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ABSTRACT 

The, nature of surface oxide and of adsorbed hydrocarbons (or free 
carbon) on dense, polycrystalline silicon carbide has been studied using 
angle-resolved x-ray photoelectron spectroscopy (XPS). The oxide 
appears to be very close to the compos ition of Si02 and no evidence was 
found for a change in the composition with depth Tram the surface. The 
thi cknesses of the si 1 ica and the hydrocarbon layers were a] so estimated 
from expressions for the x-ray photoelectron intensity. The results are 
consistent with a model consisting of bulk silicon carbide covered by a 
silica layer ~1.2 nm thick, which in turn is covered by ~1-2 monolayers 
of adsorbed hydrocarbons. 

Supported by the Division of Materials Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy, under Contract No. DE-AC03-
76SF00098 

*Member, the American Ceramic Society. 
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I. INTRODUCTION 

Silicon carbide and silicon nitride materials are currently used in 

a number of industrial applications and are also considered for high 

temperature load beari ng app 1 i cat ions, such as heat engi nes. These 

materials are made from powders by processes that invol ve consol idation 

and sintering (with or without appl ied pressure). The surfaces of the 

powders (and the final, dense article) are invariably covered by a 

native oxide (or oxygen-rich) layer having a thickness of a few 

nanometers. It is widely recognized that the oxide layer on the 

powders· has a profound effect on their processing behavior and on the 

properties of the final article. 

In previous work l , the surfaces of commercial silicon nitride and 

silicon carbide powders have been characterized using high-voltage and 

high-resolution transmission electron microscopy (TEM), x-ray 

photoe 1 ectron spectroscopy (XPS), and secondary ion mass spectrometry 

(S1 MS). These powders were made by react; ons at high temperatures, 

typically above ~l3000C. TEM has shown th~t the oxide layer is 

amorphous and i s ~-5 nm th i ck. The XPS resu 1 ts have sugges ted that 

the oxide 1 ayer on the si 1 icon nitride powders has, in part, the 

comoposition of a silicon oxynitride, rather than silica, but the oxide 

layer on the silicon carbide powders has a composition similar to 

silica. These compositions are really an average over the depth 

sampled by the XPS analysis, typical ly ~5 nm. 
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F or powders, the surf ace sens i t i vi ty of XPS cannot be v ari ed by 

angle-resolved studies because of the particulatemicrogeometry of the 

sample. Thus, any changes in elemental concentration with distance 

from the surface wou 1 d ha ve to be inferred from ang 1 e-reso 1 ved XPS 

studies on flat, solid samples. Raider et a1. 2 have studied the 

controlled oxidation of clean silicon nitride films using XPS. Their 

results have shown that the oxidized layer formed is a 'graded' 

oxynitride, with the elemental concentration of oxygen decreasing 

steadily with distance from the surface. 

This study deals with the use of the angle-resolved XPS tech~ique 

to study the nature of the oxide layer on dense, polycrystalline 

silicon carbide. The main aims are, first, to investigate any change 

in elemental concentration with depth from the surface, and second, to 

estimate the thickness of the oxide layer. 

II. EXPERIMENTAL 

The sampl e used for XPS, 5 mm square and of nearly uniform 

thickness of 1 mm, was cut from a hot-pressed, sol id disc of si 1 icon 

carbide.* One surface was then ground and polished using diamond paste 

and a non-aqueous lubricant to remove both the existing oxide layer and 

any surface roughness. The surfaces of the samp 1 e were cleaned by 

washing in methanol and acetone and dried for 24 hours in a vacuum 

* Norton Company, Worcester, Mass. 
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furnace at 60 0 C. The sample was then reoxidized at room temperature 

for "'1 week. The ox ide 1 ayer on the s amp 1 e used for XPS is therefore 

representati ve of a cl ean polycrystall ine surface subject to room 

temperature oxidation. 

