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ANGLE-RESOLVED XPS ANALYSIS OF OXIDIZED POLYCRYSTALLINE SiC SURFACES
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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 composition of Si0, and no evidence was
found for a change in the composition with depth from the surface. The
thicknesses of the silica and the hydrocarbon layers were also 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 al.2 nm thick, which in turn is covered by ~1-2 monolayers
of adsorbed hydrocarbons.

Supported by the Division of Materials Sciences, 0ffice of Basic Energy
Sciences, U. S. Department of Energy, under Contract No. DE-ACO03-
76SF00098

*Member, the American Ceramic Society.



I. INTRODUCTION

Silicon carbide and silicon nitride matefia]s are currently used in
a number of industrial applications and are also considered for high
temperature load bearing applications, such as heat engines. These
materials are made from powders by procésses that involve consolidation
and sintering (with or without applied 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 récognized 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 workl, 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
photoelectron spectroscopy (XPS), and secondary ion mass spectrometry
(SIMS). These powders were made by reactions at high temperatures,
typically above ~1300°C. TEM has shown that the oxide layer is
amorphous and is a3-5 nm thick. The XPS results have suggested that
the oxide layer on the silicon 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, typically a5 nm.



For powders, the surface sensitivity of XPS cannot be varied by
angle-resolved studies because of the particulate microgeometry of the
sample. Thus, any changes in elemental concentrationwith distance
from the surface would have to be inferred from angle-resolved XPS
studies on flat, solid samples. Raider et al.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 cohcentration of oxygen decreasing

steadily with distance from the surface.

This study deals with the use of the angle-resolved XPS technique
to study the nature of the oxide layer on dense, polycrysta]]ihe
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 sample used for XPS, 5 mm square and of nearly uniform
thickness of 1 mm, was cut from a hot-pressed, solid disc of silicon
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 sample 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 °C. The sample was then reoxidized at room temperature
for ~1 week. The oxide layer on the sample used for XPS is therefore
representative of a c]ean_po]ycrysta]]ine surface subject to room

temperature oxidation.

X-ray photoelectron spectroscopy (XPS) was performed in a Physical
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 §amp1e was introduced into the analysis chamber by a rapid probe.
It was first analyzed for the spectra of Si(2p), C(14) and 0(14), with
the data collected over all take-off angles. Spectra of these elements
were then recorded at specific take-off angles of 0, 25, 40, 55 and 70
degrees relative to the normal of the sample. The data collection and

analysis system used for XPS has been described in detail elsewheraﬁ

ITI. THEORETICAL

‘(a) Equations for the Photoelectron Intensity.

A calculation of the surface composition from XPS requires a set
of equations for the x-;ay photoelectron intensities that reflect the
surface layering of the sample. The set of equations used in this
study follows the treatment of Drei]ing4 for a genéra1 system of
several homogeneous layers. Generally, the equations for the
photoelectron intensities are derived assuming an exponential

attenuation of electron intensity during passage through the solid.



For an element i, the photoelectron intensity from an incremental layer

at depth z into the surface can then be expressed as

dI; = I ; exp(-2/g))dz (1)

where I,; is the number of photoelectrons generated per unit-vo]umé,
¥ isAthe'mean free path of the electrons of kinetic energy E;, and g
is an instruménta] factor that takes into account the angle of escape
of the electron with respect to the surface normal. The quantity I,
is given by |

Loi = Kooi%; (2)
whérel(o is a constant instrumental factor, x; is the atomic volume
concentration and o3 is the photoelectron croés §ection. The XPS
system used in this study utilizes a CMA operating in the retarding
grid mode, and for this, the transmission of electron varfes5 as 1/E;.

The detected incremental intensity can then be written as
dIi = (K°ixi/Ei) exp(-z/gAi)dz ' (3)

where K is an instrumental constant. In general, the total intensity,
Ig at an angle 6 to the surface normal, for a bulk substrate covered
by a surface layer of thickness z and having x?, atoms of the e]emeht i

per unit volume is given by

B = (Koo (4)
Iy = (Kcixigxi/Ei) exp( z/gxi cos8)



The total intensity, Ii, from the surface layer of element k is

correspondingly

Iy = (Ko xeg 3 /E )1 - exp(-2/gy cose)] .

(b) Model for Silicon Carbide

Earlier workl 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 dgnsities xgi and. {% of Si and C
respectively. The bulk is then immediately covered by an
(intermediate) silica layer of thickness y nm, containing atomic
densities xgi and xé of Si and O respectively. Finally, the surface
is covered with a hydrocarbon layer, z nm thick, containing atomic

densities xg and xa of C and H respectively.

The x-ray photoelectron intensity equations for this model are
summarized in Table I. The electron mean free path, 1;, for an
element i in units of 'monolayers' is estimated using an empirical

relation given by Changs, i.e.

A, = 0.2E° )
i i (6)

where E; is the kinetic energy of the electron. The definition of a
monolayer is taken as the cube edge 1ength of the averagé volume per

atom in the surface layers or in the bulk. The instrument geometrical
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factor, g, is taken to be equal to 0.74, the value calculated by Seah’

for a cylindrical mirror analyzer.

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

carbide surface model shown in Fig. 1.

