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Abstract. In the x-ray diffraction pattern from a thermally oxidized thin film on an Si(OO1) 
surfnce, very w e d  Bragg peaks b v e  been observed. The thermally oxidized thin film is, 
therefore. not purely amorphous but many small crystallites ace dispersed within it, mainaining 
an epitaxial relation with the Si substrate. It is dificult to determine the structure of this 
crystalline phase because of the limited number of observable Bragg peds.  The pseudo- 
cristobalile structure proposed by Iida et al was selected as a possible model. The atomic 
arrangement is similar to that of the criaobalite struclure. while the unit cell is tetragonal so as 
to malch the lattice spacing to that of the Si substrate. A least-squares fining analysis of the 
profile of the newly observed Bragg peak reveals hat  the crystallites are located not only at the 
interface bemeen the Si substrate and the amorphous layer, but also widely disuibuted in the 
amorphous layer, preserving an epitaxial relation among the crystallites. The proponion of such 
crystallites is estimated to be a few percent of the whole volume of the amorphous layer. 

1. Introduction 

The structure of an amorphous silicon dioxide (abbreviated as a-SiO2 hereafter) thin film 
on an Si wafer has been a subject of absorbing interest because of its unique role in 
semiconductor technology. 

Several experimental studies aimed at understanding the nature of the a-SiOdSi interface 
have been performed using electron microscopy [l], x-ray diffraction [2,3], and x-ray 
photospectroscopy [4]. The stable atomic configuration of a-Si02 on an Si(OO1) surface has 
also been a subject of theoretical study [5,6]. However, the various experimental results 
mentioned above were not consistent with one another and also differed from the theoretical 
predictions. Such chaotic results are considered to arise partly due to sample-dependent 
phenomena. In order to study this problem, it would be necessary to systematically prepare 
a series of samples. 

Recently, Iida et al [7,8] reported that unknown x-ray diffraction peaks are observed in 
the crystal truncation rod (CTR) scattering from samples in which the surface is thermally 
oxidized, but not from samples in which the surface is chemically etched. They claimed 
that these peaks originated from crystalline scatterers which coexist in a-SiO2, having some 
epitaxial relationship with the Si substrate, because of the variation of their intensity with 
thickness. We have extended this study in order to obtain more definite information about the 
structure of the crystalline phase, such as its crystallographic symmetry and its distribution 
in the a-SiO2 film. In this paper, a more detailed description of these studies is reported on 
the basis of some additional experimental results. 
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2. Experimental details 

The present samples were prepared by heating Si(OO1) wafers by about 900 K in a dry 
oxygen atmosphere using a conventional oxidization facility as used in industry (Toshiba 
Co. Ltd). Several oxidized films with different thicknesses were prepared on the Si wafers 
by adjusting the oxidization time. The thickness of the film was estimated by measurement 
with an optical interferometer and from the x-ray reflectivity. The thermally oxidized layer 
on a wafer can easily be removed by etching the surface with an aqueous HF solution. 
These etched samples were also examined in order to compare the results with those of the 
thermally oxidized ones. 

For the measurement of the x-ray scattering, a four-circle diffractometer (laboratory 
made) installed on a rotating-anode x-ray generator (Rigaku RU-200) was used in which Cu 
Kor radiation was monochromated by pyrolitic graphite. For high-resolution measurement 
the Huber four-circle diffractometer with an Si crystal analyser installed on BL-4C at the 
Photon Factory, KEK, Tsukuba was used. In addition, Sakabe's camera with an imaging 
plate detector installed on the BL-6A2 were also used for investigating the whole aspect of 
the x-ray diffraction pattern in reciprocal space. The wavelength was chosen to be 1.54 A 
and the experiments were carried out at room temperature and atmospheric pressure. 

