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Abstract. Several samples of a-Si02/c-Si(100) with different oxide layer rhicknesses and 
different silicon surface qualities were examined by x-ray diffraction. The layer thickness as 
well as the surface roughness and the interface roughness were studied by measuring the 
reflectivity of the samples near total external reflection. A separate and detailed deter- 
mination of the interface roughness is obtained by analysing the intensity near the Si(400) 
reciprocal lattice point. There is a pronounced diffuse scattering parallel to the normal of 
the interface, the frequently called crystal truncation rods. Both the reflectivity and the 
isointensitycontours around the (400) reflection demonstrate the presence of an intermediate 
layer between a-Si02  and c-Si in a crystalline state. 

1. Introduction 

The quality of the surface and the interface of the system S i02  on Si(100) is of great 
interest in both semiconductor technology and physical sciences. Transmission electron 
microscopy investigations [l, 21 show that a crystalline S i02  (c-SiO,) layer exists at the 
amorphous S i 0 2  (a-Si02)-crystalline Si( 100) (c-Si( 100)) interface. This is confirmed for 
example by core-level spectroscopy [ 3 ]  and x-ray scattering studies [4]. In particular the 
roughness of the interface between Si(l l1) and thin oxide layers were studied by x-ray 
scattering [ 5 ] .  

Two complementary techniques of x-ray scattering are used in the present study to 
evaluate the roughness of the surface, the thickness of the oxide layer and the roughness 
of the interface. 

(a) Reflectivity measurements near the angle of total external reflection show inter- 
ference maxima related to the layer thickness [6]. The decrease in the reflected intensity 
is also influenced by the roughness of the surface [6-81. 

(b) The lattice periodicity is terminated by the surface abruptly. This gives rise to 
scattering of x-rays with momentum transfer parallel to the normal of the surface. The 
decrease in the intensity along the so-called crystal truncation rods (CTRS) [9] depends 
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Figure 1. A schematic diagram of the TCD. 

on the roughness of the crystalline surface and on the density profile parallel to the 
surface normal. 

f + 
l m  

2. The experiment 

Both the reflectivity of the samples and the intensity distribution around the (400) 
reciprocal lattice point of silicon were measured with a triple crystal diffractometer (TCD) 
[lo] (figure 1). The x-ray source was a 12 kW rotating-anode generator (Rigaku RU200) 
with a magnetically sealed copper target. Two slits in front of the perfect, symmetrically 
cut Si( 11 1) monochromator and in front of the sample ensure that only Cu K a l  radiation 
(A = 1.540 56 A) is incident on the sample. A second identical Si(111) analyser crystal 
and a NaI(T1) scintillation counter were used as a detection unit. 

The advantage of the TCD technique in comparison with the conventionally used 
double-crystal diffractometer technique is founded on the angular collimation by Bragg 
reflection of the scattered radiation by the analyser crystal. This results in very good 
resolution even though the distance between sample and analyser is 0.3 m and this is 
rather small. Another great advantage is the high signal-to-background ratio. Modi- 
fications of the intensity due to undulations of the surface are largely avoided, an aspect 
which is very important when measuring the reflectivity of a sample at angles near total 
external reflection. 

The resolution of the TCD used was calculated following the treatment of Cowley [11] 
and measured near several reciprocal lattice points [ 121. The experimentally determined 
values are 4 x 1 0 - 4 k '  parallel to and 2 X 1 0 - 6 k 1  perpendicular to the scattering 
vector for IQ1 = 0.05 A-' and 9 x 1 0 - 4 k 1  and 1.3 x 1 0 - 4 k 1  for IQ1 = 4.63A-' 
(Si(400) reflection). These are in agreement with the calculated values. 

