided by the stopping power! at normal
ion beam incidence on the sample turned out to
;5 nm,11,12 i.e., twenty monolayers~ML ! of Pb, which is
mainly determined by the zero-point vibration of H again
the surface and the straggling of the15N ions in the Pb over-
layers. For further detailed studies of subsurface occupa
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and early stages of interface formation, improvement of
depth resolution is highly required. Therefore the first aim
the present paper is to improve the depth resolution
changing the incidence angle of the ion beam: the effec
thickness experienced by the15N ion traveling through an
adlayer is increased in a tilted geometry. Here we rep
NRA measurements of H buried at the interface betwee
Si~111! substrate and thin Pb overlayers~0.8–5 ML! taken in
grazing beam incidence geometry, and achieved atomic-la
depth distinction of hydrogen. The dependence of
H-depth profile on the Pb coverage allows us to discuss
initial stage of the Pb/H/Si interface formation and to deri
a model of the interface structure.

II. EXPERIMENT

The experimental setup is described elsewhere.12 Briefly,
the sample preparation and NRA measurements were
formed in a UHV chamber~base pressure:,131028 Pa) at
the 2C beam line of the tandem-type Van de Graaff accel
tor at the Research Center for Nuclear Science and Tech
ogy of the University of Tokyo. The15N21 ion beam at an
energy around 6.385 MeV produced by this accelerator w
introduced into the UHV chamber for the NRA measur
ment. The nuclear reaction we used is1H(15N,ag)12C,
which is resonanced at a15N21 energy of 6.385 MeV with a
resonance width of 1.8 keV.15,16 Detection ofg rays with an
energy of 4.43 MeV by a Bi4Ge4O12 scintillator placed at a
distance of 40 mm behind the sample enables us to mea
the H concentration. Furthermore, variation of the ion ene
gives us the depth information of H atoms. The energy wi
of the incident ion beam was 3 keV, which was achieved
monochromatization with the energy analyzer~dispersion:
2560 mm! at a slit width of 1.2 mm and with the help of
slit feedback system. The typical beam current and beam
at the sample were 30 nA and 2 mm in diameter, resp
tively. The NRA measurements in the present work we
conducted at an ion incidence angle of 80° with respec
the surface normal. Special care was taken concerning
sample position against the ion beam, because striking of
beam at any surfaces other than the sample increases
©2001 The American Physical Society11-1
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background signal. Theg-ray yield was normalized by the
sample current integrated over the acquisition time of 10
per data point. The spectra shown in the present paper, u
otherwise stated, are the average of two independent sp
to reduce experimental uncertainty. Since the ion curr
density at the sample surface is lower than that at a nor
incidence by a factor of cos 80°, the decay of theg-ray yield
due to ion-induced desorption can be neglected.12

The sample used in the present study is Si(111)131-H,
which was prepared by dosing atomic H at a sample te
perature of 650 K until the H coverage was saturated.17 Be-
fore dosing atomic H, the Si~111! sample (8350
30.5 mm3) was cleaned by resistively flashing in UHV t
1370 K until LEED reveals a clear 737 pattern. Atomic
hydrogen was produced by a tungsten filament heate
1900 K, which is mounted in a molybdenum tube and plac
at a distance of about 100 mm from the sample. After
dosage, the sample exhibited a clear 131 LEED pattern in-
dicating the formation of a H-terminated Si~111! surface. Be-
low 400 K, the sample temperature was measured b
Chromel-Alumel thermocouple attached to the Ta electr
supporting the Si sample, while temperatures higher t
700 K were measured with an optical pyrometer. The eva
ration of Pb was performed using a tungsten filament and
evaporation rate was measured by a quartz oscillator pla
below the sample. The typical evaporation rate was 0
nm/s. The metal-deposited surfaces were characterize
LEED and Auger electron spectroscopy~AES!. The sample
temperature during the metal evaporation was kept at 11
During the NRA measurements, the beam irradiation mi
have caused a local temperature rise of the surface u
about 150 K even though the sample was kept cooled
liquid nitrogen.