Figure 1. Oscillation photograph taken around the 111 
Brvgg point of the Si(OO1) wafer using an imaging plate 
detector mounted an Sakabe's Weissenberg camera at 
BL-6A2, Photon Factory, KEK. The large c e n M  spot 
is the 11 1 Bragg reflection of the Si substme, and the 
sharp line extending from it is the m scattering. The 
enhancement of intensity is recognized near the point 
(1. 1. 1-4) denoted as El. As for the FLARE, we refer 
the reader to a detailed discussion of this phenomenon 
by Shimura era1 1121. 

3. Results 

The characteristic features of the x-ray diffraction peaks found in the previous works [7, SI 
are summarized as follows. 
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(1) There is an intensity enhancement at the point (1,1, 1 - q )  and at its equivalent 
points in reciprocal space, where q (about 0.54) is the distance in reciprocal space from the 
11 1 Bragg point. The value of q depends slightly on the thickness and oxidation process. 
Such an intensity enhancement was not observed around the 202,311, 331, and 000 Bragg 
points. 

(2) The enhancement of intensity is exactly located on the line of the CTR scattering as 
demonstrated in the oscillation photograph shown in figure 1. We see clearly that it is not 
correlated with any other scattering, such as the halo pattern from a-SiOz. 

(3) The FWHM of the peak in the direction perpendicular to the m is of the same order 
of magnitude as those of the Bragg reflection and the CTR scattering observed from the Si 
substrate. The geometric relation among the Si(l11) Bragg reflections, CTR scattering, and 
the newly observed peaks is schematically represented in figure 2. 

Enhancement 1 . 1 10011 1 ..__, .--J . I / of Intensity 

j ;..._.... +*# :... 

Fwre 2. Schematic representation in reciprocal space 
of lhe I 1  1 Bragg reflection, the m scattering, and the 
enhancement of the intensity from the oxidized layer. 

LO1 01 . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . 
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(4) The peak intensity depends on the thickness of the a-SiOz layer and is not observed 
in the etched samples. 

( 5 )  The high-resolution measurement shows that the profile of the peak intensity along 
the c T R  scattering has fine structure. In figure 3 the results obtained from two samples with 
different thicknesses of the oxidized layer are shown. The profiles show Laue-function-like 
fringe patterns, although their intensities are very weak and asymmetric with respect to 
the peak position. The distance between the adjacent interference fringes approximately 
corresponds to the inverse of the film thickness. 

From these results it is understood that the enhancement of the intensity at the point 
11 1 - q is a kind of Bragg scattering from a crystalline phase which exists in the a-Si02 
layer. Moreover, from the value of the FWHM and from the period of the interference fringes, 
it is deduced that the size of the crystalline phase would be almost the same as that of the 
amorphous layer. However, if such a large volume i s  completely occupied by the crystalline 
phase, the peak intensity should he much stronger than the observed one. Consequently, 
the crystalline scatterers are considered to he distributed all over the thin oxide film, having 
an epitaxial relation with the Si(OO1) substrate and also with one another. 

If the above interpretation is acceptable, the lateral lattice spacing of the crystalline 
scatterers is to be matched to that of the Si substrate and the spacing along the direction 
normal to the surface must be elongated and is estimated to be about [ l / ( l  -q)]as: .  where 
asi is the lattice constant of the Si crystal. 

4. Structure of crystalline scatterers in a-Si02 

In general the average structure of a crystal can be determined from the analysis of the 
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Figure 3. Intensity profiles plolted along the 1 I1 line on the c r p ~  satering, measured by high- 
resolution diffmctometer at BL-4C, Photon Factory. KEK: (a) for sample A, and (b) for sample 
B, The lhicknesses of lhe a-Si02 layers me 250 A and I12 A, respectively, for samples A and 
B. 

intensity distribution of the Bragg reflections in reciprocal space. The reliability of the 
structure determined depends on the number and accuracy of the Bragg reflection intensities 
used in the analysis. In the present case the number of non-equivalent Bragg reflections 
observed is only one, so it is apparently not sufficient to perform ordinary structure analysis. 