The TCD technique is well suited to measuring isohtensity contours near a reciprocal 
lattice point, especially the intensity profile of the CTR [9, 131. The rod profile can be 
obtained by scanning the scattering vector Q along the direction [011] perpendicular 
through the rod as afunction of 1 Q I offset qpl along the [ 1001 direction. The accompanying 
diffuse scattering can simply be subtracted [ 141, 

The samples were prepared from highly polished Si( 100) wafers 0.1 m in diameter 
supplied by Wacker Chemitronic, Burghausen, Federal Republic of Germany. One half 
of each wafer had been oxidized several times. After every step of oxidation the oxide 
layer was removed by etching the sample in hydrofluoric acid (HF). After this procedure 
the silicon surface possesses a higher roughness. The sectional area of an incident laser 
beam is expanded through the reflection on the surfaces of the etched samples. Finally 
oxide layers with a well defined thickness were produced by heating the samples to 
1000 "C in an Ar  atmosphere. Then a small amount of oxygen was added to the argon. 
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We measured three pairs of samples prepared in this way. The nominal thicknesses, 
determined by diffraction of visible light are 1420 A for samples A, and A,, 257 A for 
B,, 268 A for B,, 222 A for C, and 239 A for C,. The index r denotes that part of each 
wafer that has passed through the above treatment (and hence is expected to be rough); 
the index s denotes the part of the wafer with a smooth surface (not etched). 

3. Theory 

The calculation of the x-ray reflection curves follows the treatment of Parratt [6], who 
applied Maxwell's theory to layered systems. The scattering plane is chosen as the x-z 
plane with the z axis pointing into the medium, parallel to the surface normal. The 
electric field vectors in the mth layer of the impinging plane electromagnetic wave and 
of the reflected wave, denoted by E,, and E : ,  respectively, are given by 

Em (2) = En7 (0) e x ~ I i [ m t  - (km..v * x + km,z z)l> 

E:(z)  = E:(O) exp{i[ot - ( I C , , ~ , ~  ' x  - k m ~ *  * z)]}. 

( l a )  

and 

(1b) 

The magnitude of the wavevector km in the layer m with the refractive index nm is given 
by 

k m  = 2nnm/A. (2) 

For x-rays the refractive index n is given by n = 1 - 6 - is with the optical constants 
6 = A2r,p/2n and = Ap/4n. In these two equations, U, is the classical electron radius, 
p is the electron density and p is the linear absorption coefficient. As the real parts of 
the refractive indices are slightly below unity, total reflection of the x-rays occurs for 
incident angles smaller than 0.5". 

A mathematically applicable recursion expression is obtained from equation (1) if 
the boundary conditions for the tangential components of the magnetic and electric field 
are taken into account [lo]: 

with Fm(z)  = E:(z ) /Em(z)  and f m  = nm sin 8,. The reflectivity as 
incident angle 8 yields 

zqe) = p0 12 = p ; / E o  1 2 .  

(3) 

a function of the 

(4) 
As done by several workers [lo,  131 the surface roughness can be considered as a static 
Debye-Waller factor (DWF) given by 

DWF = exp(-Az2k2 sin2 0) ( 5 )  

withtheroughnessparameter Az2 = ( h 2 ( x ,  y ) ) .  h(x,  y )  isarandomdistributionfunction 
which describes the variation in the height h of the surface around its mean height (h) .  
In general a height-height correlation function has to be considered but for most cases 
a gaussian correlation can be used and equation ( 5 )  is applicable [15]. 
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An alternative description of the surface or interface roughness was given by Wu 
and Webb [8]. They introduced a transition layer of thickness Tbetween two media with 
refractive indices n and n z ,  where the refractive index varies as 

n = t ( n l  + n z )  + &(n ,  - n 2 )  tanh(-n + 2 n z / T )  z E [O, TI. (6) 

To calculate the reflection curves, the transition layer is subdivided into 20 layers of 
equal thickness t .  This method leads to the same results as the introduction of the DWF 
if the phase differences A q  of the waves, which are scattered from neighbouring planes, 
are small ( A  q < n) [ 161. A great advantage of an approach based on the solution of the 
wave equation is the possibility of introducing different profiles for the transition layer 

The reflectivity R(8)  is calculated from equation (3) either by including equation (5) 
or with 20 additional sublayers with refractive indices given by equation (6); reflections 
from the back side of the substrate are excluded. 

For the second type of investigation the theory O ~ C T R S  formulated by both Robinson 
[9] and Andrews and Cowley [ 131 is applied. Although scattering between the reciprocal 
lattice points is due to the sharp boundaries of the crystal (especially the abrupt ter- 
mination of the lattice at the surface), a kinematical approach can be used [9]. This is 
correct because the surface scattering is weak and multiple-scattering effects can be 
neglected. Furthermore only the intensity decrease of the CTRS far away from a reciprocal 
lattice point is interesting. For a perfectly cut surface an intensity decrease 

~ 7 1 .  

