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Abstract. Understanding the depth from which contrast from dislocations is still discernible (the
effective penetration depth of the X-rays) in grazing-incidence synchrotron monochromatic beam X-
ray topography is of great interest as it enables three-dimensional dislocation configuration analysis
and accurate density calculations. To this end, systematic analysis has been performed of topographic
and ray-tracing simulated contrast of basal plane dislocations with different Burgers vector and line
direction combinations, and a universal method to determine the effective penetration depth based on
ray tracing has been developed. This study reveals that the observable dislocation contrast depends
on the effective misorientation associated with the dislocation modulated by the photoelectric
absorption effect. The dislocations with larger effective misorientation tend to have longer projected
length and correspondingly deeper effective penetration depths.

Introduction

Synchrotron X-ray topography (XRT) in the grazing incidence geometry is commonly employed
for detailed analysis of dislocation configurations and density calculations in 4° off-axis (0001) 4H-
SiC wafers [1]. In this geometry, information on defects from within the effective penetration depth
is exclusively revealed. Therefore, it is essential to establish a procedure to define this effective
penetration depth. Dudley, et al. used the projected lengths of dislocation images on reflection
topographs recorded from in a Si crystal to determine the effective penetration depth [2]. It was
concluded that photoelectric absorption rather than extinction limited the observed penetration
depths. This was found to be consistent with the direct image contrast formation mechanism 1i.e.
wherein diffracted X-rays emanating from the distorted regions surrounding the dislocation (which
contribute to the image) diffract kinematically and, as such, do not undergo extinction but rather just
photoelectric absorption [3]. Huang, et al. showed that pure orientation contrast [4], using the ray
tracing technique enabled much more accurate simulations of defect images [5]. Ishiji, et al. estimated
the penetration depth based on the photoelectric absorption experienced by the diffracted X-rays,
thereby assuming that those rays did not undergo extinction but rather just absorption [6]. However,
only basal plane dislocations (BPDs) with screw segments parallel to the off-cut [1120]-direction
were evaluated in that study and other BPDs types were not considered. Therefore, a universal method
to determine the effective penetration depth for all dislocation types would be of more practical
importance.

In this study, BPDs with different Burgers vector and line direction combinations in physical vapor
transport (PVT) grown 4° off-axis 4H-SiC crystals have been investigated by synchrotron X-ray
grazing-incidence topography in 1 1 2 8 reflection and accompanying ray-tracing simulations [5]
incorporating the effects of surface relaxation [7] and absorption [8, 9]. This ray tracing simulation
technique is developed based on the mechanism of orientation contrast [4], where the direction of
local diffracted X-ray beams is calculated. By projecting the diffracted X-rays onto the recording
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plate, the image of the dislocation is simulated. The misorientation associated with the presence of a
dislocation is therefore revealed as contrast differences on the image due to the superimposition or
separation of diffracted X-rays.

Experiment

PVT-grown, 4° off-axis 4H-SiC substrate wafers are characterized by synchrotron monochromatic
X-ray in grazing-incidence geometry. The images were recorded from the Si-face using the 112 8
reflection at an energy of 8.99 keV at Beamline I-BM of the Advanced Photon Source (APS) at
Argonne National Laboratory (ANL). The contrast of BPDs with different combinations of Burgers
vectors and line directions was also investigated through ray-tracing simulations. The gray value
intensities for both topographic and simulated dislocation contrasts were measured using ImagelJ [10].
The length of the dislocation is measured from the end of the contrast feature observed at the surface
intersection down to the position where the gray value intensity of the dislocation contrast decreases
to 1/10 of the maximum (slightly different procedure from Ishiji [6]).

In this paper, we assume that the rays contributing to the dislocation image in the ray tracing
simulations do not experience extinction but only absorption. We then carry out ray tracing
simulations at different depths below the surface subjecting each such set of diffracted beams to
photoelectric absorption. This is repeated until the dislocation contrast is no longer discernible.
Subsequently, all these images from different depths below the surface are stacked upon each other
to generate the full simulated dislocation image [8, 9], which is then compared to the observed images
to determine the Burgers vectors and effective penetration depth.

Results and Discussion

As shown in Fig. 1, the effective penetration depth t can be calculated based on the observable
dislocation contrast in the topograph by t = L X tan4’, where the projected length L of each
dislocation is measured along the off-cut direction of its observable length
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Fig. 1: Schematic diagram of 4° off-axis 4H-SiC. The orange line is a dislocation on the basal plane
lying at an arbitrary angle. The dashed orange line represents the observable length of the dislocation
on the topograph, and its projected length along off-cut direction is L.