III. RESULTS AND DISCUSSION

Figure 1 shows theg-ray intensity as a function of the
incident 15N beam energy~NRA spectrum! taken from
Si~111!131-H after Pb deposition of 0.20 nm~0.84 ML!.
The profile reveals a peak near the resonance energy of 6
MeV. The solid curve is a fit to a Gaussian function of t
form of A exp@2$(E2ER)2E0%

2/s2#, whereE is the ion
energy,ER is the resonance energy of 6.385 MeV, andA, E0,
ands are fit parameters. Also shown in Fig. 1 by a dash
curve is a fit curve of the spectrum taken for the pu
Si~111!131-H substrate before Pb deposition.@The data
points are shown in Fig. 2~a!.# The results show that the pea
of the NRA spectrum after Pb deposition is shifted to high
energy compared to the bare Si~111!-H substrate. The pea
shift deduced from the fits amounts to 0.6660.11 keV. The
spectral width (s) obtained from the fit is 6.4360.11 keV,
which is slightly broader than the width of 5.90 keV fo
Si~111!131-H. Assuming that the H coverage on the cle
Si~111!131-H surface is 1 monolayer~ML !, the H coverage
after Pb deposition was estimated to be 1.0160.07 ML by
comparing the integrated areas of the spectra.

The NRA spectra taken after Pb deposition of 0.37 a
1.11 nm~1.56 and 4.68 ML, respectively! on Si~111!131-H
are shown in Fig. 2~a!. Note that LEED exhibited a clear 1
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31 pattern without noticeable changes after the Pb dep
tion. In Fig. 2~a!, the peak shifts are more pronounced co
pared to Fig. 1. After 1.11 nm of Pb deposition, the spectr
exhibits a peak shift as much as 10 keV together with
substantial decrease of the peak height and an increase o
spectral width. Both spectra are fitted to a Gaussian fo
which are displayed by the solid curves in the figure and
fit parameters obtained are listed in Table I. The H conc
trations estimated from the integrated areas of the spectra
1.1660.08 and 0.9060.08 ML for Pb coverages of 0.37 an
1.11 nm, respectively. Therefore, the initial H is concluded
be preserved after Pb deposition, which is in agreement w
our previous results.12 Since the peak of the NRA spectrum
shifts to higher energy with increasing Pb coverage, the
atom preadsorbed on Si~111! is, furthermore, considered t
remain at the interface between the Si~111! substrate and the
Pb overlayer, which is also consistent with the previo
studies.4,12 These data therefore emphasize the fact that
NRA technique in grazing incidence geometry has the ca
bility to distinguish changes of the hydrogen depth due
metal overlayers within the submonolayer regime.

By using theE0 value representing the peak shift wit
respect to the resonance energy, we can calculate the m
depth of H. With the stopping power of Pb for15N at 6.385
MeV, 2.32 keV/nm,18,19 the H depths for the three sample
are calculated to be 0.28, 1.09, and 4.58 nm, respectiv
Assuming that the Pb atoms form a uniform layer, the thic
ness of the Pb overlayer is estimated to be 0.049, 0.189,
0.795 nm taking account of the incidence angle (u) of 80°.
Figure 2~b! shows the relation between the thickness e
mated from the NRA spectra and the deposited amount o
measured by the quartz oscillator. A fit to a linear relation
displayed by the solid line in the figure, which does not cro
the origin indicating that the thickness estimated by NRA h
an offset of 20.11860.013 nm. This corresponds t

FIG. 1. Intensity profile of theg ray from the 1H(15N,ag)12C
nuclear reaction as a function of the incident15N beam energy
taken for the sample of Pb deposition of 0.20 nm on the Si~111!1
31-H at a sample temperature of 110 K. Solid curve is a fit to
Gaussian form and the dashed curve denotes a fit to the spec
before the Pb deposition.
1-2
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NUCLEAR-REACTION ANALYSIS OF H AT THE . . . PHYSICAL REVIEW B 64 245411
;50% of a monolayer and is not experimental error. It a
pears as if the first 0.5 ML of the deposited Pb did not st
to the surface. We consider, however, that this offset refle
the structure of the Pb-Si interface. The gradient of the
line in Fig. 2~b! is smaller than unity by 18%, which is easi
understood in terms of slight underestimations of the
incidence angle and/or quartz oscillator position. Howev
the relative value measured by the quartz oscillator is q