I ( 9 )  - 9p12 (7) 

is obtained [9], where qpl is the component of the difference Q - along [loo]. The 
same intensity decrease is obtained from the dynamical theory of x-ray diffraction 
[18,19]. Two models describing the surface roughness are used. 

(1) Comparable with the analysis of the reflection measurements a gaussian rough- 
ness can be introduced by a DWF 

I - 4;' exp[-4(qpl Az)']. 

(2) Most of the measurements have shown that the intensity of the CTR decays with 
an exponent r with 2 6 r < 4 [9], which provides an alternative description: 

I - q ; r .  (9) 

This exponent r can be related to the fractal dimensions of a rough surface [5,20]. 

Both models have been fitted to our data. The parameters Az2 and r are determined 
by means of a least-squares refinement. 

4. Results and discussion 

In order to determine the density profile and the surface roughness we measured the 
reflectivity of samples A,, A,, B, and B, up to a scattering vector I Q I of 0.17 A--' (samples 
C, and C, were not studied, because the thicknesses of their oxide layers are nearly the 
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Figure 2. Reflectivity of sample A,: calculation 
with a gaussian roughness (-1 and measure- 
ment (. . . . .). The inset shows a rocking curve for 
a scattering angle 0 of 0.4". 

10 A-.---- , 
0 0  0 1  0 2  

Q ( A-') 
Figure 3. Reflectivity of sample 13,: calculation 
with a gaussian roughness (-) and measure- 
ment(. . . . .).Theinsetshowsarockingcurvefor 
a scattering angle 4, of 0.4". 

same as those of samples B, and B,). Figures 2 and 3 show the IQ I-dependent intensities 
from samples A, and B, on a logarithmic scale outside the medium (dotted curves) 
together with the results of the least squares fits (full curves). The background has been 
subtracted. 

Near 1 Q 1 = 0 A-' the reflectivity curves show the part of the incident beam which is 
not masked by the sample. Then a sinusoidal increase in the reflected intensity is 
observed; the effect is purely geometrical and is related to the part of the incident beam 
'seen' by the sample and undergoing total external reflection. For 1 Q 1 = 0.0323 k1 the 
critical angle 8, of total external reflection is reached and the intensity decreases rapidly. 
For still increasing 1 Q 1-values, interferences between waves reflected from the top and 
the bottom of the SiOz layer become observable, the so-called Kiessig [21] fringes. 

The insets in figures 2 and 3 show measurements during which the sample is rotated 
for a fixed scattering angle @ of 0.4" (rocking curve). The shape of the curves indicates 
the macroscopic departure from flatness of the surface of the samples on a micrometre 
length scale. Great departuresfromflatness yieldvery broad rocking curves and seriously 
degrade the resolution of conventional reflectivity measurements. Moreover the above- 
described theory for x-ray reflectivity measurements is not able to consider these depar- 
tures from flatness, but the rocking curves of the samples examined here are much 
narrower than 8, so that no influence of the surface undulations on the measured 
intensities is expected. The rocking curves of the etched samples show a FWHM which is 
nearly twice as broad as the FWHM of the untreated samples. This is due to long- 
wavelength undulations of the surface which give rise to a divergent reflected beam. 

The following fitting parameters are used: the thickness of the oxide layer, the 
decrement 6 of the refractive index of the layer and the roughness parameter Az2 or, 
equivalently, the thickness Tof a transition layer. The results for the samples A,, A,, B, 
and B, are listed in table 1. The X2-values are calculated with the assumption of an 
intensity error of 5% for all IQ/-values. This is considerably more than the true error 
and leads to a constant estimation of all data points. Figures 2 and 3 show the calculated 
intensity for the model using a gaussian roughness of the surface. The results are virtually 
identical to those based on the model with a transition layer between SiOz and vacuum. 
The assumption of a second transition layer or an interfacial roughness between c-Si and 
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Table 1. Results of least-squares fits to the data of samples A,, A,, B, and B,. The surface 
roughness is described by two models: the first is by a static DWF with Az2 and the second is 
by a tanh-like transition layer to the vacuum of thickness T.  d, is the nominal oxide layer 
thickness, d ,  is the thickness of the oxide layer considering a DWF (first model), d, ,  is the 
thickness of a transition layer (second model) and d 2  is the thickness of the intermediate 
layer. The %'-values are calculated by assuming a 5 %  error for each data point (see text). 

