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Hydrogen at the surface and interface of metals on Si„111…
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The depth-resolved measurement of hydrogen using the resonant nuclear reaction of1H~15N,ag!12C in the
formation of~Pb, Ag, and Cu!/Si~111! interfaces is reported. It was found that Pb deposition on Si~111!131-H
at 110 and 360 K leads to the formation of the Pb/H/Si~111! interface. Upon deposition of Ag at 110 K,
however, it was found that a quarter of the monolayer of H migrates to the surface of Ag with the rest of H
remaining at the Ag/Si~111! interface. The preadsorbed H atom was desorbed from the surface by deposition
of Ag and Cu at 360 K, suggesting that~Ag, Cu!/H/Si~111! is a metastable structure. The relative stability of
the interface H is discussed.@S0163-1829~99!03619-X#
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I. INTRODUCTION

Hydrogen at solid surfaces and interfaces has rece
much attention in recent years from the viewpoint of tech
logical application as well as fundamental physics a
chemistry.1 Hydrogen adsorption at solid surfaces is the i
tial step for a variety of surface and bulk phenomena suc
hydrogen storage in materials and hydrogenation reacti
From a fundamental point of view, many concepts of adso
tion and diffusion are embodied in the system of H at so
surfaces. Furthermore, hydrogen at semiconductor surf
and interfaces is of practical interest and importance beca
hydrogen atoms frequently passivate semiconductor surf
and also reduce the density of the interface states by sat
ing the dangling bond. According to the work by Mo¨nch and
co-workers, hydrogen at the metal-semiconductor interfa
depending on the kind of metals, significantly influences
Schottky-barrier height thereby offering an opportunity
modify and control the barrier height by dosing H atom
before formation of metal-silicon contacts.2–4 In recent
years, it has been found that hydrogen atoms someti
modify the growth mode of the metal5–10 and
semiconductors11–15acting as a surfactant. However, little
known about the real role of H and the H concentration
the resulting epitaxial film and the interface.

A difficulty for the study of H at surfaces and interfaces
that H is visible to quite limited techniques, because of
small scattering factor due to light mass and limited av
ability of electron spectroscopic techniques. High-energy
beams offer a way to detect hydrogen atoms. Stability o
at the Au-Si interface was investigated by the measurem
of D coverage using nuclear reaction analysis,16 and the sys-
tem of Au deposition on H-terminated Si was recently inv
tigated by core-level spectroscopy.17 Application of a reso-
nant nuclear reaction instead of a nonresonant reac
PRB 590163-1829/99/59~20!/13020~6!/$15.00
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enables us to directly detect H with depth resolution, wh
is well suited to the study of metal on H-terminated surfac
It is demonstrated that the nuclear reaction of1H~15N,ag!12C
has detection limit for H adsorbed on a solid surface l
than 1/10th of a monolayer.18,19 This reaction was applied to
the investigation of the H trapping at the Al-Si interface.20 In
our previous papers, we reported that the use of reso
nuclear reaction analysis~RNRA! enables us to distinguish
surface and interface hydrogen. When Si is evaporated
H-terminated Si~001! at a low temperature, H atoms ar
present at the interface between the substrate and the de
ited Si layer.21 In the case of metal deposition on th
Si~111!-H surface at room temperature, Ag induces H d
sorption from the surface22 while Pb forms interface
hydrogen.23

In this paper, we report a RNRA investigation of H upo
metal~Pb, Ag, and Cu! deposition on a hydrogen-terminate
Si~111! surface at 360 and 110 K. Depending on the kind
deposited metals and the substrate temperature, the beh
of hydrogen upon metal deposition and also the growth m
of the metal reveals dramatic changes.

