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Abstract. The measurements were performed on the clean 2 x 1 reconstructed Si(100) 
surface and this surface exposed to molecular oxygen (0,) or nitric oxide (NO) at room 
temperature. The data were corrected for electron loss and spectrometer distortions using 
our newly developed deconvolution method. This method which uses global approximation 
and spline functions can overcome several difficulties with respect to deconvolution and 
allows us to derive high-quality Auger lineshapes from the Si L2,,VV Auger electron spectra. 

Our experimentally obtained Auger lineshapes were compared with theoretical line- 
shapes utilising quantum chemical cluster calculations. We used this type of calculation for 
the interpretation of the Auger lineshape in the actual p-like and s-like partial local density 
of states for different types of silicon atom. The observed intensities of the major features 
are in reasonable agreement with our calculations. 

1. Introduction 

Auger electron spectroscopy (AES) is a widely used technique for surface chemical 
element analysis [ l] .  Earlier studies [2-121 showed that analysis of the lineshape in the 
core valence-valence (cvv) Auger spectrum can provide information on the local 
chemical environment of the target atomic species. However, the measured cvv Auger 
intensity N ( E )  is distorted by all kinds of loss such as elastic and inelastic scattering, 
interaction with collective oscillations (plasmons, etc) and instrumental broadening [ 13- 
161, It is well established that corrections for these Auger line profile distortions [ 16-19] 
are of sufficient quality to compare the experimental results with theoretical lineshapes 
as calculated in [3,20,21]. 

It has been shown that for covalent molecules, e.g. silicon, the inter-atomic Auger 
matrix elements can be neglected [ 10,21-241. This extreme local behaviour of the Auger 
process enables us to model the half-infinite Si surface in terms of a finite cluster of 
silicon atoms. Quantum chemical cluster calculations performed in real space can be 
utilised to obtain the angular momentum-dependent partial local density of states 
( PLDOS) of a surface silicon atom and to calculate the cvv Auger lineshape A(E) .  One 

t This is an amended version of a paper that was presented at the Eighth Interdisciplinary Surface Science 
Conference, University of Liverpool, 2C-23 March 1989. Papers from this Conference appeared on 30 October 
1989, in Supplement B, October 1989 to Volume 1 of Journal ofPhysics: Condensed Matter. 
$ Present address: Foundation for Advanced Metal Science, PO Box 8039,7550 Hengelo (Ov), The Nether- 
lands. 
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of the main advantages of this type of quantum chemical cluster calculation is the 
possibility of including the influence of surface geometry and chemical bonding. 

The aim of this paper is to compare experimental and calculated Auger lineshapes 
and to interpret them in terms of the actual p-like and s-like PLDOS. 

This work is organised as follows. In § 2 we shall discuss the data processing required 
to obtain the Auger lineshape from the SiL2,3VV Auger spectrum. The quantum 
chemical calculation aspects are explained in § 3. In § 4 we compare the calculated and 
measured Auger lineshapes. Concluding remarks are given at the end of this paper. 

The procedure for surface cleaning, gas handling and Auger measurements can be 
found in [12,25,26]. 

2. Data processing 

If one wants to perform an Auger lineshape analysis, a careful correction for the 
distortions is necessary which requires a careful study of its nature [15]. The distortions 
were removed [27] using essentially the same concept as described in [ 141, It was assumed 
in [14] that the lineshape deformation is proportional to the energy distribution V(E) of 
a reflected beam of electrons with the same energy as the dominant Auger transition. 
The measured Auger spectrum dN( E)/d E can be deconvoluted by this response function 
dV(E)/dE, thus yielding the true Auger lineshape A(E) :  

dN(E)/dE = A(E)  * dV(E)/dE (1) 
with * defining the convolution operation. 

Our deconvolution method has been discussed extensively elsewhere [12,15,28]. 
The method is based on global approximation using splines [29] and a modified non- 
linear least-squares fitting (Levenberg-Marquardt) routine [30]. In the global approxi- 
mation the line regions over the entire spectrum are correlated. This property is used to 
suppress uncorrelated frequencies, such as noise. An example of this scheme for clean 
silicon is depicted in figure 1. 