FIG. 2. ~a! Intensity profile of the g ray from the
1H(15N,ag)12C nuclear reaction as a function of the incident15N
beam energy taken for the Si~111!131-H surface before Pb depo
sition ~triangle! and after Pb deposition of 0.37 nm~filled circles!
and 1.11 nm~open circles! at 110 K. Solid and dashed curves a
fits of the spectra to a Gaussian form.~b! Relation between the Pb
thickness estimated from the shift of the NRA spectra and the
posited amount measured by the quartz oscillator. Solid line is
to a linear relation.
24541
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accurate within a few % of a monolayer. We note that su
an underestimation of the angle or distance influences o
the gradient of the relation in Fig. 2~b! but would never
cause an offset.

We can conceive three possible reasons for the offse
Fig. 2~b!: change of the sticking probability, electronic mod
fication and geometric structure. If the sticking probability
Pb atoms for the initial first layer is substantially lower th
that of the second layer, the actual thickness observed
NRA becomes smaller than the deposited amount meas
by the quartz oscillator at the initial stage of the grow
However, this possibility is excluded by AES data taken d
ing Pb deposition. Figure 3 shows the evolution of the Aug
intensity at about 90 eV corresponding to superposition o
LVV and Pb NOO as a function of the deposited amount
Pb on Si~111!131-H. Although the two Auger lines are su
perimposed, Si LVV is dominant over Pb NOO in this co
erage region. As seen in Fig. 3, the Auger intensity decrea
monotonously from the beginning without showing a
abrupt changes of the sticking probability.

If the electron density in the first Pb layer were substa
tially depleted due to a possible charge transfer to the s
strate, the stopping power of this layer for the15N ion would
be reduced compared with the value we used represen
bulk Pb. Considering, however, the fact that the Si surfac
well passivated by H atoms and rather inactive to other
molecules, a large charge transfer between the substrate
Pb ad-atoms does not appear probable. Hence, we exc
possible electronic effects as the origin of the offset. As
the possibility of geometric effects, the offset might indica
that the first 0.1 nm of Pb could be located within or bene

e-
fit

FIG. 3. Evolution of the Auger intensity at about 90 eV corr
sponding to superposition of Si LVV and Pb NOO as a function
the deposited amount of Pb measured by the quartz oscillato
Si~111!131-H at 110 K.
n form
TABLE I. Parameters obtained from the fits of NRA spectra at different Pb coverages to a Gaussia
of A exp@2$(E2ER)2E0%

2/s2#.

Pb coverage~nm! 0 0.20 0.37 1.11

E0 ~keV! 0 0.6660.11 2.5360.11 10.6260.21
s ~keV! 5.9060.10 6.4360.11 7.5460.13 12.7860.30
A 25364.8 23464.8 22964.5 10462.5
1-3



K
b
H
iv
c

th
a
P

am
b

4
di

on
on
le

e
gh

n

r

.
a

ha
ec
a

a
lo
od
gu
th
n

,
g

t

ce
n

rgy

tral
ov-
s is
lts
the
s

of
ctra

set
c-
her

ith
the
ng
ro-
g.
he
ep-
ing,
n-

rgy
l

e-
s
nm,

o be
en-

rp
d
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the H layer. Since the experiment was performed at 110
the Pb-Si interdiffusion and Si-H bond restructuring may
neglected, which is indirectly supported by the fact that
remains at the Pb-Si interface even at 300 K. As a na
model, we propose that in the initial stage of the interfa
formation Pb atoms occupy the threefold hollow sites of
H-terminated Si~111!131 surface residing in the H layer to
certain extent as schematically shown in Fig. 4. These
atoms only partially shade the H atoms from the ion be
causing an offset in the Pb overlayer thickness monitored
NRA. It should be noted that the atomic radius of Pb is 0.1
nm, which can be reconciled with the nearest-neighbor
tance of 0.384 nm between H atoms on Si~111!. The
Schottky barrier height for the Pb contact formed
Si~111!131-H is reported to be higher than that formed
the bare Si~111! surface by 0.08 eV and a H-induced dipo
layer has been suggested as a possible explanation.4,20 The
present data may offer a clue to the interface structure
Pb/H/Si~111!, and with electronic structure calculations th
mechanism of the change of the Schottky barrier hei
would be clarified.

