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Abstract 

We have demonstrated the use of submicron-resolution 
synchrotron x-ray beams to characterize the size and depth 
distribution of ion-implantation-induced defect clusters in Si. 
A 0.6 pm resolution x-ray beam, generated on the Unicat 
undulator beamline at the Advanced Photon Source using 
Fresnel zone plate focusing optics, was used to study (OOl)- 
oriented Si implanted at 300°C with IO-MeV Si ions. 
Submicron-resolution, depth-dependent diffuse scattering 
measurements were made near the (220) Bragg reflection 
from the (110) cross-section. The microbeam focusing optics 
and the depth-resolved scattering measurements are 
discussed, and an analysis of the intensity and lineshape of 
the diffuse scattering is presented in terms of existing models 
of vacancy and interstitial clusters in Si. 

1 Introduction 

X-rays from an undulator source that are now available 
at third generation synchrotron facilities have sufficiently 
high brilliance that an intense beam of unprecedented small 
size can be produced and used in materials characterization. 
A submicron beam size is particularly desirable in 
applications where mesoscopic (micron-sized) structures, 
compositions, or morphologies need to be spatially resolved. 
One such application is found in the characterization of defect 
clusters that are induced by ion implantation. Ion implantation 
is a doping method widely used in semiconductor industry, 
and detailed understanding of the nature and extent of defects 
created inevitably during the process is a critical need for 
process design and control. In addition, the prospect of 
extending the method demonstrated here to a variety of 
fundamental studies of interactions of defects and their real- 
time evolution seems feasible. 

We report in this article that, with the use of a 
submicron-sized x-ray beam, it is possible to obtain a cross- 
sectional depth profile of the density and size distributions of 
clustered defects induced by high-energy ion implantation. 
We have achieved a 0.65 pm x-ray beam size using Fresnel 
zone plate (FZP) focusing optics at an x-ray energy of 8.95 

keV, and utilized it to measure x-ray diffuse scattering arising 
from clustered defects, as a function of depth on a cross- 
sectioned sample, with a depth resolution of 0.65 p. The 
projected depth range for IO-MeV Si ions implanted in Si is 
approximately 5 pm, to which our present depth resolution is 
well suited. X-ray diffuse scattering has traditionally been 
applied to problems of ion implantation in the conventional 
plan-view method,‘,’ in which measurements are made from 
the implanted surface side, averaging contributions from 
various defect clusters located at different depths. The cross- 
sectional method introduced here signifies a refinement of the 
conventional method, made possible by the recent advent of 
brilliant synchrotrons and hard x-ray focusing optics. 

Resolving the depth distribution of defect clusters is 
especially useful in the case of MeV ion implantation. 
Simulations of MeV ion implantation predict a net 
imbalance of point defects as a function of depth, so that 
(after annealing) the region towards the surface is vacancy 
rich, whereas the region near the range of implanted ions is 
interstitial rich.3” The distortion of lattice around vacancy- 
type defects is mostly expansion whereas that around 
interstitial-type defects is mostly compression, and therefore 
the diffuse scattering arising from the two types of defects 
can be readily distinguished if the vacancy-rich and 
interstitial-rich regions are spatially resolved. Our 
motivation for undertaking the present investigation was to 
provide a more detailed, depth-resolved, characterization of 
the nature of defect clusters formed in these two regions. 

Figure 1: Schematic geometry of x-ray microbeam diffraction. A 
monochromatic beam focused by F’ZP is incident on a (110) cross- 
section of a Si(oO1) wafer implanted with lo-MeV Si ions on the 
(001) surface side (shown hatched). 