X-ray photoelectron spectroscopy (XPS) was perfonned in a Phys; ca 1 

Electronics 548 Auger/ESCA system. The spectrometer used a MgKa 

(1253.6 eV) x-ray source and a double-pass cylindrical mirror analyzer 

(CMA). The system is ion pumped with a base pressure of 4x10-8 Pa. 

The sample was introduced into the analysis chamber by a rapid probe. 

It was first analyzed for the spectra of Si(2p), C(l.6) and 0(1.6), with 

the data co 11 ected over all take-off ang1 es. Spectra of these e 1 e~ents 

were then recorded at specific take-off angles of 0, 25, 40, 55 and 70 

degrees relative to the nonna1 of the s~p1e. The data collection and 

analysis system used for XPS has been described in detail elsewhere.3 

1110 THEORETICAL 

"(a) Equations for the Photoelectron Intensity. 

A calculation of the surface composition from XPS requires a set 

of equations for the x-ray photoelectron intensities that reflect the 

surface 1 ayeri ng of the samp 1 e. The set of equ at ions used in th is. 

study follows the treatm~nt of Dreiling4 for a general system of 

several homogeneous 1 ayers. Generally, the equations for the 

photoelectron intensities are derived assuming an exponential 

attenuation of electron intensity during passage through the solid. 
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For an element i, the photoelectron i ntens i ty from an incrementa 1 1 ayer 

at depth z into the surface can then be expressed as 

dI; = 1
0

; exp( -zig ~ )dz (1) 

where Ioi is the number of photoelectrons generated per unit volume, 

~ is the mean free path of the ~lectrons of kinetic energy Ei' and g 

is an instrumental factor that takes into account the angle of escape 

of the electron with respect to the surface normaL The quantity Ioi 

is given by 

Koa.x. 
1 1 (2) 

where Ko is a cons tant i nstrumenta 1 factor, xi is the atomi c vo 1 ume 

concentrat i on and a i is the photoe 1 ectron cros s section. The XPS 

system used in this stud) uti 1 izes a CMA operating in the retarding 

grid mode, and for this, the transmission of electron varies 5 as 1/Ei . 

The detected incremental intensity can then be written as 

(3) 

where K is an instrumental constant. In general, the total intensity, 

I~ at an angle a to the surface n'ormal, for a bulk substrate covered 
1 . 

by a surface layer of thickness z and having x~, atoms of the element i 

per unit volume is given by 

(4) 
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The total intensity, I~, from the surface layer of element k is 

correspondingly 

(5) 

(b) Model for Silicon Carbide 

Earlier work1 on silicon carbide powders showed that the particles 

are covered by an amorphous oxide layer, presumably silica, Fig. 1, and 

that a-small amount of hydrocarbons (or free carbon) is also present on 

the surface. Thus, a useful starting model for the surface of silicon 

carbide is shown in Fig. 2. It consists of a bulk substrate silicon 

carbide containing atomic densities X~i and x.~ of Si and C 

respectively. The bulk is then immediately covered by an 

(intermediate) silica layer of thickness y nm, containing atomic 

densities X~i and x~ of Si and 0 respectively. Finally, the surface 

;s covered witha hydrocarbon layer, z nm thick, containing atomic 
S S 

densities Xc and xH of C and H respectively. 

The x-ray photoe 1 ectron i ntens ity equ at ions for thi s mode 1 are 

summarized in Table I. The electron mean free path, At, for an 

element i in units of 'monolayers' is estimated using an empirical 

rel ation gi ven by Chang6, i.e. 

).. = O.2E~/2 
1 1 (6) 

where Ei is the kinetic energy of the electron. The definition of a 

mono 1 ayer is taken as the cube edge 1 ength of the average va 1 ume per 

atom in the surface layers or in the bulk. The instrument geometrical 
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factors g, is taken to be equal to 0.74s the v~l ue cal cu1 ated by Seah7 

for a cylindrical mirror analyzer. 

Table I: X-ray photoelectron intensity equations for the silicon 

carbide surface model shown in Fig. 1. 

