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Glancing angle x-ray diffraction: A different approach 
9. A. van Brussel and J. Th. M. De Hosson 
Department ofApplied Physics, Materials Science Centre, University of Groningen, Nijenborgh 4, 
9749 AC Groningen, The Netherlands 

(Received 5 October 1993; accepted for publication 21 December 1993) 

This letter describes a novel technique of diffracted beam glancing’angle x-ray diffraction by which 
depth profiles of stresses and transformed phases in structures like implanted materials can be 
determined. An important feature is that this method may be applied successfully in a standard 
powder diffractometer. It is shown that, beside the well-known incident beam glancing angle 
method which usually requires rather sophisticated equipment with parallel beam optics combined 
with more intense x-ray sources, diffracted beam glancing angle x-ray diffraction can be applied as 
well. 

Stress measurements by x-ray diffraction represent an 
evolving field of research, in particular in the domain of 
integrated circuits where thin film technology is frequently 
applied. For instance the magnitude and state of stress in the 
aluminum films is of current interest.“” Other focal points of 
attention are the stresses originating from the misfit between 
substrate and deposited layer.3 Multilayers can be used to 
study the stress state in layers of the order of 2-3 nm 
thickness.4 If the multilayers are very thin, the periodicity of 
the layers can even serve as a diffraction grating providing 
information about the detailed thickness and behavior of the 
layers. 

Glancing angle diffraction techniques are used when the 
information needed lies within a thin top layer of the mate- 
rial. Conventional x-ray diffraction reveals information about 
a top layer of a thickness in the order of 5-10 pm. In con- 
trast, by employing a glancing angle technique this thickness 
may be an order of magnitude smaller. Usually a synchrotron 
x-ray source is preferred for glancing angle diffraction ex- 
periments for reasons of a higher intensity and a better an- 
gular resolution.5 However, this letter shows that glancing 
angle diffraction experiments may also be performed using 
standard x-ray diffraction equipment. 

The common way of performing glancing angle x-ray 
diffraction is to apply the incident beam at a small angle with 
the surface of the specimen under investigation.6-8 This re- 
quires a very small divergence of the primary beam or the 
use of a narrow parallel beam. In this situation the diffracted 
intensity will be small, requiring long measuring times. The 
different approach proposed here is letting the diffracted 
beam make a small angle with the specimen surface. In prac- 
tice our approach has several advantages, the adjustment of 
the primary beam does not need any special attention and the 
divergence of the primary beam may be larger resulting in a 
higher intensity. In general, the grazing incident method will 
give a broader spot on the detector than the grazing dif- 
fracted method using the same divergence slit. The diffracted 
beam glancing angle x-ray diffraction technique will be dem- 
onstrated by the determination of a depth profile of a bee 
layer found in Ne+ implanted in face-centered-cubic (fee) Fe 
(SS304). 

In Fig. 1 the general goniometer setup for the two dif- 
ferent glancing angle diffraction methods are depicted. The 

glancing angle p is determined by the diffraction angle 8 and 
the angle $ in the following way: p=+Id. The important 
feature of glancing angle x-ray diffraction is the sensitivity 
for the top layer of the specimen. This sensitivity depends on 
the glancing angle used. The path of an x ray through the 
specimen is depicted in Fig. 2. The path length x can be 
expressed as 

x(z) = 
2 sin 8 cos Ic/ 

sin( 8- $)sin( 8+ @) ‘* (1) 

Here, z is the penetration depth normal to the specimen sur- 
face as depicted in Fig. 2. This equation hold for angles 
greater than the critical angle. The total x-ray intensity dif- 
fracted by a layer of thickness d (taking into account only 
absorption) is written as I [I In 

-WfJ~dd dz 7 (2) 
top layer of thickness d 

where the integration takes place over the fraction of the 
intensity of the primary x-ray beam diffracted at depth d. I0 
is the total primary intensity. In fact the right-hand side of 
Eq. (2) includes a proportionality constant that depends on 
structure factor, multiplicity, etc. For the moment this is ne- 
glected, since here only absorption is taken into account. 
Although this omission will lead to some error in the deter- 
mination of the thickness of the body-centered-cubic (bccj 
layer, the accuracy of this thickness determination is not very 
great anyway. Consequently, a possible composition gradient 
in the depth direction z does not really affect the overall 
outcome. The mass absorption coefficient ,x/p is independent 