An attempt has been made by Iida et al [7] to differentiate among the structural models 
so far proposed for the interface structure between the a-SiO? and Si(OO1) surface [I ,  2 , 4 6 1  
in the light of their observations. Figure 4 shows the unit of the structure selected by them 
as one of the most probable interface structures. The atomic arrangement is essentially the 
same as that of the fl-cristobalite structure of the cubic system, except that it is tetragonally 
deformed: the lattice is elongated along the c axis so as to fit the lateral lattice spacing to 
that of the Si substrate [7] and to keep the bond distance betw1een the Si and 0 at about 
1.6 A. This structure is represented by space group 141 famd of the tetragonal system of 
the unit cell with d a p c  = asi and cpc = asi/(l - q )  susi. The intensity enhancement 
at the observed point 111 - q is well reproduced by this model. As pointed out by Iida et 
al [7], however, this model also enhances the intensity near the 004 and 202 Bragg points, 
contrary to observations. Thus, some modification should be made before accepting this 
model. It is not difficult to see that the above additional extinction rule for the 004 and 202 
reflections is satisfied even for this model, if half the number of scatterers are situated in 
anti-phase relation with the other. Such anti-phase scatterers are in fact expected to exist 
on the (001) interface, because there are several different step levels on the (001) interface 
of the Si substrate. The existence of the anti-phase steps is verified by comparing the CTR 
intensity emanating from the 111 Bragg point with that from the l i l  Bragg point, because 
they should be different if the surface is ideally flat, as pointed out by Kashihara etal [9]. A 
good agreement between those two CTR scattering intensities was experimentally confirmed 
for the Si(OO1) wafers [9 ] .  

Once we have the model, it is possible to estimate the intensities of other reflections 
on the basis of the model including the anti-phase scatterers. The calculated intensities are 
listed in table I .  From this table we notice that the intensity of the 11 1 - q reflection is 
prominent. Thus, we can see the reason why it is not easy to observe other reflections. 
Moreover, it is conceivable that the epitaxial crystalline scatterers are not properly aligned 
but randomly distributed even in the a-SiOz layer by maintaining an epitaxial relation with 
one another as will be described in the next section. Thus the static Debye-Waller factor 
for such a misaligned structure may be considerable and may reduce the intensity of higher- 
order reflections below the calculated values listed in table 1. It would also be one of the 
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Figure 4. Epitaxial rrlationship between the pseudo-crislobalite and the Si(OO1) substrate (a) 
and its projection along the c axis (b). osj, OK, and cpc represent the unit cell parameters of 
Si and the temgonal pseudo-cristobalite crystal, respectively. 'The space group is 14rlnmd (No 
141). Si atoms are located on the Q position and 0 atoms are on the & position in WyckofFs 
notation. 

Table 1. Intensities calculated on the basis of the epitaxial pseudo-cristobalite structure for Si02 
and the Si substrate by using the refined parameters in model U1 of table 2. I K ~ I ~ T A L  =- 0.1 
are indicated, where Ipc = I(0pc)I'. I ~ A L  = I(0si) + (0m)IZ, and l a  = l(0si)I2. 

h k l  fTOTAL fPC fCrn 

0 0 8-8q  1863 825 225 
I 1 I - q  4280 3608 119 
1 I 7-7q  73 591 311 
I 1 9 - 9 q  I I  6 1  
2 0 2-24 33 24 1 
2 0 IO-104 6 5 1  
2 2 2 - z q  18 20 1 
2 2 4 - 4 q  21 17 1 
2 2 6 - 6 9  7 2 2  
2 2 8-8q  648 166 167 
2 2 1 0 - l 0 q  25 3 11 
3 1 I - q  196 49 64 
3 1 3-3q 436 161 144 
3 1 5-5q 30 67 8 
3 1 7 - 7 0  105 30 230 

reasons why other higher-order reflections have not been observed. 

