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Binding energies of the core level (Ni 2p3;z) and LMM Auger peak have been measured for the system Ni/SiO/p- or
n-Si(111) with different coverages of nickel. The Auger parameter was used to evaluate the relaxation shift from which
the extent of chemical shift was deduced The binding energy shift has been shown to be a function of the thickness of
oxide layer. The differences in the behaviour of the substrates formed from n- and p-type silicon show that charge trans-
fer, though 1t can account for the observation on the substrate from n-type Si, is dependent on a number of factors like

position and density of donor states and tunneling width.

1. Introduction

The elucidation of the nature and valence state of
metal atoms dispersed on oxide supports has gained
importance recently due to two experimental observa-
tions: (i) metals supported on TiO and other reducible
oxides show altered chemnisorption capacities [1] and
catalytic behaviour [2] as a result of reduction with
hydrogen at higher temperatures; (1) powdered semi-
conductors, especially TiO, and WO3 containing con-
trolled quantities of metallic elements like Pt, Pd and
Cu, show preat potential as photocatalysts, and their
preparation by photoreduction techniques provides a
novel method for controlled loading of metals on sup-
ports [3]. The former phenomenon, known as strong
metal support interaction (SMSI), is variously explained
in terms of concepts like poisoning by impurities [4],
hydrogen retention [S], particle morphology [6], en-
capsulation of metal particles by the support [7], alloy
formation [8] and charge transfer between the metal
and the support [9}. Experimental evidence is available
for each of these postulates, but has not established
conclusively the cause of SMSI behaviour. The elec-
tronic structure studies of model systems for this be-
haviour by electron spectroscopic methods [9—13]
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have led to conflicting reports, some postulating charge
transfer from the support to the metal, some providing
evidence for charge transfer in the opposite direction
or for no charge transfer. The reason for these conflictir
reports is not clear at the moment, though one can
consider that situations existing in thin film maodel
systems with oxidized metallic substrates [13] may
not be ideal for evaluating the initial state (chemical
shift) effects as a result of metal dispersion since there

18 already a metal—metal oxide interface on one side.
In this communication, the results of XPS and AES
studies of a model system consisting of varying
amounts of nickel deposited on oxidized single-crystal
silicon thin films are presented. The choice of the
substrate, namely n- and p-type silicon, is based on
the possibility that the direction of charge transfer, if
present, can be resolved.

2. Experimental

The expenments were performed with a VG ESCA
3 photoelectron spectrometer under pressure typically
of the order of (6—8) X 10—11 Torr. Photoelectron
spectra were recorded using a VG dual anode X-ray
source operating the Mg anode (v = 1253 6 eV).
Silicon(111) single crystals (approximate size of 1 cm?)
of n- and p-type obtained by doping with either P or
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B to the extent of 1 X 1016 atoms/cm3 Si (typical
specific resistivity of p-type crystal is about 16 £2 cm
and that of n-type crystal is about 2000 £ cm) were
mounted on the sample holder by means of tantalum
wire. Surface impurities on the substrate (namely car-
bon and oxygen) were removed by proionged (usually
overnight) Ar ion bombardment with intermittent
heating to 873 K. The surface layers were oxidized by
exposing to 10~7 Torr oxygen for 5 or 20 min at 800K
These oxidation conditions led to an oxide film which
gave an XP spectrum with peaks at 99.3 eV for Si0
and a broad peak at 1021 eV due to surface oxide
both referred to carbon at 284 .6 eV. This surface
oxide can be considered as a reduced form of Si05, as
the binding energy of Si in thin film of Si» 03 hasa
value of 102 eV and in SiO, at 102.65 eV [14]. The
uniformity of the oxide layer was confirmed by anal-
ysis of different regions of the same sample or of dif-
ferent samples prepared under identical conditions.
The absence of a charging effect was deduced by the
constancy of the Si XPS peak as a function of X-ray
exposure time or with small variations in X-ray flux.
Controlled amounts of nickel were deposited on this
substrate using a doser, consisting of a resistively
heated W filament wrapped with a JMC high-purity
nickel wire of 0.5 mm diameter The substrate was
placed approximately 4 cm from the filament in a
position such that macroscopically uniformn coverage
of the metal deposition could be obtained. A typical
dose rate of 0.2 ML min—! as determined from the
time dependence of Auger and XPS signals of nickel
and silicon could be obtained by adjusting the current
passing through the filament. The surface carbon level
was maintained at the lowest level at all stages of these
experiments with considerable effort.