II. EXPERIMENT

The experiments were performed in an UHV chamb
~base pressure: 1310210mbar) which was attached throug
two-stage differential pumping to the 2C beam line of t
tandem-type Van de Graaff accelerator at the Research C
ter for Nuclear Science and Technology at the University
Tokyo. The15N21 ion beam was accelerated to an energy
6.385 MeV and introduced into the UHV chamber, induci
the 1H~15N,ag!12C nuclear reaction with H atoms adsorbed
the surface. Detection ofg rays with an energy of 4.43 MeV
emitted as a result of the nuclear reaction by a Bi4Ge4O12
scintillator enables us to measure the H concentration. S
13 020 ©1999 The American Physical Society
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PRB 59 13 021HYDROGEN AT THE SURFACE AND INTERFACE OF . . .
the reaction at this energy has a resonance width of 1.8
~Ref. 24! and the stopping power of a solid for the incident
beam is the same order of magnitude,25,26variation of the ion
energy gives us the depth information about H atoms i
solid. The energy width of the incident ion beam was
keV, which was achieved by monochromatization with t
energy analyzer~orbital radius: 1270 mm! at a slit width of 4
mm and with the help of a slit feedback system. The typi
beam current and beam size at the sample were 30 nA a
mm in diameter, respectively. The measurement time
100–200 s per data point and one monolayer of H
Si~111! yields 51 counts/mC at the resonance energy. Sin
the g-ray yield gradually decreases after a prolonged m
surement with a time constant of about one hour proba
due to ion-induced desorption, estimation of H coverage w
carried out after correcting the effect of the decay. The
source at this accelerator is a Cs-sputtering type with a s
cathode of Ti15N1C, which produces a CN2 ion of around 1
mA.

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 820 K until the H coverage was saturated. Be
dosing H, the Si~111! sample was cleaned by flashing
1470 K. Atomic hydrogen was produced by passing hyd
gen molecules through a tungsten tube~2 mm in diameter,
0.1 mm thick, 30 mm long! heated at 1900 K. The samp
prepared in this way exhibited a clear 131 low-energy elec-
tron diffraction ~LEED! pattern indicating the formation o
H-terminated Si~111!. A previous scanning tunnel micro
scope~STM! study27 reports that this Si~111!131-H is the
ideal 131 structure with one H atom at a dangling bond a
H coverage of one monolayer~ML ! (7.8331014/cm2). The
sample temperature of lower than 400 K was measured
Pt-PtRh thermocouple attached to the Ta electrode supp
ing the Si sample, while the temperature of higher than 7
K was measured with an optical pyrometer. The sample t
perature from 400 to 700 K was determined by extrapolat
the relation between the sample current and temperatur
the range of 700–1100 K.28 The evaporation of metal~Cu,
Pb, and Ag! was performed by using tungsten filaments a
the thickness was measured by a quartz oscillator placed
low the sample. The typical evaporation rate was 0.4 Å
The sample temperature during metal evaporation and m
surements was kept at 360 or 110 K, which was achieved
liquid-nitrogen cooling.

III. RESULTS AND DISCUSSION

A. Pb/Si„111…131-H

Figure 1~a! shows theg-ray intensity profile as a function
of the incident15N beam energy taken for the Si~111!131-H
at a sample temperature of 360 K. The profile reveals a p
at the resonance energy29 which is assumed to correspond
the H of 7.8331014/cm2. The solid curve fits to a Gaussia
function of the form ofA exp@2$(E2ER)2E0%

2/s2#, whereE
is the ion energy,ER is the resonance energy of 6.385 Me
andA, E0 , ands are fit parameters. The spectral width@full
width at half maximum~FWHM!# obtained from the fit is
12.760.4 keV, which is much broader than the resonan
width of 1.8 keV because of the Doppler effect caused by
zero-point vibration of adsorbed H at the surface.24 Consid-
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ering the instrumental width of 10 keV that is estimated fro
the slit width of the ion energy analyzer, the observed wid
is roughly consistent with the vibrational energy of H
Si~111!.30