The Pb atoms deposited at 110 K were found to grow i
uniform layer at a coverage of 20 ML.12 At room tempera-
ture, on the other hand, it is reported that Pb atoms unde
a three-dimensional~3D! island growth.12,21,22 On Si~111!7
37, it is reported that Pb forms multistep height islands23

One might consider that the deposited Pb atoms form sm
islands in the early stage of the growth at 110 K and t
such 3D islands instead of a uniform layer affect the eff
tive energy loss of the incident ion leading to underestim
tion of the thickness by NRA. Nevertheless, this effect c
be neglected in the first approximation as discussed be
For discussing such a possible effect of Pb islands, we m
the overlayer morphology instead of a uniform layer as re
larly arranged one-dimensional islands with H atoms at
uncovered substrate surface and at the interface betwee
substrate and the Pb overlayer as shown in Fig. 5~b!, where
D, t, T, and d (5Dt/T) are island height, island length
distance between the island centers, and average covera
the overlayer. At a given coverage (d), the NRA spectrum
changes depending on the relation ofD, T, andu ~incidence
angle of the ion!. As laid out in detail in the Appendix, the
NRA spectrum, in the case ofD tanu,T, i.e., the fraction of
the uncovered Si-H surface shaded by the Pb island
smaller than the distance between the Pb islands, reveals
separate peaks corresponding to depths of 0 andD/cosu ~or
t/sinu), which is well demonstrated in the normal inciden
condition12 and in experiments of In deposition o

FIG. 4. Side view of the schematic model for the initial adso
tion of Pb on Si~111!131-H at 110 K. Filled, open, and shade
circles denote H, Si, and Pb atoms, respectively.
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Si~111!-H.24 In the case ofD tanu>T, on the other hand, the
spectrum is expected to exhibit a single peak at an ene
corresponding to a depth ofd/cosu with a broadening of the
spectral width. It is worth noting that the apparent spec
depth averaging over all signal contributions from the unc
ered Si-H surface and the interface below the Pb island
given by d/cosu in both cases. The experimental resu
shown in Figs. 1 and 2 exhibit a single peak excluding
situation ofD tanu,T. Consequently, even if the Pb atom
deposited on the Si~111!-H surface did not grow as a uniform
layer forming three-dimensional islands in the early stage
the growth, the average thickness apparent in NRA spe
would have to be described asd/cosu, which is the same
result as observed for a uniform layer. Therefore, the off
observed in Fig. 2~b! can be ascribed to the interface stru
ture reflecting the relative position between H and Pb, rat
than being a result of the Pb overlayer morphology.

It is noticed that the spectral width becomes broader w
increasing Pb coverage as shown in Table I. The width of
NRA spectrum is essentially determined by the followi
factors: the natural reaction width, instrumental width, ze
point vibration, H depth distribution, and energy stragglin8

Since the ion beam suffers from no straggling for H on t
surface, the width of the spectrum before Pb deposition r
resents the former three factors. The spectral broaden
therefore, originates from the H depth distribution and/or e
ergy straggling. According to Bohr’s expression, the ene
straggling (V) of high-energy ions in solids is proportiona
to the square root of the ion-transmitting thickness~t! as
described byV5AQt where Q is the straggling cross
section.25 Since the Q value for the15N ion at;6.4 MeV is
not established yet,25–27 unfortunately, we tentatively follow
the empirical formula obtained by Rudet al.,25 where
FWHM due to the energy straggling in the Pb layer is d
scribed as 5.73At@nm# @keV#. The effective Pb thicknesse
of the samples in Figs. 1 and 2 are 0.28, 1.09, and 4.58
which are obtained from the shift of the NRA spectrum (E0),
and the corresponding energy stragglings are calculated t
3.0, 5.9, and 12.2 keV, respectively. Assuming that both