5. Distribution of crystalline scatterers 

The distribution of scatterers in some limited space is reflected in the profile of the peaks 
scattered from it. Thus the analysis of the profile makes it possible for us to deduce the 
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Table 2. The parameters used and refined in model (111). Refined parameters are piven, together 
with the estimated standard deviations in parentheses. The isotropic t h e d  parameters Bsi and 
Bo were kept at 0.45 and 0.60 A', respectively. 

Sample A Sample B 

R factor 0.040 0.062 
Weighted R factor 0.065 0.079 
Number of intensities 74 47 
k 
(SS9 

l . U ( l )  1.37(2) 
0.074(7) O.lO(1) . .  

Po 0.060(4) 0.067(9) 
P1 0.062(1) 0.067(4) 
B 21(1) 1 W )  
P,", 21 7 
A C  0 0 
s(= 1/(1 - n)) 2.077( 1) 2.226(5) 
uo 0 0 

distribution of the scatterers. As the extra peak observed is reproduced by introducing 
crystallite scatterers with the pseudo-cristobalite structure, we assume that such scatterers 
are dispersed randomly in the a-Si02 film, although they maintain an epitaxial relationship 
with the Si substrate. 

5.1. Intensity expression 

The intensity distribution of CTR scattering is proportional to the square of the average 
column scattering factor (O(K)) [IO]: 

I ( K )  = ~ ~ p l l ~ ~ l ~ ~ l I ~ ~ ~ ~ ~ ~ I 2 ~ ~ ~ ~ ~ ~ ~ ~ , ~  (5.1) 

where (. . .) means to take the average of . . . over the lateral x and y directions, L(K,) 
and L(K,) are the h u e  functions for the x and y directions of the scattering vector 
K = ( K x ,  K,, KJ (K = 4a sinB/h), respectively, and Lp], [Re] and [A] are the Lorentz 
polarization factor, the resolution correction, and the correction for the effective area for 
scattering, respectively [ 1 I]. It is possible to select a spiral chain connected by the bold 
lines [9] shown in figure 4(a) as the column scatterer to the present case, where the z axis 
is taken to be normal to the interface and its origin at the interface. Thus, the region of 
negative z means that the inside of the Si substrate and the region of epitaxial crystallites 
on the substrate is in the region of positive z .  The average column scattering factor (O(K)) 
is given as the sum of the column scattering factor from the Si substrate and that kom the 
pseudo-cristobalite, by taking into account the phase relation between the two, 

( O W ) )  = (@si(K)) + (Opc(W) exp(iK,A.c) (5.2) 

where Qsi(K) and Opc(K) are the column scattering factors for the Si substrate and 
pseudo-cristobalite, respectively, and Ac is the lattice mismatch between the two. @ s i ( K )  
is given in terms of the structure factors Fsi(K) of Si for the unit in a column as 

-m 

Q S i W  = kFsi(K) Cexp[iKzp(asi + up11 (5.3) 

where k is a scale factor, p is the integer representing the Si lattice site pasi along the 
z direction and up is the lattice relaxation at the pth cell from the interface. If only the 

p-0 
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uppermost cell at the interface has a lattice relaxation (UO # 0 and up = 0 for p # 0), the 
average column scattering factor is written as 

(5.4) (%(.lo) = Fsi(W(1/[1 - exp(-iK~si)l + iK,uoIr(K,). 

This is the CI'R scattering term from the Si substrate including the lattice relaxation KO at the 
top surface and r ( K , )  is the roughness damping factor (RDF) for the interface [IO] which 
may be written in the form 

where y, is the relative area of the pth level to the whole area of the interface. In the present 
analysis, this damping factor was approximated by introducing a roughness parameter (Sp') 
[lo] near the 11 1 Bragg point, 

r(K,) = exp[-(8p2)(2n - asiKZ)'/2J. (5.6) 
As for the epitaxial scatterers, Opc(Ic) is written by 

(5.7) 

where p(p) is the probability of finding crystallite on the pth level from the interface in the 
pseudo-cristobalite with cell parameter cpc. Gcpc(p) is the displacement of the scatterer at 
the pth level along the direction normal to the interface, but it is considered that Bcpc does 
not change systematically with the level p nor with the x ,  y coordinates. 