3. Cluster calculations 

Within the independent-particle approximation and owing to the core hole localisation, 
it was shown [3] that the Auger lineshape can be expressed in terms of atomic Auger 
matrix elements and of the atomic angular momentum components of the LDOS localised 
on the same site as the core hole. If the lineshape does not reflect the final-state hole 
configuration, which is the case for s-p materials such as silicon [2,20-241, information 
on the local density of occupied states can be obtained. We can express, to first order, 
the Auger lineshape in terms of convolution products of the PLDOS: 

= c,sDs(E)*Ds(E) + Cs,Ds(E)*D,(E) + C,,D,(E)*D,(E) (2) 
where Ck,(l, k = s, p) are the atomic matrix elements and &(E) and D,(E) are the k- 
like LDOSS at a position of the atom in which the initial hole is produced. 

The variation in the two electron Auger matrix elements c k ,  across the valence band 
is predominantly due to the number of decaying channels for the Auger electrons (pp, 
46; sp, 24; ss, 3) [7], which is governed by the selection rules of the atomic angular 
momentum of the electrons involved in the Auger process [2-4,10-121. 
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Figure 1. (a) SiL2,3VV Auger spectrum in the 
derivative mode of the clean Si(100) 2 x 1 recon- 
structed surface. ( b )  The response function V ( E ) ;  
the primary energy E, is 300eV (our decon- 
volution method operates on spectra in the de- 

6 5  80  95 rivative mode). (c) The loss-corrected Auger line- 
E ( e V )  shapeA(E). 
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Table 1. Peak positions of the LDOS of SiO, (the value in vacuum is 0 eV) 

X Peak energy (eV) 

0 -8.4 -12.6 -16.6 -20.4 -24.6 -28.2 
0.5 -9.1 -12.2 -16.0 -21.0 -24.9 - 
1 -7.2 -10.5 -15.2 -17.9 -21.9 - 
1.5 -9.2 -13.5 -16.8 -20.3 - - 
2 -7.7 -14.1 - -20.1 - - 

In equation (2) we utilise a theoretical PLDOS Dk,] and D, (tables 1 and 2), obtained 
from semi-empirical quantum chemical cluster calculations. For our cluster modelling 
of the Si(100) 2 x 1 substrate and its adsorbates, we have used Si9OxHI4 (with x = 
2, . . . , 5 )  [31], SiPOH18-N0, Siz2HI8-NO [26] and Siz7HP4 [27] clusters. For the back-bond 
atoms the ideal bulk geometry of silicon = 2.35 A, and tetrahedral angles) has 
been used, whereas the surface atoms are subject to an asymmetric 2 X 1 reconstruction 
[32,33] as used in [34]. We used hydrogen to terminate the silicon substrate, thus 
obtaining boundary conditions of sufficient quality (dSi-H = 1.41 A [26]). The details of 
this type of calculations have been discussed elsewhere [26,31,35,36]. 
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Table 2. Peak positions of the LDOSS for silicon atoms coordinated to the nitrogen atom of 
the NO molecule for the first-layer dimer and the second-layer dimer (the value in vacuum 
is 0 eV). 

Peak energy (eV) 

First-layer dimer 
Up atom - -4.0 -9.6 -14.4 - -19.3 - -28.6 -30.7" -42.5 
Down atom - -4.0 -9.4 -14.6 - -19.4 -25.0 -28.6 -30.7 -42.6 
Backbondup -1.5 - -8.4 - -16.9 -20.0 -25.3 - -31.0 - 
Back bond down - -4.0 -9.1 - -18.1 - -25.5 - -31.0 - 

Second-layer dimer 
Up atom - - -8.6 -14.8 -17.5 -19.7 -24.2 -28.1 - -42.6 
Down atom - - -9.2 -16.0 -16.8 -19.7 -24.3 -28.1 -30.2 -42.6 

a Weak features. 