Surface I~ = K~X~[l - exp(-z/gA~ cose)] (a) 

Layer 

(b) 

Intermediate I~i = K~;X~;[l - exp(-y/gA~icose)] exp(-z/gA~ case) (c) 

Layer 

( d) 

Bulk (e) 

I~ = K~X~ exp[-(Y+Z)/gA~ case] (f) 

IV. RESULTS AND DISCUSSION 

(a) Angle-Resolved X-ray Photoelectron Spectra 

Fig. 3 shows the Si (2p) 1 ine spectrum for the s; 1 icon carbide 

sample at take-off angles of (a) OOs (b) 400s and (c) 700, relative to 

the surface norma 1. Each spectrum cons i sts of two peaks. The peak 

positions have to be corrected for static charging of the sample. The 

C (14) peak ariSing from hydrocarbons or free carbon was used as a 

reference and its position8 was taken as 284.6 eVe The peak at lower 
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binding energy ("'100.5 - 100.7 eV) decreases in intensity with 

increasing take-off angles and is due to Si in the bulk SiC. the peak 

at higher binding ~nergy (",103.1 eV) increases with increasing take-off 

ang 1 e and is due to 5 i ina surface 1 ayer of Si02• Pre v i ous work 2,8 

invol ving standards has shown that Si02 has Si(2P) at "'103 - 103.5 eVe 

Table II shows the Si(2p) peak positions in SiC and Si02 for the 

three take-off angles, and the difference in these two peak pOSitions, 

6Si(2p). The error in these peak positions is estimated to be ~ 0.1 

eV, due mainly to the corrections for static charging and to the curve 

fitting routine. Within the limits of experimental error, the peak 

positions are independent of the take-off angle. Thus, for this sample 

of SiC, there appears to be almost no change in chemical composition 

within the Si02 layer. This is also supported by the results for the 

0(1~) 1 ine spectrum. This spectrum consists of a singl e peak at 532.5 

eV and the peak position is very close to the value of "'532.7 eV 

obtained by Raider et a1 2 for the ~(1~) peak in 5;02• In addition, 

there is no change in the 0(14) peak half-width at the different take

off angl es. 
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Table II: Peak positions of Si(2p) in SiC and Si02, as \'1ell as the 

difference in these two peak positions, at different take-off angles. 

Take-off Angle 

(Degrees) 

Si (2p} (eV) 

SiC Si02 tS i (2p) (e V) 
----------------- ------------------- --------------- --------------

o 
40 

70 

100.5 

100.6 

100.7 

103.0 

103.1 

103.0 

2.5 

2.5 

2.3 

----------------------------------------------------------------------

Further support for no compositional change in the Si02 layer is 

obtained. from a plot of the 0(14) to Si (2p) (at "'103.1 eV) 1 ine 

intensity ratio as a function of the take-off angle, a, shown in Fig. 

~. This ratio would be expected to increase with increasing a if there 

were a decrease in oxygen concentration with depth from the surface of 

the si 1 ica 1 ayer. The resul ts show that the 0(14) / Si (2p) 1 ine 

intensity ratio is almost independent of a. 

Fig. 5 shows the C(14) 1 ine ,spectrum at take-off angl es of (a) 

00 , (b) 400 , and (c) 700 (rel ati ve to. the sampl e surface normal). At 

any angl e, the best fit to the data is obtained using three peaks, at 

"'282.7, 284.6 and "'286.0 eV, after correcti ng for stati c charging. 

The peak at "'282.7 eV is due to carbon in the bulk SiC; its intensity 

decreases with increasing a. The peak at 284.6 eV is due to 

hydrocarbons in the surface layer. From its variation with a, it 

appears that the minor peak at "'286.0 eV is due to a surface species 
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but its chemical environment is difficult to assign because of its low 

intensity and the possibility of differential charging. 

