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no detectable change of the spectra within one
hour of cleaving.

In the analysis of Auger data the elastic peak
and its associated loss peaks for a primary en-
ergy near that of the Auger peak under study must
be used to remove combined analyzer broadening,
potential modulation broadening, and energy-loss
effects.""" 'The elastic peaks corresponding to
the Si L,I-, , V and I, , VV Auger peak energies
were found to have full width at half maximum
(FWHM) of 1.2 and 1.6 eV, respectively, and to
be characterized by a loss structure that is in-
significant"" in its effect on the final shape of
the Auger peaks. With an increase in sensitivity
of the order of 100 times, typical characteristic
silicon loss spectra" were obtained. 'The very
large "loss" peaks that have been reported'"
previously could also be obtained, but further
study indicated that these peaks were spurious
and associated with the crystal holder in this
case. Accordingly, only the simple elastic peaks
were used for instrument debroadening.

I

DATA ANALYSIS

To obtain the final peak shape for each of the
Auger transitions the following data reduction
procedures werh first employed:

(i) removal of the large secondary electron
background,

(ii) integration of the N (E) data,
(iii) division byE, since the result of the in-

tegration is E xN(E), '" and
(iv) debroadening to remove instrument effects.
For the L,L, ,V peak an additional (core) de-

broadening'is necessary to remove the effects
of Coster-Kronig broadening""'4 while the single
debroadening for the L, ,VV has to be followed

by an unfold (self-deconvolution) procedure. This
latter procedure has a number of problems associ-
ated with it, and some previously published Si
L2 3VV peak shapes have been debroadened only.
However, to make direct comparisons between
the results of other theoretical and experimental
determinations involving the DOS, this unfolding
procedure should be carried out.

The removal of the large secondary electron
background is the most difficult problem en-
countered in the data reduction, and neither the
multiple differentiation and integration method
of Houston"" nor Sickafus's" curve-fitting tech-
nique was found to be completely satisfactory.
In the case of the I, ,VV peak, where the back-
ground appears to be linear with a very slight
positive slope [Fig. 1(a)], the following procedure
was adopted. For any isolated peak, however
complicated, on a smoothly varying background

(curved or linear), the algebraic sum of the areas
bounded by the derivative curve above and below
the base line must be zero. Thus choosing a point
on the N (E) curve beyond the high-energy foot
of the L, ,VV peak as a pivot, a straight base line
was swung about this point until the areas of the
N (E) curve above and below the base line were
equal over an appropriate range of E. It is accepted
that this base line will be affected by structure
further along the energy scale, i.e. , at lower en-
ergy levels, but by choosing a length of base line
which mini. mizes the slope it is believed that a
good approximation to the correct background is
achieved. The same technique was also used for
the L,I-» V peak, except that here a quartic curve
was used for the base line [see Fig. 1(b)). It
should be noted that the position on the energy
scale of the various features in the resulting DOS
curve is not affected significantly by quite large
adjustments of the base-line curve relative to that
base line used to obtain the reported results.

For debroadening, that is deconvolution with
the elastic peak to remove apparatus and inter-
action broadening effects, an iterative self-con-
sistent-type computer program was used, based
on a method described by Taylor. " This program
has been extensively tested with artificial data and
found to give reliable results. In this testing, both
simple broadening peaks similar to the elastic
peak actually obtained with the spectrometer and
broadening peaks with a far-from-insignificant
satellite peak were used. For the "original" data,
spectra with three or four sharp peaks were post-
ulated and then the original data were convoluted
with the broadening peak to obtain the "experi-
mental" data. As criteria of the efficacy of the
deconvolution routine, (i) the deconvoluted experi-
mental data was compared by superposition with
the original data and (ii) the reconvolution (i.e. ,
the convolution of the deeonvoluted experimental
data with the broadening peak) was compared with
the experimental data. An example of a compari-
son of the deconvoluted experimental data with the
original data is illustrated in Fig. 2(d). Figure
2 also shows the postulated original and broadening
data [Figs. 2(a) and 2(b)] and the experimental (i.e.,
convoluted) data [Fig. 2(c)]. Obviously while this
test by superposition indicates satisfactory de-
broadening of artificial data, it cannot be used
with actual experi;mental results where the orig-
inal- data is still being sought.