4 (b\ 
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FIG. 1. (a) Diffracted beam glancing angle x-ray diffraction. (b) Incident 
beam glancing angle x-ray diffraction. 
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Incident X-ray beam 

X-ray 

FIG. 2. X-ray path through the specimen. The intensity of the diffracted 
beam is proportional to eex. Here, x is the path length of the x ray through 
the specimen and is related to the penetration depth z. 

of the physical and chemical state of the material and is 
constant at a given wavelength. We now calculate the ratio 
between the total diffracted intensity that comes from a layer 
of thickness d and the total diffracted intensity I,, . This 
implies taking the quotient of two integrals as in Eq. (2) one 
from 0 to d and the other from 0 to d,,, . Since the denomi- 
nator Ian is equal to - 1 for d,,, becoming intinite, this ratio 
can be simplified to 

2p sin 8 cos fi 
p sin( f3- $)sin(8+ $) (3) 

after substitution of Eq. (1) for x(d). Equation (3), which is 
actually quite similar to,’ is depicted in Fig. 3 for one spe- 
cific set of diffraction conditions: Cu radiation, 8=22”, tip 
=27.8 rn’kg-t, and p=7.8X103 kg m-s. Depending on the 
value used for I++, the diffracted x-ray intensity comes from a 
layer of thickness of only 0.35 to 1.9 pm. These results are 
valid for both incident beam glancing angle x-ray diffraction 
and diffracted beam glancing angle x-ray diffraction. The 
differences between the two methods are found in the irradi- 
ated area, and hence in the spot size of the diffracted beam 
on the detector, and the sensitivity for errors in the goniom- 
eter calibration, see Fig. 4. 

In Figs. 4(a) and 4(c) the spot size is depicted. In the 
case of the diffracted beam glancing angle x-ray diffraction 
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FIG. 3. The fraction of the intensity of the diffracted beam diffracted by a 
layer vs the layer thickness. p= B-1 4. 
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FIG. 4. The influence of the divergence angle upon the irradiated area and 
of a specimen displacement upon the error in the peak position. On the left 
for the incident beam glancing angle method and on the right for the dif- 
fracted beam glancing angle method. 

[Fig. 4(c)] the spot size is an order of magnitude smaller 
compared to the incident glancing angle x-ray diffraction. 
Considering the matter of the calibration of the goniometer 
for the glancing angle x-ray measurements, it is clear from 
Figs. 4(b) and 4(d) that the specimen height is critical in the 
case of the incident glancing angle method and noncritical in 
the case of the diffracted beam glancing angle method. The 
specimen displacement, defined as Ah in Fig. 4, is in both 
situations the same. However, the error in 28 is significantly 
larger in the case of the incident beam glancing angle 
method. 

The application of the diffracted beam glancing angle 
x-ray diffraction technique will be illustrated by an example 
in which Ne’ is implanted in fee Fe. The motivation for this 
study is that ion implantation might be able to reduce or even 
reverse some unfavorable properties of laser treated 
materialsrO*rl like residual tensile stresses. In fact the shear 
stress field of inert gas bubbles may induce a local transfor- 
mation to bee, provided bubble size and pressure are large 
enough.12 The question to be answered is whether this (mar- 
tensitic) shear transformation indeed nucleates at these 
bubbles and what are the thickness and depth under the sur- 
face of this transformed layer. The specimen investigated 
was implanted with 2.5X10t7 Ne’ cm-‘, which is the criti- 
cal dose for the bee transformation to occur. The x-ray dif- 
fraction experiments were performed on a powder diffracto- 
meter Philips PW 1820 fitted with a Cu tube. The diffraction 
peak used for the measurements is the y 111 peak, found at 
44.6” 20. The experiments performed on the specimen con- 
sist of scans of the y 111 peak for several glancing angles fi. 
After performing background correction, the intensities of 
the peaks are fitted against the theoretical calculated protiles. 
By subtracting the intensities according to Eq. (3) for two 
different depths aI and a2 the intensity diffracted by a layer 
under the surface is obtained. It turned out that the diffrac- 
tion peaks measured with the diffracted beam glancing angle 
method are sharper than those measured with the incident 
beam glancing angle method. A divergence slit of 4 was used 
for the diffracted beam experiments and a divergence slit of 
E ’ was used for the incident beam experiments, however, the 
full width at half-maximum is 0.24”, 20 in the diffracted 
beam case and 0.7” 20 in the incident beam case. 
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FIG. 5. A fit of the experimental data. 