Since an ideal layer-by-layer growth maodel has
been shown to be applicable for metal deposition on
oxide substrates in the low-coverage region [13], this
procedure of calibration using a value of 14.5 A [15,
16] for the electron inelastic mean free path for nickel
(Ag4g). is adopted for estimating the extent of metal
coverage at each stage of deposition. The plot of the
intensity ratio of the XPS signals of Ni 2p3;, (854 eV)
and Si 2p (99 3 eV) also showed gradient changes at
these tirnes supporting the use of this method of cali-
bration for determining the coverage values, In this
sense, the coverages reported can be considered to be
indicative and not absolute.
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3. Results
3.1. Characterization of oxide formed on siliconf111)

Lang et al. [17] studied the oxidation of Si(111)
at 773 K and concluded from the fine structure anal-
ysis of the Auger silicon L, 3VV signal at 91.0 eV that
attenuation values (figi/hg);, where hg; and hgi are the
peak-to-peak heights of silicon signal after and before
oxidation, respectively) become greater than 0.75
when only SiO,. (x < 2) species are formed, smaller
than 0.15 when only SiO, is formed, while at
attenuation values in between these limits both
810, and SiO,, species are formed. In the present
case, a typical value of the attenuation parameter
for thin oxide (formed by oxidation for 5 min) is ap-
proximately 0.5 showing that in the oxide overlayer
both 810, and S10, species coexist The presence of
SiO, is also deducad from the Auger lines around 65
¢V [18]. The attenuation values car be converted to
thickness using the value of the mean free path A of
the Auger electrons which was taken as 6.5 A, a mean
value of A =5 5 A reported for a room-temperature
oxidized layer [19] and A = 7.5 A for a thick silicon
oxide [20] using the relation hg; =hgi exp(—d/0.74 ).
On the basis of this estimate, the thin oxide layer (ob-
tained by oxidation for 5 min) can be 3—4 A thick
and the thick oxide layer obtained by oxidation for
20 min is of the order 8—10 A thick. These estimates
agree with those reported by Lang et al. [17]. The
thickness of the oxide layers thus estimated is also
in agreement with the evaluation based on the sput-
tering rate. Assuming unit sputtering yield (5), the
rate of sputtering is calculated using the relation [16]
Z= (M/pNAe)SJp, where A is the mass number, p is
the density (kg/m3), N is Avogadro’s number, e the
electronic charge, and Jp is the primary ion current
density {A/m?). Fora typical value of 10~1 A/m2,
the estimated sputtering rate is 10—2 nm/s and since
the thick oxide layer could be sputtered in about 2
min, one obtains a thickness value of 10—12 A which
is in agreement with the value deduced from AES
measurements Similar estimates were made from XPS
intensity data using a mean free path Ag; (1178 eV)
of 39 A [21].

3.2. Deposition of nickel on SiO, /Si{111 ) systemn

Typical valence band spectra for different cover-
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ages of nickel on thick stlicon oxide (1012 A) on
n-type SI(111) are shown in f1g. 1. The binding enex
scale Is calibrated by referenclng to carbon 1s (2B4.6
eV). It Is scen that emisstons from the 13.8 und 9.3
eV penk are both attenuated with Inereasing coverage,
though to a smaller extent for the 9.3 eV peak. The
energy difference between these peaks and also thely
positions remain constant with respect to nickel
coverage, Deposition of nlckel generates emission
levels in the band pap and {t increases with nickel
coverage and moves towards the lower binding enerpy
side, These features were aiso observed with substratos
contulning thin oxide layer (4--5 A) on n- og p-Si(111)
us well as thick oxlde lnyer on pSi(111). However, the
pusition of the peaks (at 9.3 und 13.8 eV) in the va-
lence band reglon remained unchanged with respect
to nickel eoverage for these systems also.

Figs. 2 and 3 show the positions of Ni 2py;a peak
und Ni Ly 5Mq 3 Auger peak for n-S1(111) substrate
with thick oxide (10=12 A) layer s a lunction of
nickel coverage @, respectively. The Ni 2pyyy peak
shifts to lower binding energy by 0.4 eV as 0 Incrouses
from 0.15 to 10, Carrespondingly the Auger peak
shifts by 3 eV to higher kinetic energy. At low covers
uges of nickel the sepuration between NI 2py;; und
NI 3pypp I8 slightly less than 17.4 eV, though at higher
coverages this value of reparation is attained. Simllm
results were abtained with (hin oxide (4=S A) on
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Fig. 1. Valence band spectra of the thick oalde substrate
{1012 A) on n-S{(111) as o function of nickel coverage &.
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Tig. 2. The NI 2pafa peak for Ni deposited on thick oxide
substrate (10=12 A) on n=8i{111) as a funcilon of nickel
covarage 6.

nSi(111) with a slightly higher binding energy shift fc
the Ni 2pyy lovel. Howaever, no such shiftcould be ob
served for {NH 2p372 penk whon deposited on oxide
layer formed on p=Si(111). The results of theae atudie:
are summarized In table 1,