In the case of the second criterion, when the
reconvolution of the deconvoluted data was com-
pared with the experimental data, it was found
that the reconvoluted data points differed on the
average from the experimental data points by less
than 0.1% of the height of the largest peak. This



6304 H. g O~KNI AN Agp RUSSELL

(b)

I I I I I I 111 111111
i

11111

60 70
11 I I I I

I
I 1 1 111111 11111

. 70 80 990
ENERGY (eV) ENERGY (eV)

IIIIIII I I I I I I I I I I
I

I I I l I I II I
I

I I IIIIIIIIII IIII II IIIII II IIIII( I III II

80 90 IOO

ENERGY (eV)

CD
CL'

LLI

is intended to desc 'o escribe the data
p p p

ata were
t self) usin

l d
y

y
criterion u d

of o

e u cu ation

rigin w

value of 30 e. If
s were

ncy noise cou1.d
y noise.

reveal the

t d b h'ft' ing the origin " W

satisfac
of th' foid (U)
confirmed in

was ob
' . e validit

ubsequently ind ependentl

ested with art f' ' r
results w

i icial d

ce ure w

were obtained
ry satisfactorr ry

. he origin shift req
' is particular un-

esultant self-d econ-

th f th p

fects is

~ ff C
s or the firs

s C ter Kronig b g

used an
a .6eV Lore '

w

d l
as

'n ij,. 3(a).

I I I I I I I 1 i&& i& i&i I

ENERGY( V

DISCUSSION

The twoo curves of Fi
f t as predicted b ry recent theor tre ical cal-

FIG. 2. 1 ataypical ar ves: ve thecal

(b) postulated
pea with s ', convolution

{c}) supe
db d

n original data
upon from

a [curve (a)j.

degree of g m
sub

agreem
b tl b

g ment usin

y een found
ia ata has

u
not contain

oise introduc d

noise that ma b
oi ..e iterative debe in t ' eb

p esent.
ng

y a filter subprogram. It

lO

C
D

1
O
L.

Xl
L,

Ld

5 0
Energy (eV)

(b)
I I I 11 / 1 I I I i 1 1 I

0
Energy (eV)

FIG. 3.~ ~ (a) Silicon DoSfromZ, Z,

2, 3 &V peak.
)&2, 3V peak ) silicon



DENSITY OF STATES FOR CI. EAVED Si (ill) FROM. . . 6305

35
ENERGY (eV)

45
I

-15
I I

-10 -5
ENERGY (eV)

I I

0 +3

FIG. 4. Comparison of experimental data for the Si
(ill) L f L2 3V line (solid curve) and the theoretical curve
(dotted curve) of Feibelman and McGuire (Bef. 12). The
energy scale corresponds to the experimental data, and
the theoretical curve has been shifted to obtain agree-
ment bebveen them at the main peak position.

FIG. 5. Comparison of deconvoluted experimental data
for the Si (ill) L2 3VV transition and the theoretical
pQ curve of Jennison (Ref. 32). The energy scale is
that for the theoretical data, and the experimental curve
has been superimposed on the theoretical curve so that
the main peaks coincide.

culations. The curve in Fig. 3(a), derived from
the L,I-, ,V Auger spectrum, would seem to ap-
proximate quite closely to the theoretical sur-
face DOS curve, while that in Fig. 3(b), derived
from the 4, , VV spectrum, can only be a partial
DOS (PDOS) curve.

Figure 4 shows a comparison of these L,L, 3V
data [for a (2 x 1) surface structure] with those
calculated by Feibelmav and McGuire" for an

unreconstructed Si (111) surface broadened by a
Lorentzian of 0.8-eV width.

There is a striking measure of agreement be-
tween the two curves, particularly in the number
of peaks and their relative heights. Noteworthy
is the definite indication of the presence of the
dangling bond peak in the experimental data -3 eV
from the main peak and on the high-energy side of
it. This peak has previously been found in photo-

TABLE I. Comparison of DOS measurements for Si (111). Location of principal features
in eV, measured (where not tabulated by authors) from the valence-band maximum in the
published curves.