Value for the following samples 
Parameter 
(units) A, A, B, B, 

1420 
7.0 t 0.5 
48 t 1 
225 t 3 
201 t 2 
7.44 f 0.04 
17 t 7 
7.91 t 0.02 
2.27 
0.28 

1420 
5.1 k 0.7 
40 f 1 
224 t 1 
204 t 1 
7.38 * 0.02 
25 t 2 
7.78 t 0.02 
2.26 
0.2 

251 
7.1 2 0.1 
51 2 1 
1397 t 1 
1375 t 1 
7.1 t 0.03 

2.19 
0.46 

268 
7.8 t 0.1 
59 t 1 
1410 t 1 
1383 t 1 
7.21 t 0.03 

2.24 
0.59 

a-SiO, does not lead to better agreement between the measurements and the model 
calculation. 

All determined oxide thicknesses are slightly smaller than the nominal thicknesses 
obtained from light diffraction. The higher precision of the reflection measurement is 
not unexpected; the refractive index can be refined from experimentally determined 
intensities (depends essentially on 0,) which is not possible with light scattering. Fur- 
thermore the number of interference maxima is greater in the x-ray experiments. 

For SiO, the decrement 6 of the refractive index for x-rays is between 7.44 x 
and7.1 x 
to estimate the density of the a-SiO, layer: 

while6 = 7.55 x l0-6forc-Si[22].Fromequation(10)[5,7]itispossible 

The four samples A,, A,, B, and B, show densities which are 2.5-6% (table 1) smaller 
than that of c-Si. These differences are very close to those given by Weast [23]: p = 
2.3296 g cm-3 for c-Si and p = 2.19 g cm-3 for a-Si02. The densities are slightly higher 
than those given by Cowley and Ryan [5]. It should be noted, however, that their oxide 
layers were prepared on a different surface orientation (Si(ll1)). 

For samples B, and B, a thin layer between a-SiO, and c-Si with a somewhat higher 
decrement 6 leads to a considerable improvement in the fit shown in figure 2. The 
difference between the &values for c-Si and a-SiO, is so small that the periodic intensity 
modulation of the Kiessig interferences has a very low amplitude without the assumption 
of an intermediate layer. What kind of layer could this be? High-resolution transmission 
electron microscopy (HRTEM) images lead us to propose the existence of a c-SiO, layer 
[ l ,  2, 241 of hexagonal symmetry known as tridymite. The local thickness of this layer 
has been determined to be 7 A. This value is not in contradiction with the parameters 
given in table 1 considering that the x-ray reflection measurements give the average 
thickness over the whole surface of the sample. Since lattice distortions are necessary 
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Figure 4. Isointensity contours around the (400) 
reflection of silicon for sample C, The full lines 
represent intensities normalized to the intensity 
lo of the (400) reflection with I / I ,  = 2, 1, 0 5 ,  
0 2, , lo-' The axes are given as offset from 
the exact Bragg position 

1 I 
I I  

__ 0 OGllI ~- 
G 11 

q PI (A '1 

for epitaxial growth of tridymite on silicon, compressing forces possibly lead to a higher 
density of the tridymite layer. This can effect a decrement for tridymite which is higher 
than the value for c-Si. 

For samples A, and A, with thick oxide layers no such intermediate layer was found. 
The thickness d2 < 20 A of this additional layer is too small compared with the 1400 A 
oxide layer to influence the reflection curves noticeably. Neither the roughness par- 
ameter Az2 nor the thickness of the transition layer from a-Si02 to vacuum shows 
any dependence on the roughening procedure chosen. Furthermore the results of the 
reflection measurements do not show the existence of an interface roughness or a 
transition layer between a-Si02 andc-Si. On an Angstrom scale all samplespossess nearly 
the same roughness. This result is supplied by the x-ray diffraction. 

The rocking curves, on the other hand, seem to be influenced by the kind of etching 
procedure used. All etched samples show a sizeable portion of long-range undulations 
of the a-Si02 surface. 