Figures 1~b! and 1~c! show theg-ray intensity profiles as
a function of the incident ion energy after Pb deposition
45 Å on Si~111!131-H at sample temperatures of 360 a
110 K, respectively. Figure 1~b! reveals the presence of tw
components, one centered at 6.385 MeV and the other
tered at a higher energy, while Fig. 1~c! exhibits one com-
ponent at an energy higher than the resonance energy.
presence of the higher-energy component clearly indica
that appreciable amounts of hydrogen atoms are presen
low the surface after deposition of Pb atoms. The profile~b!
is fitted to a sum of two Gaussian functions, which is sho
by the solid curve in Fig. 1. The parametersE0 and FWHM
(52Aln 2s) obtained from the fit are 23.563.5 keV and
24.068.5 keV for the higher-energy component. A fit of th
data in Fig. 1~c! to a Gaussian form, on the other hand, giv
us E0 and FWHM values of 10.360.4 keV and 21.3
61.2 keV, respectively. Furthermore, the H concentrat
estimated from the integrated intensity of the spectrum~c! is
1.1060.08 ML. At a sample temperature of 360 K, the
concentrations for the surface and higher-energy compon
in Fig. 1~b! are estimated to be 0.6360.1 and 0.41
60.17 ML, respectively. The total amount of H is preserv
during the Pb deposition at 360 K as well as at 110 K. Sin
the E0 value represents the shift of the distribution with r
spect to the resonance energy due to the energy loss o
incident beam, one can know the mean depth of H from
stopping power. With the stopping power of Pb for N
6.385 MeV, 0.232 keV/Å,26 the depth of the H correspond

FIG. 1. Intensity profiles of theg ray from the1H~15N,ag!12C
nuclear reaction as a function of the incident15N beam energy taken
for the sample of Pb deposition on Si~111!131-H. ~a!
Si~111!131-H before Pb deposition,~b! Pb deposition of 45 Å at
360 K, and~c! Pb deposition of 45 Å at 110 K. Solid curves are fi
to a Gaussian form@a sum of two Gaussian forms for~b!#.
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13 022 PRB 59K. FUKUTANI, H. IWAI, Y. MURATA, AND H. YAMASHITA
ing to the higher-energy components in Figs. 1~b! and 1~c! is
calculated to be 101 and 44.4 Å, respectively.

The mean depth of the higher-energy component
served at 360 K is twice as much as the deposited amou
Pb, hence it is considered that the Pb atoms form island
this surface, covering about 40% of the surface with a he
of 101 Å and that 0.63 ML of H is present at the Si surfa
giving rise to the surface peak, while the rest of H remains
the interface between the Si substrate and Pb layer as s
matically shown in Fig. 2~a!. Since the amount of deposite
Pb on the surface~45 Å! is in remarkable agreement with th
depth of H in Fig. 1~c! ~44.4 Å!, on the other hand, it is
concluded that all the H atoms preadsorbed on the sur
remain at the interface between the substrate and the Pb
at a sample temperature of 110 K with a Pb layer of unifo
thickness as schematically shown in Fig. 2~b!. It should be
noted that the effect of the Pb-Si interdiffusion may be n
glected at these deposition temperatures.

According to previous studies, the Schottky-barrier hei
for the Pb contact formed on Si~111!131-H is reported to be
higher than that formed on the bare Si~111! surface by 0.08
eV.3,31 It is claimed that a H-induced dipole layer is prese
at the interface and that H atoms remain at the Pb
interface,3 which is strongly supported by the present stud

It is worth noting that the spectral width corresponding
the interface component is substantially broadened comp
with the profile for Si~111!131-H. Although this broadening
may suggest the H atoms corresponding to the interface c
ponents are distributed within some layers around the in
face, the main cause for this broadening is considered to
the energy straggling of the incident ion traveling in the
layer. According to the work by Rud, Bo/ ttiger, and Jensen
the energy straggling of the N ion at an energy of 6.385 M
is reported to be proportional to the square root of the i
transmitting thickness of the solid and the atomic numbe
the 0.39th power.32 By using the curve reported in this pape
FWHM of the energy straggling in the Pb layer is describ
as 1.8At keV where t is the thickness of the Pb layer in t
unit of Å. From this formula, the energy straggling for thic
nesses of 101 and 44.4 Å are calculated to be 18.1 and
keV, respectively. Assuming that both energy straggling a
vibrational widths are described in a Gaussian form, con
lution of these two terms leads to total widths of 22.1 a
17.5 keV, which are roughly in agreement with the expe
mental values of 24.0 and 21.3 keV, respectively. The
maining difference might be caused by the following re
sons: ~1! uncertainty in the energy straggling,~2!
inhomogeneity of the Pb layer thickness,~3! H migration
into the Si substrate and/or the Pb layer, and~4! hardening of
the H vibration at the interface.