Figure 2 shows four sets of topographic and simulated images of BPDs with different Burgers
vector and line direction combinations. The projected lengths measured from each topographic BPD
are (from longest to shortest) 207 um (Fig. 2(a)); 189 um (Fig. 2(b)); 172 um (Fig. 2(c)); 87 um
(Fig. 2(d)), corresponding to effective penetration depths of 14.5 um, 13.2 um, 12.0 ym, and
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6.1 um, respectively. The Burgers vectors of these dislocations determined by comparing with ray-
tracing simulations, are b = %[1?10], b= %[1120], b= g[ZTiO], and b = %[?110], respectively.
The line directions are measured with respect to their Burgers vectors, which makes them 30° BPD,

30° BPD, 80° BPD, and 0° (screw-type) BPD, respectively. Results clearly indicate that the effective
penetration depth varies with the Burgers vector and line direction combination of a dislocation. This

effective penetration depth analysis has been conducted for BPDs with all six types of § <1120 >

Burgers vector as well as Frank type dislocations created through deflection of threading screw/mixed
dislocations onto the basal plane. Those results will be discussed in detail elsewhere [11].
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Fig. 2: 1 1 2 8 Grazing-incidence X-ray topographs and corresponding ray-tracing simulation results
of BPDs with characters of b = >[1210], 30° BPD (a); b = ;[1120], 30° BPD (b); b = £[2110],

80° BPD (¢); b = %[?110], 0° screw-type BPD (d).

The effective penetration depths obtained through this ray-tracing simulation approach differ from
the penetration depth t, calculated simply from photoelectric absorption according to Eq. 1:

In10
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where p is the linear absorption coefficient,  is the incident angle and «, is the exit angle with the
surface. The calculated ¢, is 7.1 um for 1 1 2 8 grazing-incidence topograph at an energy of 8.99
keV. The values calculated using ray tracing differ from this since the strength of the contrast from a
dislocation depends on the magnitude of the misorientation and this varies with both line direction
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and Burgers vector. The stronger the contrast the deeper the effective penetration depth since the
starting intensity at the surface intersection is larger and therefore, a fixed value ¢, is insufficient.

While the most accurate and reliable results are found by using ray tracing procedure above, a more
simplified model can assist the non-expert in assessing the penetration depth. Since the maximum
contrast from a given dislocation is proportional to the local effective misorientation, a measure of
this strength can be obtained from an approximate expression for the effective misorientation A@ as
contributed by both the screw and edge components of a dislocation as in Eqs. 2-4:

A6 =[A1(g - bs)| +142(g - be)l| + 143(g - (be X D). 2)
b, = (b- DL 3)
b,=bx1Ixl. “4)

where g is the diffraction vector, b is the Burgers vector, I is the line direction, and b and b,
represent the screw and edge components of the Burgers vector, respectively. A4, A,, and A5 are
factors calculated based on the lattice displacement of screw and edge dislocation given by Nabarro

[12], and are Y4, ¥4 and !
4t(1-v)

our upcoming publication [11]. The effective misorientation, A8, of the dislocations considered here
are calculated to be 2.42, 2.18, 1.89, and 0.98. The effective penetration depth t can be estimated
through Eq. 5,

respectively (v: Poisson ratio). Detailed descriptions are provided in

where c is a constant with an average value around 0.87. For the BPDs shown in Fig. 2, equation 5
yields values of t of 14.9 um, 13.4 um, 11.6 um, and 6.0 um, respectively. These values are close
to those yielded by the full ray tracing simulation approach (14.5 ym, 13.2 um, 12.0 um, and
6.1 um).

Summary

The effective penetration depth of dislocations in grazing-incidence monochromatic beam X-ray
topographs in 4° off-cut 4H-SiC wafers is investigated in this study. BPDs with different Burgers
vector and line direction combinations are quantitively analyzed in conjunction with ray-tracing
simulation incorporating the effects of both surface relaxation and absorption. Analysis of the results
indicates that the observable dislocation contrast depends on the effective misorientation associated
with the dislocation modulated by the photoelectric absorption effect. As an alternative to the full ray
tracing simulation approach, a more simplified factor based on an approximate expression for the
effective misorientation (Egs. 1, 2 and 5) can yield satisfactory results.
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