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Auger-electron spectra of Pd2Si formed by reactive interaction of ultrathin Pd deposits with
clean and native oxide-covered Si substrates at elevated temperatures exhibit an additional peak at
about 313 eV, which is not present in spectra of Pd alone. A clear correlation of the peak intensi-

ty with segregation of Si was found, leading to the conclusion that its origin is a plasmon loss of
about 17 eV in the Si overlayer being excited by Pd Auger electrons of energy 330 eV.

I. INTRODUCTION

The formation of palladium silicide on Si substrate
surfaces has repeatedly been studied in the past because
of potential device applications and for general interest
in the basic understanding of the formation and proper-
ties of metal-semiconductor interfaces. Various analyti-
cal techniques have been applied to this system, such as
Auger-electron spectroscopy (AES), ultraviolet photo-
emission spectroscopy (UPS), low-energy electron
diffraction (LEED), reAection high-energy electron
diffraction (RHEED), transmission electron microscopy
(TEM), or electric measurements. The silicide reaction
has not only been studied on clean silicon substrates but
also in presence of oxide interlayers. ' There exists gen-
eral agreement that the only phase being formed is
Pd2Si. However, indications for a more gradual increase
of the concentration of Si, or Si enrichment, at the Si-
silicide interface had been found by electron spectro-
scopic methods, although TEM lattice imaging suggest-
ed locally sharp boundaries. Moreover, Auger and pho-
toelectron studies revealed that a thin segregated over-
layer of Si develops on the silicide when the temperature
is raised to above 200 C. These findings also apply to
the case of a thin oxide interface being present before
the deposition of Pd. However, this leads to a different
morphology and different degree of epitaxial order of the
silicide.

The electronic structure of Pd2Si has also been investi-

gated. Electron-energy-loss spectra revealed a shift and
broadening of the Si plasmon loss from 17 to 24 eV,
which was attributed to the higher electron density in
the conduction or valence band of the silicide when corn-
pared with Si. In AES, a characteristic splitting of the
Si LVV transition was attributed to the formation of
Pd2Si. In some studies, an additional peak at about
20—24 eV below the main Auger line of Pd at 330 eV
has been noticed, yet not identified.

We have investigated the intensity and width of this
peak during systematic studies of the Pd silicide forma-
tion under various reaction conditions, with and without
an intermediate native oxide layer, especially with regard

to Si segregation at the surface of the silicide. It will be
shown that there exists a correlation between the peak
intensity at about 313 eV and the extent of Si segrega-
tion.

II. EXPERIMENT

Si wafer material with orientations (111)and (100) was
cut into pieces of 1&&1 cm size and placed in a UHV
chamber equipped with metal deposition, AES, and
RHEED facilities. Cleaning by Ar-ion bombardment at
900'C resulted in reconstructed 2X 1 surfaces on Si(100)
and 7 X 7 surfaces on Si(111) as detected by RHEED.
Some samples were taken as received with a native oxide
coverage of about 2 nm thickness. These were heated to
600'C in vacuo for several hours to remove a carbon
contamination. Virtually no change of the silicon and
oxygen Auger peak heights occurred during this treat-
ment. Pd films with thicknesses up to 6 nm were depos-
ited onto the substrates at temperatures from 25 to
600'C. Auger electron spectra and RHEED patterns
were recorded during various stages of deposition
and/or postdeposition annealing. The primary electron
energy was 50 keV, and the angle of incidence was a few
degrees with respect to the substrate surface. The axis
of the electron spectrometer (cylindrical mirror analyzer)
was oriented at 90 off the incident beam direction. The
resolution in energy was 1%. Further details have been
described elsewhere. '

III. RESULTS

A. Clean Si substrates

Figure 1(a) shows an Auger spectrum which was ob-
tained after deposition of Pd with 0.35 nm thickness on
clean Si(111) at room temperature. The characteristic
splitting of the Si LVV transition with peaks at 79, 85,
90, and 94 eV has clearly developed, which is usually at-
tributed to the formation of Pd2Si. However, the
RHEED pattern only exhibited diffuse rings indicating a
polycrystalline structure with small crystallite sizes. In