FIG. 2. Schematic figures of Pb growth on Si~111!131-H at
substrate temperatures of~a! 360 K and ~b! 110 K. Black dots
denote H atoms.
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B. Ag/Si„111…131-H

Intensity profiles taken after Ag deposition o
Si~111!131-H at 360 and 110 K are shown in Figs. 3 and
respectively. The Ag deposition at 360 K brings about
substantial decrease in theg-ray intensity corresponding to
the surface H, suggesting that adsorption of Ag atoms cau
H desorption from the surface at this temperature. The
coverage is estimated to be 0.2560.03 and 0.1560.02 ML at
Ag coverages of 39 and 70 Å, respectively. Since the red
tion rate of H is small, the deposited Ag is concluded to fo
islands without H atoms at the Ag-Si interface and that the
atoms remain at the uncovered surface, which is simila
the case of Ag deposition on Si~111!737-H ~Ref. 22! as
schematically shown in Fig. 5~a!. Although the possibility
for H atoms to be present at the surface of Ag islands can
be ruled out, this is unlikely to occur because the therm
desorption temperature of H at Ag~111! is known to be 190
K ~Ref. 33! and H is expected to desorb at 360 K. From t
relation between the Ag coverage and the area covered

FIG. 3. Intensity profiles of theg ray from the1H~15N,ag!12C
nuclear reaction as a function of the incident15N beam energy taken
for Ag deposition on the Si~111!131-H with coverages of~a! 39 Å
and~b! 70 Å at a sample temperature of 360 K. Solid curves are
to a Gaussian form and the broken curve denotes the curve
Si~111!131-H.

FIG. 4. Intensity profiles of theg ray from the1H~15N,ag!12C
nuclear reaction as a function of the incident15N beam energy taken
for Ag deposition on Si~111!131-H with coverages of~a! 33 Å and
~b! 67 Å at a sample temperature of 110 K.~c! Intensity profile
taken after annealing at 300 K of the sample corresponding to~b!.
Solid curves are fits to a sum of two Gaussian forms and the bro
curve denotes the curve for Si~111!131-H.
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PRB 59 13 023HYDROGEN AT THE SURFACE AND INTERFACE OF . . .
Ag islands, the height of Ag islands is estimated to be 52
82 Å at Ag coverages of 39 and 70 Å, respectively. Isla
formation on the H-terminated Si surface is supported b
previous study using scanning-electron microscopy wh
Ag atoms are observed to form islands with a height of 30
and a coverage of 13.4 Å.34 This result is in good agreemen
with the present study. It is worth noting that Ag atoms
duce desorption of H only after islanding, not while diffusin
on the surface, because Ag atoms arrive at the surface
domly and migrate on the surface, leaving H atoms on
before island formation. The previous study on the Ag co
tact with Si~111! shows that the Schottky-barrier heig
formed on the H-terminated Si(111)131 surface is identica
with that formed on Si(111)131 without H, suggesting tha
preadsorbed H atoms are replaced by deposited Ag ato4

This conclusion is strongly supported by the present res
Figures 4~a! and 4~b! show intensity profiles taken afte

Ag deposition of 33 and 67 Å, respectively, o
Si~111!131-H at 110 K. Upon Ag deposition at 110 K, i
contrast to the deposition at 360 K, a single peak obser
for Si~111!131-H before the deposition splits into two pea
with increasing Ag coverage. This result suggests that b
surface and interface components are present after Ag d
sition at 110 K. The spectra are well fitted to a sum of tw
Gaussian forms, which are displayed by solid curves in F
4. The obtained result for the coverage of 67 Å shows t
one is centered atER ~6.385 MeV! with a coverage of 0.28
60.03 ML and the other is centered atER1(23.7
60.38) keV with a FWHM of 23.760.8 keV with a cover-
age of 0.5860.05 ML. It seems that the total amount of H
almost preserved during Ag deposition at 110 K. With t
stopping power of 0.335 keV/Å, the mean depth of the b
H is calculated to be 70.7 Å, which coincides with th
amount of Ag deposited onto the surface. Therefore, i
concluded that Ag atoms form a uniform layer at 110 K,
contrast to the growth at 360 K. It is noted that the effect
the Ag-Si interdiffusion can be neglected because of the
substrate temperature. Furthermore, since there exists a
face component of H, it is considered that about a qua
monolayer of H segregates to the surface, occupying the
face site of the Ag layer while the rest of H remains at t
Si-Ag interface as schematically shown in Fig. 5~b!.