The second type of measurement near the Si(400) reciprocal lattice point Q(4uu) was 
used to obtain more exact information about the microroughness of the surface of the 
silicon substrate. Because the substrate crystal is perfect, the CTR can deliver this 
information. The experiment was aimed at obtaining intensity contours around the 
Si(400) reflection, or at least the direction and the intensity profile of the CTR. For this 
purpose the experiments were performed by varying the angle 8 of the sample as a 
function of the scattering angle Q. A typical result is shown in figure 4. The data have 
been transformed to the reciprocal space and are presented in a coordinate system with 
the axis parallel and perpendicular to Q(400). The [ O l l ]  direction is denoted as qpr and the 
[loo] direction as qpl. 

By variation in the power of the x-ray source and of the counting time, seven orders 
of magnitude in the intensity can be covered for all samples, except for samples A, and 
B, (expected to be rough). The rocking curves of these samples show a mosaic spread of 
0.05'. This FWHM is 25 times greater than the resolution of the diffractometer which is 
better than 0.002'. For these samples the dynamical range is only about four orders of 
magnitude and hence because of the counting statistics no CTR can be observed. 

Figure 4 shows the isointensity contours for sample C,. The lines are not continuous 
because the whole contour plot is composed of 101 rockingcurves. The plot isconstructed 
by connecting the equivalent points of neighbouring rocking curves. The lines represent 
intensities normalized to the intensity Zu of the (400) reflection with Z/Z, = 2, 1, 0.5, 
0.2 , .  . . )  10-5. 
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Figure 5. CTRs for sample c, (bottom curve, 0) 
and sample C, (top curve, 0) and the results of 

0 12 0 0  0 12 the calculation (-) with an exponent r for the 
intensity decay. 

i 10 v+- -------- 

q pl ( A ' ) 

Table 2. Results of the fits to the intensity of the CTRS of four samples. The roughness was 
described by a static DWF with the roughness parameter Az2 and by an exponent r (see text). 
The %?-values are calculated by supposing a 5% error for each data point. 

Value for the following samples 
Parameter 
(units) A, B, cr cs 

(A) 4.6 2 0.9 1.9 2 1.5 4 .8?  0.7 2.2 2 0.7 
r 2.09 i. 0.04 2.04 2 0.04 2.12 2 0.02 2.05 t 0.02 

1.5 0.7 0.8 0.7 %' 

The isointensity contours show that the direction of the CTR is exactly parallel to the 
reciprocal lattice vector i.e. in the direction of qpl. The FWHM of the CTR in the 
direction of qpr is 1.2 x A-'.  This corresponds to the resolution of the diffractometer 
near 1 Q I = 4.6 k'. The intensity extending parallel to qpr near qpl = 0 is caused by the 
monochromator and analyser crystal. Because these too are perfect crystals, they also 
give rise to a CTR. The three CTRS form a star-like intensity distribution around a 
reciprocal lattice point called a resolution star. The CTR of the monochromator and 
analyser including the angle OB of the Bragg position between them and the CTR of 
the sample. Because of the distorted scale in figure 4 these two streaks seem to be 
perpendicular to the CTR of the sample. 

After subtraction of the background and the thermal diffuse scattering the cut parallel 
to qpl for qpr = 0 gives the intensity curves of the CTR shown in figure 5 for sample C, 
(bottom curve) and sample C, (top curve). The full curves represent the results of the 
least-squares fits considering a real exponent r (equation (9)) for the surface roughness. 
Additionally a model with a DWF was fitted. The results are given in table 2. For the same 
reason as for the reflection measurements the X2-values were not based on statistical 
errors but on a 5% error of each data point. 

Both models for the surface roughness show that all four samples have almost perfect 
crystal surfaces. The intensity decrease of the CTR is nearly q-2 or, alternatively, the 
value for Az2 in the static DWF is very small. This means that the oxidation process has 
only a small influence on the microroughness of the silicon surface. Nor does the removal 
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Figure 6. Isointensity contours around the (400) 
reflection of silicon of sample C, for a smaller 
area than given in figure 4. The lines represent 

of the oxide layer by etching with HF solution increase the surface roughness on an 
Bngstrom scale but, as we have seen, it causes undulations of the near-surface region. 
This leads to the small mosaic spread which gives rise to additional scattering in the 
direction of qpr. These results are equivalent to those found by HRTEM images by several 
groups [ 1,2,25,26] and x-ray diffraction studies on a-Si02/c-Si( 111) [5,27]. Apart from 
long-range undulations on the silicon surface these workers find a roughness of 2 8, in a 
gaussian description. A small increase in surface roughness is reached by etching with 
5% HC1[26]. HF solution is much more corrosive than HC1 solution and thus a stronger 
effect was expected. Therefore samples A, and B, show a strongly increased roughness 
of the silicon surface compared with samples A, and B,, as indicated by their broad 
rocking curves. Equally sample C, shows a higher interface roughness than sample C, 
but the rocking curves are narrower than those of samples A, and B, and a CTR can be 
studied to evaluate a roughness parameter. 