Figure 2. The experimentally obtained Auger 
lineshapes: curve A ,  SO,; curve B, Si-NO, with 

4 5  56 67 78  89 100 NO chemisorbed molecularly; curve C, the clean 
E (eV)  Si(100) 2 x 1 reconstructed surface. 

4. Results and discussion 

4.1. Introduction 

In figure 2 we show the experimental results of the three interfaces-c-Si(lOO)-vacuum, 
c-Si( 100)-SiO, and c-Si( 100)-NO with NO adsorbed molecularly [26,31,35,36]. The 
SiO, interface consists of a saturated oxide layer with a thickness of the order of a few 
monolayers chemisorbed at room temperature. The coverage of NO, adsorbed at 300 K 
on the silicon surface is about 15% of a monolayer [26]. Curves A-C in figure 2 are scaled 
with respect to elemental silicon. The peak positions in the Auger lineshapes are analysed 
in the derivative mode dA(E)/dE to enhance the peak positions (see table 3). We have 
also calculated the differential Auger lineshape applying equation (2). The results are 
listed in table 3. 

To first order, the kinetic energy of the Auger electrons obtained experimentally can 
be connected to the cluster calculations using [lo] 

where E,,,3 - Ef is approximated by translating the main peak to its average known 
experimental value (e.g. the value for c-Si(100) is 91.8 eV). E,, and Ev2 are related to 
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Table 3. Peak positions of the dA(E)/dE of SiO, ( x  = 0,0,5, . . ., 2) and Si-NO. 

X 

- -  0 
0.5 
1 - 93.8 
1.5 
2 - 93.6 

- -  

- -  

Dimer up - 95.5 
Dimer down - 94.8 
Backbondup 98.4 - 
Back bond down - 95.2 

Dimer up - 96.2 
95.0 Dimer down - 

Si 
SiO, 
SiO, [41] 
SiO, [41] 
SiO, [34] 
SiO,h 
Si-NO 
Si-NO' 
Si,N,d 

- 
97.5 
97.5 

- 
93.8 
- 

- 
93.4 
95.04 
93.6" 

~~ 

Peak position (eV) 

SO,: calculated 
91.9 86.5 - 82.3 79.0 74.0 71.3 65.6 - - 
90.4 - - 82.7 78.1 - 70.6 66.0 - 61.4 
90.5 86.5 - 82.3 79.2 75.5 70.8 67.5 64.2 - 
89.1 - 85.0 82.0 78.0 74.6 70.7 65.6 - - 
- 87.0 - 81.1 - 74.9 68.9 - - - 

Si-NO, first-layer dimer: calculated 
90.1 - 85.0 - 79.5 74.7 - 68.8 - 62.1 
90.2 - 83.6 - 79.5 - 70.9 - 63.1 - 
92.0 - - 81.1 74.5 - 68.5 - 
90.5 - - 81.1 78.6 73.4 - 68.3 - 

- 
- 

Si-NO, second-layer dimer: calculated 
91.4 - 84.2 - 79.8 74.0 71.1 - - 62.9 
90.5 - 83.2 - - 74.7 69.7 - - 62.4 

92.0 86.5 
90.3 86.8 
- 84.5 

89.0 85.0 

91.4 88.5 
90.3 87.6 

- -  

90.4 - 

91.7 - 

Measured 
- 82.4 
- 82.7 
- 82.0 

83.0 - 
83.0 - 
85.0 81.6 
84.2 81.0 
85.5 81.8 

78.6 74.0" 72.0 
79.2 74.1 70.5 
78.0 75.0 69.0 

79.0 75.0 71.0 
70.0 

77.9 73.8 70.5 
77.4 73.6 69.6 
77.0 74.0 70.7a 

78.0 - - 

- -  

66.7 
65.8 

66.0 
69.0 

67.3a 
67.5" 
68.2" 

- 

- 

- - 
- 60.1 

- 61.5 

- 62.0 

64.8 62.8 
65.OU 62.0 

64.0 - 

- - 

64.2" - 

~ 

a Weak features. 

difference with the peaks in theA(E) mode [37-391. 
dN(E)/dE LVV spectrum. The peak position is the maximum negative-going peak which induces a small 

Partial dissociation; exposed to 2000 L NO at 550 K. 
Heated to 1050 K after finishing the exposure (2000 L at 300 K). 

the peak positions in the LDOS spectra. Ef is the energy loss related to the effective work 
function of detector and substrate [36]. 