2 Experimental Procedures 

A Si(OO1) wafer was implanted with IO-MeV Si5+ ions 
from a 1.7-MV tandem accelerator at 300°C to a dose of 
9~10’~ cm-*. After implantation, the wafer was cleaved 
along the [l-lo] direction, and the cleaved edge was 
mechanically polished by a series of steps ending with 50- 
nm colloidal silica to produce an optically smooth (110) 
cross-section. The x-ray measurements were made at the 
UNICAT undulator beamline at the APS. A pair of slits 
defined the beam size before the micro-focusing optics to be 
350x350 pm*. The micro-focusing optics consists of a 
Fresnel phase zone plate, an order-sorting aperture, and a 
central-beam-stop wire, as illustrated in Fig. 1. The Fresnel 
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* phase zone plate is a series of concentric ‘Au rings (1.7 pm 
thick) patterned on a Si3N4 membrane. This zone plhte has 
an inner region of rings with the first-order focus at =56mm 
and an outer region with its third-order focus at =56mm. 
The width of the. outermost ring is 0.12 pm, close to the 
theoretical limit for the smallest achievable focal spot. The 
fabrication process of zone plates is documented elsewhere.5 

Q, (A-‘) 
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Figure 2: Angular profiles of Si(220) reflection from an unimplanted 
sample, representing the beam divergence. The angular divergence is 
0.03’ in FWHM, after attenuating the unfocused peak with a metal 
wire. A weaker component of 0. lo divergence is underlying, which is 
the third-order focus from the outer zones. Also displayed are CCD 
images of the diverging beam acquired past the focal plane. The halo 
around the central spot is the focusing (diverging) component. The 
splitting of the beam caused by wire is insignificant in our scattering 
geometry. However, using a droplet beam-stop in future experiments 
will minimize the loss of focused beam intensity. 

An order-sorting aperture (Pt) of diameter 20 pm was 
placed downstream of the zone plate in order to eliminate 
diverging higher orders. It was also necessary to employ a 
central-beam stop, without which a significant fraction of the 
beam was transmitted unfocused. This effect is illustrated in 
Fig. 2, where the angular scan profiles of the (220) reflection 
from an unimplanted Si reveal the beam divergence, 
measured with and without the beam-stop. The narrow peak 
at the center represents the unfocused beam of fine angular 
resolution, which has transmitted through the zone plate and 
the order-sorting aperture (thus =20 pm in size). A tungsten 
wire (25 pm in dia.) placed before the zone plate effectively 
eliminates this component. 

We employed a vertical scattering geometry as 
illustrated in Fig. 1. Angular scans (Fig. 2) are obtained by 
rocking the sample about the y axis, whereas radial scans 
such as shown in Fig. 3 are obtained by rotating the sample 
and the detector simultaneously about the y axis within the 
xz plane, maintaining the incident and exit angles equal. 
Such scans project radially outward in reciprocal space, 
passing through a specular Bragg reflection. Our z axis is 

along the cross-sectioned surface normal [ 1 lo], and the -y 
axis along the implantation surface normal [OOl], so that 
radial scans going through the (220) reflection are denoted 
as QZ scans. Depth profiling is accomplished by translating 
the sample on a piezo-driver stage (encoded to 0.05 pm 
resolution) along the y axis. 

r 
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Figure 3: Radial scan profiles through (220). In the implanted 
region, significant diffuse scattering is observed, in addition to the 
scattering frdm defect-free Si. 

3 Measurement of Diffuse Scattering 

Shown as solid circles in Fig. 3 is a QZ scan obtained 
from a region on the (110) cross-section that is 14 pm away 
from the implanted surface. This region is sufficiently deep 
that there is no effect of implantation, and the scattering is 
identical to that from a Si crystal before implantation. The 
lineshape represents the wings of Si Bragg reflection, the 
thermal diffuse scattering at room temperature, and 
Compton scattering backgrounds. The scattering from ali 
implanted region is represented by open circles and reveals 
a significant increase in the diffuse intensity. The diffuse 
intensity is notably higher at positive QZ than at negative QZ. 
We interpret the additional diffuse scattering as arising from 
lattice distortions around clustered defects.6 The scattering 
from interstitial-type clusters, which compress the 
surrounding lattice, is observed at larger wavevectors (QZ > 
0), whereas the scattering from vacancy-type clusters 
(expanded lattice) is observed predominantly at smaller 
wavevectors (QZ < 0). Thus the scattering at y=4.3pm can 
be interpreted as coming mainly from interstitial-type 
defects. 

