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We present an Auger electron spectroscopy (AES) study of the adsorption of nitric oxide (NO) 
on a dean Si(100)2 × 1 surface at 300 and 550 K. Accurate measurements reveal wall resolved fine 
structure at Auger Si L2.3 w transitions at 62 and 83 eV. These peaks can be attributed to Si-O 
and Si-N bonds. Furthermore, it is argued that the broadening in the SiLi2,~W Auger transition 
at 83 eV at 300 K may be composed of two nearby peaks, which could be attributed to two 
different kinds of chemical bonding, Si-N and Si-O. The absence of a peak at 69 eV at room 
temperature strongly suggests the NO adsorption on a Si(100)2x 1 surface to be molecular. 
Dissociation of NO on the Si(100)2 x 1 surface is observed at 550 K. 

In the last decade substantial  research has been devoted to the nitridation 
of the clean Si(111) surface be means of adsorpt ion with ni trogen containing 
gas molecules (NO, N20,  N H  3, etc.) [1-3,5-9] .  The adsorption behaviour of 
these molecules on Si(100) is investigated with considerably less intensity 
[2,4,10]. To our knowledge only two AES investigations of N O  adsorbed on 
the Si(100) surface were published before: He and Smith [2] (T  > 1200 K), and 
Boszo and  Avouris [4] ( T - -  90 K). 

The aim of thi_s s tudy is to give a description of the N O  adsorption 
mechanism on the Si(100)2 x 1 surface at 300 and 550 K, by using Auger 
electron spectroscopy (AES). The adsorpt ion of NO on the Si(100)2 × 1 
surface at 300 K is of  part icular  interest, because of its unique adsorption 
mechanism. In ref. [10] it has been argued that  N O  is p redominant ly  molecu- 
larly adsorbed at missing d imer  defects. 

A semi-quantitative atialysis of the coverage of  the different types of atoms 
in the surface region is made  from the K L L  Auger  spectra. F rom the Si L2.3VV 
Auger  spectra site specific chemical informat ion can be obta ined [11,12]. The 
gas-sol id  reactions were studied in ultrahigh vacuum (UHV) at a sample 
temperature  of 330 and 550 K. The experimental  setup, surface cleaning, and 
gas handl ing are described in detail elsewhere [9,10]. The pressure during the 
exposures is 2.5 × 10 -6 Torr  in all our experiments.  The static background 
pressure is about 6.0 x 10-11 Torr. 
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AES can be used to measure the relative concentration of oxygen a~d 
nitrogen absorbed on the clean Si(100)2 x I surface. The amount of adsorbed 
oxygen and nitrogen is proportional to the ratio of the oxygen and nitrogen 
KLL, 510 and 381 eV with respect to the silicon KLL (1619 eV) peak to peak 
(p-p) height in the first derivative ( d N ( E ) / d E )  of the energy distribution, 
i.e., Io,N/Isi. The information depth is of the order of 3 atomic layers which 
corresponds to an escape depth of about 9 ,~. The Auger spectra were  
recorded using a primary beam energy of 3 keV, primary current density of 
~ 200/~A/cm -2, modulation voltage of the energy analyzer of 9 Vp.p, a sweep 
rate of 1.0 eV/s and a lock-in time constant _< 1 s. T h e  angle of incidence of 
the primary electron beam on the silicon surface was 79 ° for the performed 
Auger experiments. 

The signal ratio Io,N//lsi was converted into a relative oxygen and nitrogen 
surface concentration using the equation, 

cx[ l = lx/sx E,, ( I , , /  S,, ) xl00 ,  (1) 

where Cx is the relative surface concentration of element x in percent, I x is 
the p-p height of the element x, and S x is the respective relative elemental 
sensitivity factor. The relative elemental sensitivity factors used in eq. (1) were 
OKLL: 0.50, NKLL: 0.30, and SigLi: 0.022 [13]. We estimate that the experi- 
mental accuracy in the determination of the surface concentration of the 
element x is about 15%. 

Relevant information concerning the chemical bonding can be extracted 
from the Si L2.3VV Auger spectra in the range of 40-85 eV. In this range of 
emerging electrons the information depth is about 1.5 atomic layers [12]. 
Recently it has been shown that careful measurements of the Si L2.3VV Auger 
spectrum in this energy range can lead to more definite conclusions about the 
binding state of an element adsorbed on the silicon surface [9,11,12]. The 
Si L2.3VV Auger spectra were recorded under the following operating condi- 
tions: primary beam energy 2 keV; primary current density of - 1 4 0  
jaA/cm-2; modulation 2 Vp_p: sweep rate=0.5 eV/s  and a lock-in time 
constant < 1 s. 