Also visible is the fact that in the case of the incident glanc- 
ing angle method the sample height is critical. Although ad- 
justed with an accuracy of 0.02 mm a peak shift is present. 

In Fig. 5  the results of the diffracted beam glancing 
angle measurements are fitted against the theoretical curves. 
If we look at the intensity as a function of glancing angle, it 
is obvious that in the case of the diffracted beam glancing 
angle method the intensities obey the theoretically derived 
results as depicted. The results of the incident beam glancing 
angle method did not show this behavior. This is most prob- 
ably caused by the optical arrangement of the x-ray equip- 
ment, in particular, the divergence slit. 

The following two points should be noted. First, the 
curve of the experimental data follows the path as calculated 
for a layer of bee under the surface. Hence, one conclusion is 
that the x-ray measurements reveal that the fee to bee trans- 
formation takes place at the Ne bubbles. The second point to 
be noted is the quality of the fit. By changing the two depths 
a1  and a2  the thickness and the depth of the bee layer is 
determined. The thickness is equal to u2-a1 , and the depth 
of the center of the layer is located at (a1 + Q/2. The curve 
No. 3 shown in Fig. 5  is the best fit and points at a  layer 
thickness of 25225 nm located at 87.5250 nm. The misfit at 
the lower values of p  is explained by noting that the speci- 
men are not entirely flat and the equipment used is not opti- 
mally suited for angles in the region below p=2”. 

As a point of discussion we will emphasize that gener- 
ally speaking there are two possible ways to perform glanc- 
ing x-ray diffraction. The first and most commonly used is 
the glancing incident beam x-ray technique. The second way 
is to perform difiacted beam glancing angle diffraction. The 
diffracted beam glancing angle technique may even be pre- 
ferred above the incident beam glancing angle technique. 
First, the width of the irradiated area employing the dif- 
fracted beam glancing angle technique is smaller using the 
same divergence slit. This means that with the incident beam 

glancing angle technique a smaller divergence angle must be 
used to obtain an equally sized irradiated area. This leads to 
a loss of intensity. Second, the glancing angle measurements 
may be more accurate in the case of the diffracted beam 
glancing angle technique as the spot size of the diffracted 
beam on the detector is smaller which leads to a better spatial 
resolution. Finally, small errors in the alignment of the goni- 
ometer axis relative to the x-ray tube have a large effect on 
the position of the irradiated area on the specimen in the case 
of the incident beam glancing angle technique and a negli- 
gible effect in the case of the diffracted beam glancing angle 
technique. In the case of the incident beam glancing angle 
technique this leads to a low accuracy in position determina- 
tion of the measured diffraction peak. 

A different approach to glancing angle x-ray diffraction 
usable with normal x-ray diffraction equipment is proposed 
in Ref. 13. Instead of turning the specimen around the axis of 
the goniometer it is turned around the diffraction vector. The 
normal 828 diffraction is maintained and by changing the 
angle around the diffraction vector the penetration depth may 
be changed, thereby enabling depth distribution experiments. 
However, compared to the diffracted beam glancing angle 
method as described in this paper the proposed method in 
Ref. 13 requires a narrow beam that must very accurately be 
directed to the cross point of both rotation axes otherwise the 
results will be inaccurate. In literature some other techniques 
are reported, grazing-incidence diffractioni to characterize 
surface layers of depths less than 100 nm and rocking curve 
tailsi to determine a depth distribution of imperfections, 
These techniques involve specialized experimental tech- 
niques. 

In conclusion, this letter describes a novel technique of 
diffracted beam glancing angle x-ray diffraction by which 
depth profiles of stresses and transformed phases in struc- 
tures like implanted materials can be determined. An impor- 
tant feature is that this method may be applied successfully 
in a standard powder diffractometer. Beside the incident 
beam glancing angle method which requires rather sophisti- 
cated equipment with parallel beam optics combined with 
more intense x-ray sources, the diffracted beam glancing 
angle x-ray diffraction can be applied as well. 
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