4.2. Clean Si(100) 

The main peak of the spectrum of clean silicon can be unambiguously interpreted as a 
pp Auger process and the sp contributions are responsible for the structure in the low- 
energy tail. The ss contributions are negligible in all the spectra depicted (figure 3). 

The peaks at about 86.5 and 82.4 eV (table 3) can be associated with the pp Auger 
process located at the dimer-down atom and its back-bond atom (figures 3(b) and 3(d)). 
Both features can be related to the dimer reconstruction of the 2 X 1 surface and whether 
they are sensitive for the kind of surface (super)structure. This is in agreement with 
differences in fine structure found experimentally at about 81-84 eV [37-391 for Si(lOO), 
Si( 11 1) and Si( 110). The structure at about 79,74,72 and 67 eV is dominated by the sp 
Auger transitions. Varying the ratio of the number of back-bond atoms to those in the 
first-layer dimer (figure 4(a)) atoms reveals that these features can be related to bulk 
contributions in the Auger lineshape. 

In figure 4(b) the individual atomic contributions to the Auger lineshape with respect 



10180 A G B M Same et a1 

ss 

E lev1 

1 

I 
E l eV I  

Figure 3. The influence of different types of surface atoms on the Auger spectra: ( a )  dimer 
up; ( b )  dimer down; (c) back bond connected to dimer up; (d) back bond connected to dimer 
down. The width of the kinetic energy axis is 60 eV. The zero of this axis depends on the 
energy of the core hole and the effective values for the work functions of the surface and the 
detector. 

to the probing depth are summed, weighted by the distribution within a few atom layers 
at the surface and compared with the actual measurement. We notice good overall 
agreement with figure 4(a), curves D and E, and figure 4(b), curve A,  with respect to its 
relative intensity. This ratio of dimer to back-bond atoms of the best fit is in good overall 
agreement with the expected probing depth (a few atom layers). 

Furthermore, additional peak structures can be revealed with respect to the uncor- 
rected L2,3VV Auger spectrum (only peaks at 91.8 and 81 eV can be resolved [12]). 

High binding energy levels below -20 eV, revealed by our calculations [27], could 
not be resolved in the Si L2,3VV spectra, because this part of the spectrum overlaps with 
the Coster-Kronig Auger transition (L1L2,3V) [40]. This could be the reason why the 
calculation of the Auger matrix elements for L ,L2,~V Auger transitions does not fit well 
with experimental results [3] and may explain why the lineshape of the L1L2,3V spectra 
is broader than one would expect on the basis of x-ray photoelectron spectroscopy 
measurements of 2s core hole widths [3]. 

4.3. SiO, 

The initial oxidation of silicon surfaces has been the subject of many investigations 
([2,25] and references therein). The main peaks in the uncorrected dN(E)/dEspectrum 
are 90.4,83,70 and 62 eV (table 3). These structures are also resolved in our calculations 
and will be compared with previous published results. It can be easily verified, utilising 
equation (3), that the 82.7 eV transition (tables 1-3 and figure 5 )  in the Si01/2,3/2 units 
is predominantly pp like, constituted of valence electrons of p type of approximately 
-9eV [31]. In the Si01,2 units the sp transitions are more dominant (about -7eV 
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Figure 4. (a) Calculated dA/ciE as a function of the ratio of the dimer atoms to back-bond 
atoms: curve A, l:O;curveB, 1:l; curveC, 1:2;curveD, 1:3; curveE, 0: l .  The first numbers 
in the ratios are the numbers of dimer atoms and the second numbers are the numbers of 
back-bond atoms involved in the calculation. (b) Curve A, calculated dA(E)/dE spectrum 
(ratio 1:2); curve B, loss-corrected experimentally obtained dA(E)/dE. 