In the present study the following three models were considered for the distribution of 
the crystalline scatterers p(p). The distribution models are schematically shown in figure 5. 

(I) Uniform distribution model: the scatterers are distributed uniformly from the 
interface up to the P,,,,th layer height. 

P(P) = P I  

p ( p )  = 0 

for 1 4 P 4 pma, 
for p > P-. (5.8) 

(II) Exponential distribution model: the density of the scatterers decreases with the 

(5.9) 
(ID) The combination of models (I) and (11): the scatterers are predominantly distributed 

at the interface and then their distribution changes with the distance from it in a similar 
way to the case of model (E). 

distance from the interface in an exponential form, 

P(P)  = PI exp(-p/O for 1 < P < La. 

(5.10) 

(5.11) 

where rpc(K) is the static Debye-Waller factor due to Scpc(p) in a form of Gaussian 
function. po = 0 and = 00 for model (I), and PO = 0 for model U). 
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Figure 5. Schematic representation of distribution 
models: (a). (b). and (e) correspond to the models (I), P 

P I  P O ' P ?  (U), and (111). respectively. 

5.2. Least-squares refinemem 

In the refinement we took into account the coherent contributions from the anti-phase 
epitaxial regions to the intensity 1, following Kashihara et a1 [9],  and a function 
Zwj[Ij(calc) - Ij(obs)] was minimized, where wj is the weighting factor l / l j .  In the 
refinement, we ignored the contribution of the static Debye-Waller factor rpc(K), regarding 
it as a constant term, because the analysis was made for one Bragg reflection. There are 
many combinations of different choices of parameters, but some common features were 
recognized after some refinement: the refinement of the roughness parameter (Sp2) always 
converged to a small value, suggesting that the interface between the Si substrate and the 
epitaxial crystallites is sufficiently flat except for the existence of the anti-phase steps. This 
result is in accordance with the observation by transmission electron microscopy (TEM), as 
mentioned later. Although the mismatch parameter Ac was introduced, no improvement 
was obtained in (he refinement, indicating the refinement to be insensitive to this parameter. 

The best-fit results obtained for the three models are shown in figure 6. We see that even 
though model (I) is the simplest one of the three, the qualitative aspects of the observed 
profile are well predicted: each fringe position is in agreement with the observation and the 
intensity asymmetry around the main peak is also in the right sense. In the case of model 
(U), the intensity modulation seen at the higher-angle side from the main peak is very much 
improved by introducing the exponential-type decay function for the distribution. However, 
the intensity asymmetry is so much exaggerated in this model that the agreement becomes 
rather poor in the weak-intensity region at the low-scattering-angle side. In model (III), 
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such a disagreement is well overcome as shown in figure 6(c), suggesting that the epitaxial 
crystalline scatterers exist with high density especially on the interface. 

Figurr 6. Agreement between observation and 
calculation based on the three models in the text: (a), 
(b), and ( c )  correspond to models (I), (111, and (110, 
respectively. The dam are from sample A. 

Since the refinement on the hasis of model (m) went successfully for sample A, a 
similar refinement was examined for sample B. The difference between the two samples 
is in the thickness of the a-Si02 layer on the substrate. A satisfactory refinement was 
also achieved for this sample. The agreements with the whole observed profiles including 
the CTR scattering for samples A and B are shown by full curves in figure 3(a) and (b f ,  
respectively, and the parameters obtained in the refinement are listed in table 2. We may 
imagine from this refinement that the proper distribution of the crystalline scatterers in the 
oxide film is really of the form given by model (Ill). 

Throughout the refinement, the thermal parameters of Si and 0 atoms were kept constant; 
their values were taken from their bulk values. 