Fig. 4 displays the scattering intensity as a function of 
depth measured at a fixed wavevector Q,=O.O4 8-l. The 
scattering at y<O represents background, and the rapid rise 
at y=O represents a convolution of the (001) edge profile 
with the beam size. The Gaussian FWHM of the intensity 
gradient is measured to be 0.78 pm. The intensity at yB6p.m 
(-800 x-ray counts per set)’ represents scattering from 
unimplanted Si, and the sharp peak (-8000 cps) around 
y=4.25pm represents the diffuse scattering from highly 
concentrated defects near the projected range of implanted 



ions. The peak is 0.75 ,um wide in FWHM. Comparing this 
with a cross-section TEM image of the same sample which 
reveals a region of highly concentrated defects 0.4 pm wide, 
we estimate the size of our microbeam to be no larger than 
0.65 pm. 
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Figure 4: Depth dependence of scattering intensity obtained at 
Q,=0.04 A-‘. The (001) surface edge is at y=O. 

The defects seen in TEM have significant overlap in 
projection due to their high density, making it difficult to 
identify their individual nature and size, especially if small 
size defects are involved. X-ray diffuse scattering can provide 
unique information about the character of these defects. 
Shown in Fig. 5 are the profiles of net diffuse scattering due 
to defect clusters, measured at three different depths. Most of 
the diffuse scattering we observe in this experiment originates 
from local Bragg scattering from highly distorted regions in 
the immediate vicinity of clusters, rather than from long- 
range strains (-l/r2) which give rise to QZs2 scattering, so that 
the intensity varies characteristically as QZA.” Although the 
convergent nature of microbeam precludes accurate 
measurement of Q,-* scattering at small QZ (< O.Olw-‘), the 
scattering at larger (& provides more direct information on the 
size and types of defects. Therefore, the scattering intensity is 
shown sca!ed by QZ4 to emphasize this asymptotic QZA region. 
Most notable is the dominant intensity at positive QZ, which 
indicates the presence of predominantly locally-compressed 
regions, as expected for interstitial-type clusters. Also, the 
relative intensity at negative QZ is larger at shallower depths, 
suggesting the presence of an increased number of vacancy- 
type defects on the shallow side. 

4 Calculation of Diffuse Scattering 

To quantify these observations, we calculated the diffuse 
scattering profiles with a model comprising dislocation loops 
of both interstitial and vacancy types.7,8Z9 The displacement 
fields due to dislocation loops lying on (Ill) planes were 
calculated for anisotropic Si, following the work of Ohr,” for 
six different loop radii ranging from 118, (corresponding to 3 
inplane atomic spacings on { 111 } planes) to 5OA (13 
spacings). The displacement fields were calculated for atoms 

in a cylindrical region surrounding each loop. We found it 
sufficient for our analysis to limit the calculation to 
cylindrical regions of radii 21-40 atomic spacings and heights 
90-240 bilayer spacings. The total number of atoms contained 
in these regions ranged from 2.6~10~ for the 1 IA loop to 
2.4~10~ for the 5OA loop. The diffuse scattering intensity for 
each loop of radius R was calculated versus Q, by directly 
summing phase factors of these atoms: Io(R,Q,) = I Cc 
[eXG+Qz)Xr+u) _ e i(@Wr] + CL [ eW+QW+d] 12 where G is the 

wavevector at the Bragg reflection (220), r is the undistorted 
position of atoms, u is the displacement vector at r, the 
summation Cc is over atoms in the cylindrical neighborhood, 
and the summation CL is over point interstitials (+) or 
vacancies (-) constituting the loop. The calculated diffuse 
scattering intensities are shown in Fig. 6 for interstitial-type 
dislocation loops. The results for four equivalent { 111) 
planes (reduced to two along [220] projection) have been 
averaged. The main characteristic is the localized Bragg-like 
scattering which (after removing the Qz” dependence) clearly 
peaks at a positive wavevector inversely proportional to the 
loop radius. The width of the peak also scales inversely with 
the loop radius. The intensities for vacancy-type loops are 
nearly symmetric to their interstitial counterparts (except for 
slight asymmetry due to the scattering from loops 
themselves), which is exemplified in Fig. 6 for a 35A vacancy 
loop. 
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Figure 5: Diffuse scattering intensity multiplied by Q,“. Radial 
scans such as shown in Fig. 3 were measured at several depths, and 
the Bragg scattering was subtracted. In (a) a representative error 
bar is shown for -0.13 A-‘, which is large due to Q,” dependence 
and counting statistics; the error bar at -0.1 4’ is within the 
symbol. The solid curves represent the best fit to a model of 
interstitial and vacancy dislocation loops lying on ( 111) planes 
with a Burgers vector equal to one bilayer spacing. The dashed 
curves illustrate the contribution from vacancies. 
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Figure 6: Calculation of diffuse scattering due to ~11 I>-oriented 
dislocation loops of radius R ranging from 118, to 50A. Shown as 
solid and dashed curves are for the interstitial-type loops. 
Calculation for a vacancy-type loop of radius 35A is shown as the 
dot-dashed curve. 