A further result of the measurement of the isointensity contours cannot be recognized 
in figure 4. Therefore figure 6 shows a smaller region around the reciprocal lattice point 
(400). Besides the CTR and the streaks near qpl = 0 caused by the monochromator and 
analyser crystal a further streak (marked by arrows) can be seen. It has no symmetrical 
equivalent. This streak shows an intensity maximum at a distance of qp, = 8.1 x A-' 
and qpr = - 1.15 x lop3 A-' from the Si(400) reflection. The streak has an angle of 9" to 
the normal of the silicon surface. The FWHM of the rocking curve across this maximum 
is three times larger than that of the Si(400) reflection and the intensity is four orders of 
magnitude smaller. This additional scattering intensity was found for all four samples 
where a CTR could be seen. Because it forms a small Bragg reflection, the scattering 
could be due to a crystalline region on the silicon surface having a nearly epitaxial lattice. 
This could be the c-Si02 layer of tridymite mentioned above. Lattice distortions allow 
epitaxial growth of tridymite on silicon. The lattice mismatch along the [loo] direction 
could be due to the small discrepancy between the two observed Bragg reflections. A 
further mismatch along the [ O l l ]  direction can cause a tilt of the reflection planes, 
resulting in an angle of 9" between the CTR from silicon and the other streak. 

By comparing the intensities of the two reflections, one can estimate a thickness of 
5 8, for the crystalline layer which is in good agreement with the value found by HRTEM 
images [ l ,  21. This is nearly the same order of magnitude for the thickness of the 
intermediate layer found by the reflection measurements described above. 

The results of the reflection measurements and the isointensity contours around the 
(400) reciprocal lattice point of silicon cannot prove that the intermediate layer consists 
of tridymite but they give additional evidence to that of the HRTEM images. 
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Further Bragg reflections of the tridymite layer could not be found because the TCD 
is not suitable for such a search in the reciprocal space. Owing to the high resolution of 
the diffractometer, only a small volume element of the reciprocal space can be seen 
during one measurement. Therefore unacceptably long measurement times would be 
necessary to search for further tridymite Bragg reflections if really visible. 

5. Conclusion 

With a high-resolution TCD both the reflectivity close to the total external reflection and 
the intensity distribution around the (400) reflection of several samples of a-Si02/ 
c-Si( 100) were studied. The thicknesses of the a-Si02 layers, their optical constants for 
x-ray radiation and their surface and interface roughnesses on an Angstrom scale were 
evaluated by the reflectivity measurements using Parratt's approach. Although one part 
of each pair of samples was etched and oxidized over several cycles, no increase in the 
microroughness of the surface was observed. For the samples with a thin oxide layer the 
reflectivity hints that an intermediate layer between a-Si02 and c-Si( 100) exists with a 
slightly higher electron density and a thickness of about 20 A. 

A more exact statement about the surface roughness of c-Si(100) was reached by 
measuring the crystal truncation rod near the (400) reflection. The results showed that, 
for all samples which were not etched, the intensity decreased almost as expected for a 
sharp surface of a perfect crystal. Most of the etched samples showed a pronounced 
mosaic spread, reducing the dynamical range. This prevents the observation of a CTR. 
Furthermore the isointensity contours around the (400) reflection show an intensity 
streak crossing the silicon reflection which is not a part of the resolution star. This streak, 
forming an angle of 9" with the CTR, has an intensity maximum very close to the silicon 
peak. By comparing the intensity ratio a thickness of 5 A for the corresponding crystalline 
layer was estimated. This layer could be composed of tridymite, a crystalline form of 
S i02 ,  epitaxially grown on the Si(100) surface with some lattice distortions. 
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