p-like and about -13 eV s-like valence electrons). The pp main transition (about 
-7 eV) in the SOl,?. units gives rise to features at about 85 eV, which are absent in the 
Si01/2,3/2 units (see table 3). The pp transition Auger intensity decreases and the ss 
transition Auger intensity increases at the full oxidation stage (Si02). The contributions 
of the ss Auger transitions can therefore not be neglected. In [40], features at about 
82 eV were also observed at an early oxidation stage. The character of our calculated 
Auger transitionsfor not fully oxidisedsilicon at about 82.5 eV, which are composed of p- 
type electrons situated at the top of the valence band, is consistent with the experimental 
results in [37-391 and supports the assignment of this peak to Si-0 bond formation in 
the first layer. 

The Auger transition at about 70 eV is composed of ss- and sp-type contributions 
and has been attributed to bulk-like oxide [37,38]. In the calculated SiO,,, spectrum 
this peak is almost absent and increases upon further oxidation. Furthermore, this peak 
is shifted towards lower kinetic energy (about 69 eV) at more advanced oxidation stages, 
a phenomenon which has also been observed experimentally [37,41]. However, the 
70 eV transition also emerges when atomic oxygen is bridge bonded to dimers or back 
bonds (SiO1 and Si0312) and can therefore not entirely be attributed to bulk-like oxide 
(SiO,). 

The peak at about 62 eV, which has been assigned to unstable silica [41,42], is also 
predominantly an ss-like Auger transition (about -20 eV) in the LDOS. However, this 
peak emerges in all oxidation stages and even in the LDOS spectrum of the clean silicon 
surface (figure 2). This peak in the LDOS remains approximately constant for Sio, ( x  = 
1, j  and 2). The existence of this peak even in S i02  suggests that it cannot be attributed 
entirely to unstable silica. Furthermore, this peak can be composed of contributions 
from several SiO,units, which could be the cause for the shift of this peak in the calculated 
spectra, for several oxidation stages [25,40-43]. 

The main peak of the Si L2,3VV Auger transition at 91.8 eV for clean Si is shifted to 
about 90.4 eV upon oxidation. The shift of about 1.4 eV in the Auger spectrum is 
also observed in the dA(E)/dE calculation (table 3, 91.9 eV (SiOo)-90.5 eV (SiOl)). 
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FigureS.ThecalculateddA(E)/dEspectrumofSiO: ( a ) x =  0 . 5 ; ( b ) x =  l ; (c)x = 1.5;(d) 
x = 2. The width of the kinetic energy axis is 60 eV. The zero of this axis depends on the 
energy of the core level and the effective value for the work functions of the surface and the 
detector. 

Furthermore, the shift of the main peak is even larger for SO2.  The shifts in the 
calculated spectra are completely caused by changes in the energy levels of the valence 
electrons upon oxygen adsorption. No correction for possible core-level shifts upon 
variation of the chemical environment, which we believe are negligible, has been made. 

Most of the transitions at 93.8,90.3, 86.8, 82.7,79.2,74.1,70.5 and 65.8 eV of the 
SiO, spectrum are resolved by the calculated results of SiO,: 93.8,90.5,86.5,82.3,79.2, 
75.5, 70.8, 67.5 and 64.2 eV (table 3). This is consistent with the expected dominant 
SiO1 phase after an initial oxidation at 300 K. 

If we now compare the calculated results with the loss-corrected measured data, 
most of the additional structures predicted (table 3 and figure 6) are resolved experi- 
mentally. We observe that all four stages resemble part of the measured spectrum, which 
supports the results in [44], where a multiple-bonding configuration was suggested. They 
found a ratio of SiO, ( x  < 2) of approximately 33% each. 

The p-type character of the LDOS of the clean Si surface changing upon adsorption 
to an s-type LDOS makes it impossible to fit completely the whole measured spectrum 
(figure 6, full curves) with a calculated spectrum (figure 6, dotted curves). In the SiOlI2 
(mainly p type) we observe quite good agreement at the high-kinetic-energy part ( p 
type) of the spectrum but this is not so for Si03j2 (mainly s type). The best overall 
agreement is obtained for SO1 .  No significant Si02 components were found. The 
intensities of the calculated spectra are not to scale with respect to each other. This 
is for convenience in comparing their peak positions, because the relative intensity 
decreascs on further chemisorption. 