Authors Method Main peak Other peaks

Feibelman and McGuire (Ref. 12)
Pandey and Phillips (Ref. 11)
This work (L~L2 3+
Arnott and Haneman (Ref. 16)
Houston, Moore, and Lagally (Ref. 12)
Amelio {Ref.7)
Ferrer, Baro, and Salmeron (Ref. 8)
Tagle et al. (Ref. 6)
Rowe and Ibach (Ref. 15)
Grobman and Eastman (Ref. 14)
Weich (Ref. 13)
Pandey and Phillips (Ref. 11)
Kane (Ref. 9)
Stukel and Euwema (Ref. 10)

Theory surface
Theory
AES
AES cleaved

AES
AES .ion bombarded

AES and annealed

UPS
UPS
sAxs a

Theor y (bulk)
Theory (bulk)
Theor y (bulk)

-3.9
-3.9
-4.1
-4.3
-4.1
-2.1
-2.8
-2.1
-2.P
-2.9
-2.5
-2.3
-2.6
-2.7

-8.4
-8.4
-6.7

-6.8
-6.3
-6.9
-6.8
-6.4
-6.4
-7.0
-7.1
-6.6

-11.5
-10.6
-12.4
-12.3

-9.1
-10.2
-10.6
-10.1
-10.2
-8.8

-10.0
-9.7
-9.4

~ Small-angle x-ray scattering.
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emission" and predicted by theory but this is the
first confirmation of the presence of such a peak
using Auger spectroscopy. Further, the experi-
mental curve shows an indication of the existence
of a backbonding peak -6.5 eV from, and on the
low-energy side of the main peak. Finally, there
is a marked discrepancy in the overall widths and
in the widths of the high-energy peak exhibited by
the two curves. The overall width of the experi-
mental curve presented here agrees extremely
well with that obtained previously by Houston
et al. and illustrated in Fig. 5 of Ref. 12. Reasons
for this -1-eV difference in width as compared
with theoretical results are still unresolved. Also,
both the experimental curves shown in Fig. 3
indicate a much narrower high-energy peak than
has been obtained theoretically and this is pos-
sibly the reason for the middle experimental peak
in Fig. 4 falling on the dip in the theoretical curve
as noted previously. "

A more general comparison of the position (in
eV) of the three main peaks in the L,L,„V-derived
data with previously published theoretical and
experimental DOS data is given in Table I. This
table shows two important results. First, there
is a striking correlation between the theoretical
DOS predictions for the first-atom layer of a
relaxed unreconstructed Si (ill) surface calculated
by Pandey and Phillips" and Feibelman and Mc-
'Guire, "and the results presented here for clean
cleaved crystals. There is good agreement also
with the Arnott and Haneman" and Houston,
Moore, and Lagally (see Ref. 12) data. These

results are consistent with the substantially sur-
face nature of AES measurements. '

Second, while the ultraviolet-photon-spectro-
scopy (UPS) data predictably agree with the DOS
calculated for bulk, " the AES data' for ion-
bombarded and annealed surfaces [(7 &&7) struc-
turej also agree with this bulk data rather than
with that for the cleaved surface [(2 ~1) struc-
turej. The question as to whether this difference
is significant in terms of the surface structural
changes, including surface state effects, or is
due to the possibility that the annealed surface
is not clean compared to that of a freshly cleaved
surface, has yet to be resolved.

Finally, as discussed previously, """"the
peak heights associated with the L, ,VV-derived
experimental DOS peaks bear little relationship
to the theoretical DOS values shown in Fig. 4.
In this case the peak at 4 eV associated with the
P~P final state' is still the dominant peak of the
structure, but those peaks representing the s*t)'

(ca. 8 eV) and the s"s (ca. 12 eV) final states are
very weak relative to the P*P peak. This would
seem to confirm that the L,, ,VV Auger peaks are
mainly associated with the p*t)' state, that is, they
represent only a partial DOS (PDOS), being the
fold of the DOS for the P-like electron distri-
bution. This is further confirmed by the excellent
agreement between the experimental PDOS ob-
tained here from the L,, , VV transition and the
theoretical results of Jennison, ""as shown in
Fig. 5 where this experimental PDOS is super-
imposed on the theoretical P*P curve.
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