36 7422 1987 The American Physical Society



36 7423

respects were foun
Wh

ound on clean Si 1

tern
en the depo t'position of Pd

i( 00) substrata es.

m rtr th d lom e evelopment of th S
1 k 3t e additi

o much hi h
a 13 eV cou

'g er amounts of d
Fi. 2() fo

Si(11

apparent. The h o t Si I.VV

312+m 1 eV was abo
n this sta e

out similar to
ge formation of

b RHEED. U o
, Si segregated strone strongly to the

e same re
a a out 312e

of Pd was erfo
pained when

ppeared coneocomitant with

p ak height at 31
Mo

y redued, hih i dindicates that th

F

e Si overla

}1 h ors. No o
n with findin

ay e surprising tha

though the RH

'g .

p tterns clearly s owe HEED a
ea is apparent

i and a characterist'k" kn is seen

e rom the
ver, t eAuer

e silicide have to as
i overlayer and s ff

c t at the expected s
b on the steep backe y visible on

ucture is sm
ac ground of the Si

It is worth notin

ac e Si peak

noting that the RHEED pattern of e i

g g

epitaxi-

ealing at 500 C
i and an i

caused a
er sputtering. S b-u

increase of th
again segre ati

e peak height

e on these substrates

Pd

x 2

I

100
I

200 300
E(eV)

Pd
I

(b)

I

100 200
I

300

FIG. 1. @-

normalized s
Th b ok

ze spectrum of a
ro en curve re r

background at
a thick film of Pd.

epresents a
enhanced

dd 1 k t b t 313
f PcI (b) SSpectrum of a th kic film of

addition, a, a broad peak a e
w i ound in s ectr~

pp out 313+1 eV

Fi . 1(b
from Fig. 1 t

films
omparison. It

as is

ackground int~, .„h. bac
, 185, 220, 235

is indicate
en anced b sil'

es that the Pd Au
ger inelastic losses i

uger electrons

the feature
e rom thhe surface of the

et aninP

a ure at around 313
e sample. Theref

tion of a small
~ ~

a peak on a
s o casu er

is increased b th
monotonic b kac g o

e intensity of this e
h

~ ~

n was found
as t e back

sition of Pd
d to decrease du

'
kg round

g
of unreacted metal

observations.ns. Whether the
me i in solutio

e metal film...d.fi.„.l b

con-

h

p

). Similar result s in all

B. Native oxxide-covered su strates

When roooom-temperature po
s are annealed at terne i substrates

o d on na
'

out h
C o h h d

th o h th o id
e. ' For de os'

oxi e layer into
p tion or a 1

, our Au
nnea ing tern p

p 'g
siss o

' '
. a for35nmofPd deposit-

AUGER-ELECTRON -SPECTROSCOPY
Y ANALYSIS OF A . ~ ~



7424 NTON U NEUK IRCH, ANDND M. HARSDORFF 36

A-8

17 eV~
Pd

(a) A —B

O'
I

17 eV )

I
Pd

t

(c)

x 3

I

I

I

)QQ
I

200 300
E (ev)

0
0

I

100
I

200 300
E(eV)

A-B

0
l7 ev~

f
Pd

(b)

0
17 ev

Pd

x5
r
I

x3

I

200
I

F00
I

300
E (ev)

3000 F00
E (ev)

FICr. 2. (aa) Spectrum of Pd
curve (B) is a no

2Si (A) formed b i

200

pectrum of Pd Thenormalized s
me y de ositi

s ect

q

pectrum obtain d fe ater de
eV, and of th

position of Pd f

th t}1

e peak at AE =

in e e estimated cont
k t DE=17 VeV, are indi

g

as reappeared.