(b) Estimation of Surface Layer Thickness 

In estimating the thicknesses y and z of the intennedi ate (Si02) 

layer and the surface (hydrocarbon) layer, respectively, from equations 

(a) - (f) in Table I, it should be·pointed out that a plot of 1n (Ii) 

versus cos a cannot be used, since for the spectrometer used, Ki 

contains angle-dependent tenns. 

For the present study, y can be conveniently obtained by a ratio 

method, using the Si(2p) intensities from the oxide layer I~i and from 

the bul k, I~i. In addition from equation 6, it is found that' 
I B I ASi '" ASi ;; 1.8 nm. Then at a fixed take-off angl e a, KSi '" KSi • 

Using these relations, 

BIB [ -a ( -a)] I lSi/lSi = xSi e / 1 - e /xSi (7) 

where a = y/(gASi cos e) 

The atomic density, Xi' of element i in a compound M may be calculated 

from the density and molecular weight of M. 
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Similarly, for evaluating z, equations (a) and (f) in Table I may 

be used. Assuming the hydrocarbon layer has a composition 
S B S B approximating (C2H4)n' then AC '" AC ~ 1.3 nm, and KC '" KG" Thus: 

(8) 

where B = zl (g A c cos a ) and y = y I (gAc cos a). The surface 1 ayer 

thicknesses, y and z, can now be evaluated at various values of a, 

first by finding y from equation (7) and then by substituting in 

equation (8). 

Figure 6 shows the results for y"and z versus the take-off angle 

a. It is seen that for a between 250 and 550 , y is nearly constant and 

is equal to "'1.2 nm. z is also relatively constant within this range 

of e and is equal to "'0.3 nm. The deviations in the 1 ayer thicknesses 

determined by angl e-resol ved XPS have been expl ained9- 11 in terms of 

the spectrometer count-rate statistics at lowe and in terms of surface 

roughness of the sample for e values greater than "'600 • A contribution 

to this effect at large may also come from elastically scattered 

photoelectrons. 12 

It should be pointed out that both y and z are proportional to the 

electron mean free path'A;' calculated from Eqn. (6). There remains 

considerable uncertainty in the relationship between Ai and the 

electron kinetic energy Ei • Equation (6) should thus be replaced by a 

more reliable one in the future. 
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v. CONCLUSIONS 

The technique of angle-resolved x-ray photoelectron spectroscopy 

(XPS) has been used to study the composition and thickness of the oxide 

layer and contaminants on polycrystalline silicon carbide. For this 

sample, ground. and polished, then oxidized in air at room temperature 

for ~1 week, the oxide layer has a composition very close to Si02• No 

evidence was found for a change in oxygen concentration with depth from 

the surface of this layer. The thickness of the Si02 layer w~s 
-

estimated to be ~1.2 nm. The Si02 layer is in turn covered by a 

hydrocarbon (or free carbon) layer estimated to be ~O.3 nm thick. 

Acknowledgments: The authors wish tJ thank B. C. Beard and P. N. Ross, 

Jr., for hel pful discussions. In addition, B. C. Beard provided 

technical help in using the XPS equipment. 
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LIST OF FIGURES 

Figure 1: 

Figure 2: 

High-resolution transmission electron micrograph of a 
silicon carbide powder showing the amorphous oxide layer. 

Model of the silicon carbide sample surface, showing bulk 
silicon carbon covered by y nm of silica, which in turn is 
covered by z nm of hydrocarbons. 

Figure 3: The Si (2p) line spectrum for the silicon carbide sample at 
take-off angl es of (a) 00 (b) 400 and (c) 700 (rel ati ve to 
the surface normal). 

Figure 4: The 0(1~ ) I Si (2p) line intensity ratio in the silica 
layer as a function of take-off angle, 6. 

Figure 5: The C(l.~) line spectrum at take-off angles of (a) 00 (b) 400 

and (e) 700 • 

Figure 6: The thicknesses of the silica layer, y, and of the 
hydrocarbon layer, z, on the silicon carbide sample as a 
function of take-off angle, 8. 
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