Next, we performed a least-squares fit for the data shown 
in Fig 5 to this model, with the number density of dislocation 
loops as fitting parameters: Io(Qd = CR [Ni(R) Io(R,Q,,I)+ 
NV(R) Io(R,Q,,V)] where the summation is over six radii 
(R=ll, 19, 27, 35, 42, 50&l, Ni(R) is the number of 
interstitial loops of radius R, In(R,Q,,I) is the diffuse 
scattering intensity calculated for an interstitial loop of radius 
R, Nv(R) is the number of vacancy loops of radius R, and 
Io(R,Q,,V) is the diffuse scattering intensity calculated for a 
vacancy loop of radius R. Initially, all 12 parameters, N,(R) 
and NV(R), were varied independently. Subsequently, 
according to the result of initial best-fit, we simplified the 
model significantly by adopting the following empirical 
parameterization of size distributions: a one-variable 
parameterization for interstitials Ni(R)=ArR”, and a two- 
variable parameterization for vacancies, Nv(R)=Nvs for 
R=l I-27A and Nv(R)=NvL for R=35-50A. A least-squares fit 
was then performed with A,, Nvs, and NW as variable 
parameters for each depth. The best-fit results are shown as 
solid curves in Fig. 5, which provide an adequate description 
of data. The apparent discrepancy at Q&O for y=4.6pm 
indicates the existence of other types of clustered defects in 
the heavily damaged region. The portion of diffuse scattering 
arising from vacancy clusters alone is shown as dashed curves 
in Fig. 5. Although small compared to the scattering from 
interstitial clusters, this contribution must be included in the 
calculation in order to account for the intensity at negative QZ. 
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Figure 7: (a):(c) Number densities of interstitial (NJ and vacancy 
(Nvs, NV,) clusters as deduced from the data in Fig. 5. (d) Total 
number of point interstitial and vacancy defects contained in 
clusters. A closer view of the depth profile at 0.04 k* (Fig. 4) is 
also shown. 

The number densities deduced from the best fits are 
presented in Fig. 7(a)-(c), which substantiates our earlier 
qualitative observation that the dominant contribution to 
diffuse scattering originates from interstitial-type clusters. 
(Notice that the left-hand axis for vacancy clusters is much 
exaggerated relative to the right-hand axis for interstitials.) 
This is expected since the defects remaining after 
recombination are predominantly due to the implanted ions at 
their projected range. Fig. 7(a)-(c) moreover shows that the 
number of vacancy clusters (especially small ones) increases 
at shallower depths, consistent with simulation results. The 
total number of point defects contained in clusters may be 
calculated (up to a proportionality constant) by summing the 
number densities of Fig. 7(a)-(c) each weighted by R2. The 
results are displayed in Fig. 7(d) for interstitials and vacancies 
as a function of depth. It seems plausible that the vacancy 
population represents excess vacancies remaining after 
recombination whereas the interstitial population represents 
excess recoils plus the implanted ions. Although not pursued 
in the present experiment, it is possible to calibrate the 
number densities of clusters and the total number of point 
defects in absolute units, which can then be directly compared 
with simulation results. 