Surface : S _ 5,57 _ _ S (a)
IC = chc[l exp( 2/9x¢ cosa)]
Layer
S _ ,S.S —/asd (b)
I = xc[l - exp(-2/92; cos8)]
Intermediate 1! - - I -2/q2} cos c
Ig; K51x51[1 exp(-y/gag;cose)] exp(-z/gx; ¢ 8) (¢)
Layer
il = KIxI[l - exp(-y/ AIcose)]‘exp(-y/gxI coss) (d)
0 - "0%o ¥/8% 0
Bulk Igi = Kgixgi exp[-(y+z)/gk§i cose] (e)
B_ BB ‘
Ic = chc exP[‘(.Y*'Z)/gAg COSG] (f)

IV. RESULTS AND DISCUSSION

(a) Angle-Resolved X-ray Photoelectron Spectra

Fig. 3 shows the Si (2p) 1ine spectrum for the silicon carbide
sample at take-off angles of (a) 0°, (b) 40°, and (c) 70°, relative to
the surface normal. Each spectrum consists of two peaks. The peak
positions have to be corrected for static charging of the sahp1e. The
C (1s) peak arising from hydrocarbons or free carbon was used as a

reference and its positionB'was taken as 284.6 eV. The peak at lower

7

4
¥y
5

E



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 energy (~103.1 eV) increases with increasing take-off
angle and is due to Si in a surface layer of Si0,. Previous work?2»8

involving standards has shown that Si0, has Si(2p) at ~103 - 103.5 eV.

Table I1 shows the Si(2p) peak positions in SiC and Si0, for the
three take-off angles, and the difference in these two peak positions,
8Si(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 1imits 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 Si0, layer. This is also supported by the results for the
0(18) line spectrum. This spectrum consists of a single peak at 532.5
eV and the peak position is very close to the value of 532.7 eV
obtained by Raider et a12 for the p(lb) peak in Si0,. In addition,
there is no change in the 0(ls) peak half-width at the different take-

of f angles.



Table II: Peak positions of Si(2p) in SiC and SiOz, as well as the

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

Take-of f Angle

Si (2p) (eV)

(Degrees) SiC §$i0, ASi(2p) (eV)
0 100.5 103.0 2.5
40 100.6 103.1 2.5
70 100.7 103.0 2.3

Further support for no compositional change in the Si0, layer is
obtained from a plot of the 0(1s) to Si(2p) (at ~103.1 eV) line
intensity ratio as a function of the take-off angle, 6, shown in Fig.
2, This ratio would be expected to increase with increasing 8 if there
were a decrease in oxygen concentration with depth from the surface of
the silica layer. The results show that the 0(18) / Si(2p) line

intensity ratio is almost independent of 6.

Fig. 5 shows the C(ls) line.spectrdm at take-off angles of (a)
09, (b) 409, and (c) 70° (relative to the sample surface normal). At
any angle, the best fit to the data is obtained using three peaks, at
~282.7, 284.6 and ~286.0 eV, after correcting for static charging.
The peak at ~282.? eV is due to carbon in the bulk SiC; its intensity
decreases with increasing 8. The peak at 284.6 eV is due to
hydrocarbons in the surface layer. From its variation with o, it

appears that the minor peak at ~286.0 eV is due to a surface species

9



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 intermediate (Si0,)
layer and the surface (hydrocarbon) layer, respectively, from equations
(a) - (f) in Table i, it should be pointed out that a plot of 1n (I;)
versus cos 6 cannot be used, since for the spectrometer used, K;

contains angle-dependent terms.

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

method, using the Si(2p) intensities from the oxide layer Igi and from
B

the bulk, Ic;. In addition from equation 6, it is found that
I B . 1
Agi ™ Agj 3 1.8 nm. Then at a fixed take-off angle s, Kg; ~ Kgjs *
Using these relations,
B ,,I _ Br.~a -a I

where o = y/(gxSi cos 8)
The atomic density, xj, of element i in a compound M may be calculated

from the density and molecular weight of M.

10



Similarly, for evaluating z, equations (a) and (f) in Table I may
be used. Assuming the hydrocarbon layer has a combosition
approximating (C2H4)n, then Aé " Ag =z 1.3 nm, and Kg ~ KE, Thus:

/13 = Bl (/1 - B3 (&)
where 8 =z/ (gA, cose)and y=y/ (gAC cos‘e)- The surface layer
thicknesses, y and 2z, can now be evaluated at various values of 8,
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
8. It is seen that for o between 25% and 55°, y is nearly constant and
is equal to ~1.2 nm. 2z is also relatively constant within this range
of 9 and—is equai to ~0.3 nm. The devigtions in the layer thicknesses
determined by angle-resolved XPS have been explainedg‘ll.in terms of
the spectrometer count-rate statistics at low ¢ and in terms of surface
roughness of the sample for & values greater than ~60°. A contribution
to this effect at large may alsé come from elastically scattered

photoelectrons.12

It should be pointed out that both y and z are proportional to the
electron mean free path,lr calculated from Eqn. (6). There remains
considerable uncertainty in the relationship bethen A; and the
electron kinetic energy Ej. Eﬁuation (6) should thus be replaced by a

more reliable one in the future.

11



V.  CONCLUSIONS

The technique of angle-resolved x-ray photoelectron spectroscopy
(XPS) has been used to studylthe 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 Si0,. No
evidence was found for a change in oxygen concentration with depth from
the surface of this layer. The thickness of the S$i0, layer was
estimated to be al.2 nm. The Si0p layer is in turn covered by a

- hydrocarbon (or free carbon) layer estimated to be ~0.3 nm thick.

Acknowledgments: The authors wish to thank B. C. Beard and P. N. Ross,
Jr., for helpful discussions. In addition, B. C. Beard provided

technical help in using the XPS equipment.
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