h
P

t
' . a. (d) Same sam le

ack-

'C for 30 min. Si enrich-

ed at 550'C on Si(111
16 t 507 V

e
'

a rat er inhomo

ed S'

g

was revealed b RHa ine Pd2Si wa
n act, forma

ce oxide was m
y HEED. W

i ting of the Si L
e increased str

surface and the eah

e increase of the Pd A g g
s much stronger than inan in the case of Pd2Si

formee on clean S'

overlayer had been
i substra tes, where the se r

een sputtered off [coin
id' h at on oxidized b

lowth o id 1

h f sled b g po

C. Ion sputter induced ft'e ects

Extended
'

bion-beam
temperature deposits of

bombardme ten of rooom-

ic is for exam

'
e oxide-covered

is is il uger spectra show
e i VVs litti

wn in
a and . e

'
V p

'
ing develops d uring



36

'(ox. )

Si

100

x 6.5
f

I

200

belowlow the main Pd MV
dottob p y o g

peratu
, w en the sam

ng, and the
p

after the
, either durin d

se re
e deposition wwas corn let

ing eposition of Pd or

S u
d b 11

puttering off this Si
ia y to thee surface of the

a si icon
e silicide.

o g

An estimate of abs
p

d f il' dici e spectra
were su-

~

g o g o

1' tot}1 kh '
h

b 1

e i erence s
eig ts at 330

,h
spectra a rou hl u g

ack ro
'

y originates from a s o ap p

th ill id ( bioe in h
' ' '

see elow). The resulting net

7425

P4

I

400 500
E (ev)

I

300

P4
1

(b)

AUGER ELECTRQN SPECTRQ Y ANALYSIS QF A ~ ~ ~

(a)

I

100
l

200 300
I

400 500

FIG. 3. (a) Silicide ai

E (eV)

~ p
nrn equivalent

ained after de o
thickness on native de-co ered S 11)

r-ion sputtering.

sputtering due t
' -' de o ion-ind

his structure indic
ion of silicide. The

at increased intensit

h
k t 313+

d 1 h

ie a

still t 507 V
ide was

e . This means

p y p
h A g p g

2eVi d 1

ecrease w

n s. this is mo
s enriched on th

ost probably due to
t}1 t'o of t}1 y d

well developed, similaeV was
n itions. Th

position and annealin e-

any longer.
age, no oxygenn was detectable

IV. DISCUSSION

Our systematic studies o
oxide covered S'

reaction on cl
o i substrate

g pectra always shown
s have revealed that

ean

d k
oeo e

e, e.g., about 12—13 eV

I

100
I

200
1

300
E(eV)

400

(b)

24 ev~
17 eV

1

x2
I

I

I

200
I

300100 400

FIG. 4. (a) Silicid

E (eV)

f .5 nm equivalent t
o tained after de

at roo
a ent thickness on

as .25. The inset
e oxygen Auger

pure Pd. The
e i erence s e

peak at

P . e estimated back
pectrum with

V hibit
eV. (b) S 1

p

p p o.o
round EE=24
g

in this stage.
n y traces



7426 R. ANTON, U. NEUKIRCH, AND M. HARSDORFF 36

intensity I&' of the peak at about 313 eV was then nor-
malized to the Auger peak height Ipd of Pd at 330 eV.
In Fig. 5, these data are plotted versus the signal-to-
background values of the Si I.VV transition Is;/I~. A
clear linear correlation is apparent for the case of origi-
nally clean Si substrates (open circles), although the data
had been collected from different samples with varying
deposition and/or annealing temperatures. This may in-
dicate that the morphology of the silicide was rather
similar in each case. Especially, island formation, analo-
gous to what has been reported to occur for ultrathin sil-
icide layers (&1.5 nm) on Si at and above 300 C, is not
thought to be significant here, as was mentioned in Sec.
IIIA. Although islands may have formed in the nu-
cleation stage, these have most probably coalesced at
higher coverages. At least, no contrast of islands could
be detected by scanning electron microscopy at a resolu-
tion of 7 nm. For samples which were originally
covered with native oxide, the data were generally
higher than for the former cases at the same Is;/Ib ratio
(solid circles). The origin for this is not clear at present,
but may be due to some dissolution of oxide or oxygen
in the silicide, ' by which the Auger peak intensity of
Pd would be reduced and the apparent ratio I', /Ipd
would be increased.