Usling similar data for Pt on SrTiO3 and Nl on TIO
single crystal, Chung and co-workers [9] have extrac-
ted the extents of relaxation (AR) and chemical
shifts (A &) using the relations

A(BE) = AF — AR ~ ARyonding » Q.
A(KE) = —AF + 3AR + AByonaing » (2
where ARyonding 18 the change In tho measured energy

duo to band bonding. The adequacy of these expres-
slons for acourately determining chemical shifts (the
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Flg. 3. The NI LaMa 3Ma,a peak on thick oxlde substrate
(10=12 A) on n=8I(111) as a function of nickel coverage 6.

initlal stute effeot) hua been debated [10,13,22] and
1t Is conaldered that correctlons up to 3 eV are war-
ranted in éome sltuations. This is probably true as seen
from the data glven {n table 1. The system with higher
binding energy shi{\ (thin oxide on n-type silicon)
shows lower chomlcal shift If these two expressions
are used to cornpute thls parameter.
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4. Discusrslon

'The postulate that the cause of SMSI behaviour Is
due to charge transfer froim the suppott to the nietal
Is a eontroversial one. Basod on the results of XPS and
AES studies of Pt on single crystal SrT104 and nickel
on single crystal T104, Chung snd co-workers [9]
concluded in favour of this postulate. Hulzinga et ol
[10] obsarved that there is no binding energy shift os
a funetion of metal deposition or reduetion in the
case of Rh/T10; and Rly/y:Al;04. Similurly, there i
no difference ln the behaviour of the oxidized and
reduced forins of Pt on TiO4 powder system. Belton
et al. on tho busls of the vesult that suppressed ehenil-
sorptlon eould be obaerved even after extended (2=3)
monolayers of Pt on TiG;, coneluded that charge
teansfer could not cause SMSI behaviour, sinee the
chargo-screening length In motallle systems cunnot be
greatar than one lattice spacing {13]. As pointed out
by Hulzinga et al, [10] there may be difficulties in
the interprotation of Augdr puramoters espocinlly with
rospoct 1o extent of churge transfer as deduced by
Chung und co-workers [9]. The results prosented in
table 1 support this conclusion espaclally with reapoct
to the use ol eqs. (1) and (2) for the estimatlon of Ini-
tlal state eflects (chemicnl shift). However, the ¢chnrge
transfer modol gan account for the two observations
rocorded In the present study, namely, (1) the shift In
tho bindIng energy of NI 2paya lovol s Inrger for tie
substrate with thin oxide layer on n.type silicon as
compareil with the aubstrate containing a thick oxide
layer; and (11) no shift is abserved on the substrate
formed from p-type silloon, irrespective of the thick-
ness of oxide layer formed.

Table 1
The nlokel 3pa/; bladlng enerpy and LaMy,aM;,5 Auger ahilt as a result of nlokel deporltion on axlde rubstrates formed on
allicon single orystals

Surface o ABE AKE N aR

(V) ©V) (eV) (V)

thick oxide (1012 A) on ;l-SI(Hl) 04 -3.0 -0.9 -1.3

thin oxide (4-5 A) on n-8i(111) i.0 ~4.,0 =0.5 =1.8

thin oxide (45 A) on p-Si(111) 6.1® ~1.0 - -

) Since this value i within our experimental orror, it is not consldered. ABE and AKE values were taken batween 0 = 10 and the
lowest  value we could measuro (that is ~0,15). 0 s tho nickel coverage.
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The availability of a high density of donor states in
n-type silicon above the lowest unoccupied levels of
nickel atoms or even clusters favours the charge trans-
fer from the semiconductor to the metal. However,
the acceptor states in p-type silicon can still be higher
than the highest occupicd levels of nickel atoms or
clusters. In this model, charge transfer by tunnelling
from silicon semiconductor has to be invoked since
the substrates obtained from n- and p-type silicon be-
haved differently. However, a semiconducting oxide
with high density of donor states can function in the
same mode and this is probably the situation existing
m the highly reduced forms of oxide supports used
for observing the SMSI behavicur. Particle size effects
may sometimes complicate the situation thus preclu-
ding the observation of this effect by XPS analysis.
However, one would expect the same morphology for
the nickel deposited on substrates obtained from both
n- and p-type silicon.

In conclusion, this study showed that on well
characterized SiO, /n- or p-Si substrates, deposition of
nickel in a nearly atomnic state at submonolayer levels
resulted in the shift of the binding energy of the Ni
2pg/; level only when the substrate was formed from
n-type silicon single crystal. This means that charge
transfer from the support to the metal is perceptible
only when the substrate contains a high density of
donor states at appropriate energy values.
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