6. Crystalline state in a-SiOz 

From the parameters refined on the basis of model (JX), it is possible to elucidate several 
important features of the crystalline state in the a-SiOz film. The probability of finding 
crystallites is predominantly high at the interface as the parameter (PO + p l ) / k  is 0.10 for 
model (IQ. At the second layer it becomes a few percent and then decreases further with the 
distance from the interface, suggesting that the epitaxial crystallites are only formed at the 
interface during the oxidization process and that a portion of them exist in the amorphous 
oxide film while maintaining an epitaxial relation with the substrate. Such an oxidization 
process is illustrated schematically in figure 7. The concentration of the epitaxial crystallites 
is very low compared with the whole volume of the a-SiOz phase as expected from section 3. 

If we look more closely at the structure of pseudo-cristobalite in the a-SiO2 film, it is 
recognized that the structure consists of unusually small and large bond angles of 0Si-O 
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a-SiO, 
layer 

substrate 

Figure 7. Schematic representation of the oxidization process of on Si(OO1) wafer. (a)  After 
oxygen molecults arrive on the Si(00l) surface, epitaxial crystallites of thc pseudo-cfistobdite 
smcture are partidly f o r d  ar the interface. (b)  By further oxidization, the interface itself will 
move into the interior of the substrate. Some of the crystallites may transform into the amorphous 
s m c t m ;  meanwhile, new e p i W  crystallites are formed at the new interface. Thus at the find 
stage of oxidization, the epiwial crystallites of pseudo.cnistobdite structure are predominantly 
distributed %I the interface but some xe in the amorphous oxide film maintaining M epitaxial 
relation. In this figure, the amount of crystallites is exaggerated. 

such as about 65" and 135", respectively. It is suspected from this unfamiliar structure that 
the crystallites are probably unstable. Thus, this leads us to imagine that the formation of the 
crystalline SiOz phase would only be stabilized as the result of highly stressed circumstances 
near the SiOdSi interface. The formation of such an epitaxial layer is supposed to depend 
on the process of oxidization of Si wafers. Under such a circumstance, even the unit-cell 
size along the c axis of each crystallite may not be well defined, although the average unit- 
cell size of the a and b axes should be matched to the period of the substrate. Therefore 
the unit-cell size along the c axis varies around the average value in the amorphous layer. 
Actually, as indicated in table 2, the s value is different for samples A and B. We have 
recently examined how the distribution of the epitaxial crystallites in the oxide film differs 
depending on the oxidization condition. An interesting result with respect to the oxidization 
process has been obtained by this experiment, which will be reported in a separate paper. 
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7. Concluding remarks 

In order to confirm the evidence obtained by x-ray diffraction, the crystallites were examined 
using a transmission electron microscope ( E M ) .  The sample was prepared using the well 
known technique for cross-sectional observation. However, no confirmation of crystallite 
existence was observed, although good quality lattice images were recorded, even though 
the area of observation was selected so as to include the interface boundary. 

One possible reason why the crystallites could not be seen by the E M  is that the mean 
size of the crystallites may be of the order of the unit-cell size or less as suggested before, 
although crystallites have epitaxial relationships one with another and also with the Si 
substrate. Another explanation would be possible: the crystallites are considered to be very 
unstable so that the sample preparation for the TEM observation was too harsh to keep the 
crystalIites stable. Thus, almost all the crystallites might be transformed into the amorphous 
state during the process of sample preparation. This hypothesis would be in keeping with 
the above discussion that the formation of unstable pseudo-cristobalite would be favoured 
under stress existing at the strained interface. 

The mechanism of elecaonic breakdown of the oxide film on Si wafers is a very 
interesting subject, but the relationship between the crystallites which are proposed to exist 
from the present x-ray study and the mechanism for the electric breakdown of the oxidized 
film is not yet clear, although the present work indicates that the structure of the a-SiOz 
film grown on Si wafers appears not to be uniform and also not to be ideally simple on an 
atomic scale. 
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