-

FIG. 5. Schematic figures of~a! layer growth and~b! three-
dimensional island growth.D, t, and T are island height, island
length, distance between islands.
1-4
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NUCLEAR-REACTION ANALYSIS OF H AT THE . . . PHYSICAL REVIEW B 64 245411
ergy straggling and the spectrum before deposition are
scribed by a Gaussian form, convolution of these two ter
leads to total widths of 10.3, 11.5, and 15.6 keV, which
smaller than the experimental values of 10.7, 12.6, and 2
keV, respectively. Since the difference becomes larger w
increasing thickness, the discrepancy is not due to the cha
of the vibrational frequency of H buried at the interface. T
difference can be ascribed to the H depth distribution due
morphological roughness of the Pb layer and/or an unde
timation of the energy straggling. Assuming that the diff
ence originates solely from the H depth distribution and
distribution is described by a Gaussian form, by deconvo
ing the straggling width, the width~FWHM! of the H distri-
bution is estimated to be 1.3, 2.3, and 6.3 nm. Conside
the mean H depth of 0.28, 1.09, and 4.58 nm for the th
samples, respectively, the depth distribution seems to be
large. This might indicate that the Q value for the straggl
width needs to be modified.

IV. CONCLUSION

Pb deposition on the H-terminated Si~111! surface at 110
K in the monolayer regime was investigated by NRA usi
1H(15N,ag)12C in grazing incidence of 80° with respect
the surface normal. The NRA spectrum revealed a clear s
after Pb deposition of 0.20 nm implying that the H depth c
be distinguished on a depth scale of one monolayer.
dependence of the spectral shift on the Pb coverage
found to have an offset corresponding to a depth of about
nm. This offset suggests that the initial Pb layer resides in
pre-adsorbed H layer as it forms the Pb/H/Si~111! interface.
The width of the NRA spectrum was found to increase s
stantially with increasing Pb coverage, and the origin of t
broadening was discussed in terms of energy straggling
the 15N ion and the H depth distribution.
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APPENDIX

When the deposited atoms form a completely unifo
layer with a thickness ofd as shown in Fig. 5~a!, the depth of
H below the overlayer is observed to bed/cosu by NRA. If
the atoms grow as 3D islands, on the other hand, the N
spectrum is accordingly modified depending on the isla
size and density and the ion incidence angle. We model
overlayer structure as regularly arranged one-dimensiona
lands as shown in Fig. 5~b!. With a fixed coverage ofd
(5Dt/T) and incidence angle ofu, the H depth distribution
observed by the ion beam is classified into six cases dep
ing on the relation ofD, t, T, andu.

~1! D tanu!t. The ion sees H on the Si surface with
depth of 0 as well as H at the Pb-Si interface as a depth
D/cosu. Therefore, the NRA spectrum reveals two peaks
energies corresponding to the two depths.

~2! D tanu,t. In addition to the distinct peaks corre
sponding to the depths of~1!, a continuous distribution is
observed at depths between 0 andD/cosu because of the
partial shading of H by the island edge.

~3! t,D tanu,T. Similarly to ~2!, H is observed at
depths of 0 andt/sinu with a small continuous distribution
between 0 andt/sinu.

~4! mT5D tanu wherem is a natural number. The dept
observed by NRA becomesd/cosu for both surface and in-
terface H atoms revealing a corresponding single peak in
spectrum.

~5! T,D tanu except ~4!. The ion comes through;n
islands before reaching H atoms wheren is the quotient of
D tanu/T. The H atom is hence observed to be distribut
from a depth ofnt/sinu to (n11)t/sinu implying the dis-
tribution width of t/sinu, and the average depth is calculat
to bed/cosu.

~6! T!D tanu. The H depth is observed to bed/cosu.
It should be noted that the depth averaged over all sign

in each case becomesd/cosu.
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