The Si L:.3W Auger spectra between 40 and 85 eV of the several adsorp- 
tion experiments are shown in fig. 1. The SiL2,3VV spectrum of a freshly 
cleaned silicon surface is shown in fig. l a. We could resolve peaks at 43, 54, 
74, 81, and 91 eV. The 91 eV is not shown in fig. 1. The peaks at 81 ard 91 eV 
are associated with real SiL2.3V3, r Auger • . . . .  :"~ [14]. ,,,,,,~l,~,,ns The 91 eV peak is 
called the Si main peak for the Si-Si bond. The peak at 74 eV is the first 
plasmon loss peak of the main peak [15-17]. It is suggested that the 54 eV 
peak is the second order plasmon loss peak of the main peak [14,17], but this 
is not generally accepted [15]. The Coster-Kronig transition (LIL2.3V) can be 
attributed to the peak of 43 eV [14]. 
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Fig. l. SiL2.~W * '  ~ spectra ot ~a, clean Si(100); (b) Si(100) exposed to 2 .0x 103 L N O  at 300 K; (c) 
Si(100) exposed to 2.0x103 L NO at 550 K; (d) Si(~')0) surface in ~,,,¢~x heated to 1050 K after 

finishing the exposure. 

Fig. l b  shows the spectrum for NO adsorption at 300 K on Si(100). When 
the pressure is kept constant (2.5 x 10 -6 Torr) we obtained equal Si L2.3VV 
Auger spectra for exposures between 2.0 × 102 and 2.0 X 104 L. The main 
peak at 91 eV is shifted downwards by 1 eV. Due to adsorption of NO at a 
silicon surface new peaks are observed at 62 and 83 eV. the  83 eV peak as 
well as the 62 eV peak are well known in L2.3W Auger measurements of 
nitridation on the S i ( l l l )  surface [7,18-20], however the Sil  x3VV Auger 
transition at 83 and 62 eV can also be assigned to the S i -O bond [9]. The 
broadening of the Auger transition at 83 eV in fig. lb, relative to that of fig. 
lc, su~,gests that two adjacent peaks are involved, which are due to a slight 
degeneration of the strength of the Si-N and the Si-O bond. This observation 
is consistent with the KLl Auger measurements, which yield a concentration 
of 7 + 1% nitrogen and ~; + 1% oxygen on the silicon surface at all performed 
exposures. Therefore, we believe that at 300 K these bonds contribute both to 
the 62 eV peak and the 83 eV peak. 
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When the sample, heated at 550 K, was exposed to 2.0 x 10 3 L NO (fig. lc) 
the same peaks were observed as in fig. lb, but also a new peak emerges at 69 
eV. In ref. [9] and references therein it is concluded that this peak can be 
associated with the forming of more bulk-like oxide. This bulk-like oxide can 
be formed, after dissociation of the NO molecule, by allowing diffusion of 
atomic oxygen through the surface layer [21,22]. The absence of the Auger 
transition at 69 eV in the SiL2,3 w spectrum at 300 K (fig. lb) suggests 
therefore molecular adsorption of NO. That dissociation may occur is also 
consistent with the KLL Auger measurements, which yield a concentration of 
12 -+_ 1% nitrogen and 7 + 1% oxygen on the silicon surface. These percentages 
agree with the r~sults of Wiggins et al. [1] for the Si(l l l)  surface. The 
difference in the amount of the oxygen and nitrogen concentration on the 
surface can be explained by the increase of the activation energy through 
heating of the silicon sample and new adsorption sites become available due to 
desorption of SiO [1]. 
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Fig. 2. The shape of the background in the N(E)  Auger spectrum between 10 and 180 eV of (a) 
clean Si(100) surface (solid line); (b) Si(100) surface exposed to 2.0 × 103 L NO at 300 K (dashed 

line). 
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After exposing the sample to NO at 550 K, the sample was heated to 1050 
K. The Auger transition at 69 eV disappeared, but other peaks still could be 
observed (fig. ld). No oxygen could be detected with Auger KLL measure- 
ments. The amount of nitrogen (12%) remained the same. These peaks can be 
fully attributed to the Si-N bonds, because of the desorption of oxygen as SiO 
[1]. The broadening of the 83 eV peak in fig. l d  became significantly smaller 
as has been observed in fig. lb  and supports the suggestion of the occurrence 
of two adjacent peaks at 83 eV at 300 K. The slope of the curve, in the lower 
energy part of the Si L2,3 w Auger spectra after adsorption of NO is increased. 
An enlargement of the background is responsible for this phenomenon (fig. 2). 
The difference in the background after adsorption of NO can be explained by 
the change in the potential of the surface due to chemisorbed NO molecules 
on the Si(100) surface, and caused a difference in the energy distribution of 
the secondary electrons [17]. "~ 

The Auger transition at 54 and 74 eV which appear in all spectra of fig. 1 is 
not well understood yet. The 74 eV peak can be associated with the first order 
plasmon loss, but the difference in its shape could be an indication that the 
Si-N bonds as well as the Si-O bonds are involved too in this transition. 

In summary, we conclude that at room temperature NO is adsorbed as a 
molecule at the Si(100)2 × 1 surface. Furthermore, it is argued that the 
broadening in the Auger transition at 83 eV at 300 K is composed of two 
nearby peaks. These two peaks could be attributed two different kinds of 
chemical bonding, Si-N and Si-O. Dissociation of the NO molecule is 
observed during adsorption when the sample is heated at 550 K. 

We also want to emphasize, that careful measurements of the L2.3W Auger 
spectra can lead to a more definite conclusion about the binding state of an 
element adsorbed on a silicon surface. 
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