These results suggest that the origin of the peak in

question is a plasmon loss of Pd M4 5 VV Auger electrons

in the segregated Si overlayer. The observed linewidth

of 15+1 eV would also correspond to this interpretation.
Taking into account the linewidth of the Pd MVV Auger
transition of about 10 eV, the linewidth of the loss peak
in Si would be of the order of 5 eV, which is close to the
literature value of 3.7+0.5 eV for the loss of 17 eV in

Si.' Whether the remaining, slight broadening is due to
the reduction in "dimensionality" of the Si layer of 2 —3

0 .t 2--

r,

Pd

0.08-

0.04-

I

Si

FICx. 5. Plot of the normalized intensities I&'/Ipd of the peak
at AE = 17 eV vs the signal-to-background ratio Is;/I& of Si as
explained in the text. Open circles: data from originally clean
samples; solid circles: data from samples which were originally
covered with native oxide. The data were collected from vari-
ous samples which had been subjected to different Pd deposi-
tion and/or annealing temperatures. The amounts of initially
deposited Pd ranged from 0.35 to 3.5 nm equivalent thickness.

monolayers thickness, or is due to some Pd being dis-
solved in that layer, cannot be judged at present. Possi-
bly, high-resolution energy-loss spectroscopy (ELS) stud-
ies may clarify such questions.

Finally, the value of the ratio I&'/Ip„, ranging from
0.02 to 0.11, would be typical for relative loss-peak in-
tensities obtained with low-energy electrons in back-
scattering mode.

As mentioned above, the background below the loss
peak could be partly caused by a plasmon loss in Pd2Si.
In fact, ELS studies have revealed a peak at 24 eV,
which was attributed to a plasmon loss in Si, being shift-
ed to higher energies due to the higher electron density
in the valence or conduction band of the silicide. Our
Auger difference spectra only exhibited a rather broad
feature at the corresponding energy of 306 eV. Assum-
ing that the loss of 24 eV contributed to our spectra, the
broadening is possibly due to inhomogeneities in
stoichiometry, most probably by local variations at the
interfaces. Thus, the background feature in our spectra
would be a superposition of this loss peak at around 24
eV and of a continuous background of other losses. The
escape depth of electrons of energy 330 eV is about 0.8
nm, which would be sufficient for exciting plasmons
quasisimultaneously in the silicide and in the segregated
Si overlayer.

V. CONCLUSION

Our AES studies of the Pd-silicide reaction on clean
and native oxide-covered Si substrates have shown that
careful analysis of X(E) spectra revealed several
features, which had not been appreciated in earlier work.
The occurrence of an additional peak at about 313 eV
was correlated to segregation of Si on Pd2Si, especially
for reaction temperatures at above 250 C. This peak
was attributed to a plasmon loss in the Si overlayer, be-
ing excited by Pd M4 5 VV Auger electrons. Below
250 C, segregation of Si was much less pronounced, but
still a rather broad peak appeared at around 306 eV,
which may be partly due to a plasmon loss in Pd2Si ex-
pected at this energy. This peak appeared to be smeared
out, possibly by variations of the stoichiometry at the in-
terfaces, and was superposed on a continuous back-
ground of other inelastic losses. This background
enhancement was found in the entire range of energies
from about 100 to 320 eV, e.g. , at the low-energy tails of
the major Auger lines of Pd, and was caused by silicide
formation.

In the case of substrates, which were originally
covered with native oxide, the silicide had grown rather
inhomogeneously and the degree of epitaxial orientation
was much less than on clean substrates. This will be dis-
cussed in another paper. Nevertheless, segregation of Si
was found on silicide islands.

Finally, it was shown that ion sputtering induces the
silicide reaction, and an enrichment of Si at the surface,
even in the case of native oxide interfaces being present
and even at room temperature. This has to be taken
into account when interpreting ion-sputter depth profiles
in the case of such highly reactive systems.
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