5 Alternative Analyses 

Our analysis presented above indicates that the x-ray 
diffuse scattering data are consistent with the presence of 
predominant interstitial dislocation loops and a small 
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number of vacancy loops in our sample. It does not preclude at positive QZ. Unlike crystalline precipitates, there is no 
the presence or possibility of other similar kinds of defect 
clusters which would produce comparable distortions in the 

coherent scattering from the interior of the amorphous 
pockets. Although the substrate temperature of 3OO’C was 

surrounding lattice. More detailed measurements of diffuse 
scattering, such as two-dimensional Qx-Qy contour 

sufficiently high to avoid amorphization under typical 
implantation conditions, we have chosen to examine this 

measurements, are necessary to achieve an unambiguous 
determination of the geometry of the clusters.’ 

possibility in view of the unusually high dose of 9x1016 cm-* 
we employed at 10 MeV ion energy. 
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Figure 8: Calculation of diffuse scattering due to spherical 
amorphous pockets of radius R ranging from 11 8, to 50 A. 

In addition to dislocation loops, another form of 
commonly observed interstitial clusters in Si is a { 113}- 
oriented platelet.’ Although the x-ray diffuse scattering from 
such defects still remains to be calculated, we suspect that it 
will have qualitatively similar characteristics to the 
scattering from dislocation loops shown in Fig. 6. The 
nature of vacancy clusters is more controversial since 
vacancy dislocation loops have never been imaged in Si by 
electron microscopy. Nevertheless, in this work we have 
analyzed our data in terms of vacancy loops, because the 
procedure for calculating diffuse scattering from dislocation 
loops was readily available, and because no other known 
models of vacancy clusters in Si were applicable to our 
sample within our experimental capabilities of measuring 
lo-1OOA defect clusters. Moreover, small vacancy loops 
have been previously observed in neutron-irradiated Si.8 

There are other types of defect clusters which exert 
strain fields around them consistent with our diffuse 
scattering data. For example, small precipitates of less 
(greater) density compress (expand) their surrounding 
lattice, respectively.” For the case of self-implanted Si, the 
amorphous phase has smaller density than the crystalline 
phase by about 1.8%, although density differences of 5-10% 
have been inferred in some studies.” The lattice around 
such amorphous pockets then compresses, and the x-ray 
diffuse scattering from it should be observed predominantly 
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Figure 9: Results of tit to the model of spherical amorphous 
pockets are illustrated as dashed curves. For comparison, solid 
curves represent the dislocation loop model (Fig. 5 reproduced). 

We calculated x-ray diffuse scattering lineshapes 
arising from lattice distortions around spherical amorphous 
pockets of radius R=l l-5OA in accordance with previously 
published works:“*‘2*‘3 

where M(r)=1 QZ r + &(G+QZ )R3/r2 I and &=0.018 (5.4% 
density change) is the strain of the amorphous zone relative 
to crystal Si. The results of the calculation are shown in Fig. 
8 for six different sizes. A least-squares fit for the measured 
diffuse scattering was performed with the number densities, 
N*(R), of amorphous spheres of radii R as fitting parameters: 
Iu(QJ = Za [N*(R) Io(R,C&)]. The dashed curves in Fig. 9 
illustrate the best fit intensities, which originate mostly from 
spheres of radii 19-35A. The fit results are generally worse 
than those for dislocation loops, especially at shallower 
depths. We have used in this calculation &=0.018 as an upper 
limit estimate for the average bond-length difference between 
amorphous and crystalline silicon and note that calculations 
with lower values of E yield poorer agreement with data. We 
have therefore concluded that the model consisting of 
dislocation loops is most consistent with our measurements. 
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, However, it is notable that the dip at QZ--0.1 A-’ is small defect clusters induced by MeV ion implantation. For 
reproduced in Fig. 9(a), which is not accounted for by the sample studied here, we have analyzed our measurements 
dislocation loops alone. mainly in terms of dislocation loops, and have presented 

evidence for interstitial clusters of radii IO-5Ow dominating 
‘;i 
El.8 the projected range region following an Rm3 distribution, and a 

“0 small but increasing number of small vacancy clusters (IO- 
2 30& on the shallower side. 

The data from the deeper side of the projected range B ‘C 
B 1.2 cannot be explained by existing models alone, including an 

w alternative model of small amorphous pockets, suggesting 

1 coexistence of different types of clusters in the heavily 
s11 damaged region. More detailed measurements are necessary *g 

goe6 

in order to unambiguously determine the geometry and more 
refined size distribution of these clusters. 
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