Figure 4~c! shows theg-ray intensity profile taken afte
annealing at 300 K the sample corresponding to Fig. 4~b!. It
is noticed that the intensity of the interface componen
dramatically reduced while the surface component seem
remain intact. The interface H is either desorbed from
surface or diffused into the bulk. It seems that the prese
of H at the surface of Ag even after annealing at 300
contradicts the previous discussion that H is desorbed f

FIG. 5. Schematic figures of Ag growth on Si~111!131-H at
substrate temperatures of~a! 360 K and ~b! 110 K. Black dots
denote H atoms.
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the Ag surface at 300 K. A possible interpretation is th
annealing brings about islanding of Ag atoms with a part
the Si surface exposed to the vacuum. Although we can
definitely identify the adsorption site of the surface H b
tween Ag and Si from the spectrum, we suggest anot
possibility, that the H atom corresponding to the surfa
component exists at the subsurface site of Ag with a hig
activation barrier for desorption.

As in the case of Pb deposition, it should be noted that
spectral width corresponding to the interface H is broade
compared with that of the surface component. The wi
obtained from the fit is 23.7 keV. The energy straggling
Ag is described as 1.94At keV following the formula men-
tioned above, which gives us the energy width~FWHM! of
16.3 keV. By convoluting with the vibrational width, a tota
width of 21.6 keV was obtained, which is in good agreem
with the experimental value of 23.7 keV.

C. Cu/Si„111…131-H

Figures 6 and 7 show theg-ray intensity profiles in the
case of Cu deposition on Si~111!131-H at 360 and 110 K,
respectively. Upon deposition of Cu at 360 K, theg-ray in-
tensity corresponding to the surface H is dramatically
creased to 0.13 ML@Fig. 6~b!#, which is similar to the case
of Ag deposition. Since no substantial intensity is observ
in the region higher than the resonance energy, most of th
atoms preadsorbed on the Si surface are concluded to
desorbed from the surface by Cu deposition. The sm
amount of surface H observed even after Cu deposition o
Å suggests that Cu atoms form islands with H remaining
the uncovered region of the surface. However, the possib
of 0.13 ML H remaining at the surface of Cu deposited on
the Si surface cannot be ruled out at this stage, because
thermal desorption temperature is higher than 350 K at a
coverage.35 At 110 K, on the other hand, while theg-ray
intensity corresponding to the surface component is redu
with increasing Cu coverage, a small intensity correspond
to the bulk component is appreciably observed with
deposition of as much as 60 Å. After subtraction of the s
face component, a fit of the subtracted spectrum to a Ga

FIG. 6. Intensity profiles of theg ray from the1H~15N,ag!12C
nuclear reaction as a function of the incident15N beam energy taken
for Cu deposition on Si~111!131-H with coverages of~a! 19 Å and
~b! 31 Å at a sample temperature of 360 K. Solid curves are fits
a Gaussian form and the broken curve denotes the curve
Si~111!131-H.
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13 024 PRB 59K. FUKUTANI, H. IWAI, Y. MURATA, AND H. YAMASHITA
ian form gives theE0 and FWHM values of 23.161.1 keV
and 23.262.7 keV, respectively, which is demonstrated by
solid curve in the figure. Although the fit parameters o
tained include large uncertainty due to the small intensity
this bulk component, the mean depth of H is calculated to
68.3 Å with the stopping power of 0.338 keV/Å for Cu
which is in rough agreement with the amount of Cu dep
ited on the surface. Since the H coverages of the surface
interface components are 0.2960.04 and 0.1960.04 ML, re-
spectively, it is concluded that as in the case of Ag depo
tion at 110 K Cu atoms form a uniform layer with 0.29 an
0.19 ML of H at the surface of Cu and the Cu-Si interfac
respectively. Different from the Ag deposition, about 0.5 M
of H is desorbed from the surface by Cu deposition.