4.4 .  Si-NO 
From earlier investigations [26] we have argued that the NO molecule is bonded as a 
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Figure 6 .  The experimental dA(E)/dE spectrum 
(-) is compared with calculations (......): (a) 
SOo;  ( b )  Si0,j2; (c) S O , ;  (d) SiO3I2; ( e )  S O z .  

molecule perpendicular to the first- or second-layer dimer. Only the nitrogen atom has 
been coordinated to the surface. The oxygen atom has no electronic overlap with the 
silicon surface. The saturation coverage is about 15% of a monolayer and therefore 
features related to elemental silicon will be dominant in the Auger lineshape of Si-NO. 

Although the main attention is directed towards NO adsorption at 300 K, we shall 
present some additional experimental results performed at higher temperatures (550 
and 1050 K) to force the NO molecule to dissociate [26] and to desorb from the silicon 
surface as SiO. The results are depicted in figure 7. 

In figure 7 we present three loss-corrected experimental Auger lineshapes. The 
coverages related to the three curves in figure 7 are (7 + 1)% 0 and (7 + 1)% N 



10184 A G B M Same et a1 

I 

Figure 7. Experimentally obtained dA(E)/dE 
spectra: curve A,  Si(100) exposed to 2.0 X lo3 L 
NO at 300K; curve B, Si(100) exposed to 

60 70 80 90 100 2.0 X lo3 LNO at 550 K; curve C, Si(100) surface 
heated to 1050 K after finishing the exposure. 
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Figure 8. The calculated Auger lineshapes (dA(E)/dE, of Si-NO for (a)-(d) the first-layer 
dimer ( (a)  up atom; (b )  down atom; (c) back bond connected to the up atom; (d) back bond 
connected to the down atom) and ( e ) ,  (f) the second-layer dimer. The width of the kinetic- 
energy axis is 60 eV. The zero of this axis depends on the energy of the core hole and the 
effective values for the work functions of the surface and the detector, 
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for curve A ,  (7 + 1)% 0 and (12 + 1)% N for curve B and 0% 0 and (12 + 1)% N for 
curve C (per monolayer) [26]. The experimental details are listed in the figure caption 
of figure 7. 

Significant structure in the region above the main peak for clean silicon (91.8 eV) can 
be observed in both the calculated and the loss-corrected experimental data. Fur- 
thermore, these features can be assigned to the dimer-up atom as the most dominant 
contributor (see figure 7). 

The peaks at approximately 88 eV (curves A and B in figure 7) can be entirely 
attributed to adsorption of oxygen to the silicon surface. This is in agreement with the 
results in [31], where a feature at about 87 eV was observed. The shift of 1 eV could be 
caused by changes in the bonding configuration from predominantly molecular adsorbed 
oxygen to atomic oxygen. 

The existence of Si-0 bonds in figure 7, curve A,  in which only molecular adsorption 
of the NO molecule was proposed could be explained if there exists an additional defect 
adsorption mechanism (step edges) which induces the dissociation of the NO molecule 
and gives rise to a small contamination of the Auger spectrum with contributions from 
Si-0 bonds [ 261. 

Of particular interest is the question whether we can distinguish the contribution 
from the NO molecule adsorbed on the first- or second-layer dimer in the experimental 
Auger lineshape. However, the correlation between the calculated spectra (figure 8) 
makes it impossible to draw definite conclusions about a predominant adsorption site. 

5. Concluding remarks 

In conclusion, the described approach to analyse Auger lineshapes corrected for all 
kinds of loss mechanism and combined with quantum chemical cluster calculations is 
shown to be a powerful tool for identifying Auger lineshapes in terms of the LDOS of the 
valence electrons. Furthermore, by analysing the Auger lineshapes in the derivative 
mode, subtle changes due to chemisorption of oxygen or nitrogen could be resolved and 
characterised. 
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