The growth of Cu on the H-terminated Si~111! surface
has been investigated by medium-energy ion scattering.10 It
is reported that the preadsorbed H hardly affects the gro
of Cu on Si~111! at a substrate temperature of 300 K a
though H adsorption is effective at higher temperatures.
suggested that H adsorbed on Si~111! is replaced by Cu at-
oms impinging on the surface at 300 K, which is in go
agreement with the present work.

D. Chemical trend

The present results for Pb, Ag, and Cu deposition
Si~111!131-H show a chemical trend for the formation
interface hydrogen. Comparing the experimental data a
sample temperature of 110 K, one monolayer of interfac
is found to be formed at the Pb-Si interface, while a part
the predosed H occupies the surface site of the metal l
upon deposition of Ag and Cu. Furthermore, the coverag
the interface H for Ag is higher than that at the Cu-Si int
face. We can qualitatively understand this trend from
difference of the bonding energy between Si-H and Si-me
To the first approximation, the bonding strength may be
scribed by the thermal desorption temperature of adsorb
at a surface, although the thermal desorption reflects not
the bonding energy but also a combination of various p

FIG. 7. Intensity profiles of theg ray from the1H~15N,ag!12C
nuclear reaction as a function of the incident15N beam energy taken
for Cu deposition on the Si~111!131-H with coverages of~a! 19 Å
and~b! 60 Å at a sample temperature of 110 K. Solid curves are
to a Gaussian and a sum of two Gaussian forms for~b! and ~c!,
respectively, and the broken curve denotes the curve
Si~111!131-H.
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cesses such as diffusion and recombination. The therma
sorption spectrum of H2 from the 131 phase of Si~111! is
reported to have a maximum at 840 K.36 To compare with
the isothermal desorption data for Pb, Ag, and Cu, we ten
tively assign the desorption temperature of H2 to the onset of
the spectrum~temperature with a desorption rate of 10%
the maximum in the spectrum!, 720 K. On the other hand
isothermal desorption data are presented at substrate
peratures as low as 420, 550, and 600 °C for Pb,37 Ag,38,39

and Cu ~Ref. 40! on Si~111!, respectively. Therefore, the
bonding strength of Si-H is stronger than that of Si-Pb b
weaker than those of Si-Ag and Si-Cu, provided that
thermal desorption temperature is determined by the b
strength. H atoms tend to remain at the interface upon
deposition while they are likely to be replaced by Ag and
atoms arriving at the surface. As described above, the
change process between H and metal atoms is temper
dependent and most of the H atoms seem to be replace
Ag and Cu at 360 K. Hence, the exchange process is a
vated with a higher barrier for Ag than Cu. The H ato
replaced by a metal atom is considered to be desorbed f
the surface at a deposition temperature of 360 K becaus
weak binding of H at Cu and Ag surfaces, as discus
above. It should be noted that about half of the monolaye
is desorbed by Cu deposition at 110 K even though the H
bond is stronger than that of H-Ag. This could be because
readily forms silicide at the interface.10,41 The dynamics of
H-metal exchange should be discussed in terms of the r
tive stability between the structures of metal/H/Si~111!,
H/metal/Si~111!, and H/silicide/Si~111! along with the com-
peting process of desorption from the surface. We also n
that H might occupy the subsurface site of metal during
exchange process, as suggested in Sec. III B. To elucidat
bonding mechanism of metal atoms at the H-terminated
surface as well as the exchange process, further experim
and theoretical investigations are required.

IV. CONCLUSION

We have investigated the behavior of H at Si~111! upon
formation of metal-Si interfaces. By applying a resona
nuclear reaction of1H~15N,ag!12C, we showed that H resid
ing at the metal/Si interface is well resolved from that at t
surface. We found that H atoms stably occupy the interf
site of Pb/Si~111!, the growth mode of Pb being depende
on the substrate temperature. Low-temperature depositio
Ag and Cu leads to separation of the preadsorbed H la
into surface and interface H, while room-temperature de
sition causes desorption of H.
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