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Plane-wave topographs of X-rays for the GaAs 200 re¯ection were

recorded using synchrotron radiation near the K-absorption edges of

Ga and As. The topographic contrasts caused by lattice defects were

changed by tuning the X-ray energy to four typical resonant

scattering conditions. A sharp image of a lattice defect was observed

when the Borrmann effect disappeared. When the Borrmann effect

was conspicuous, an image of lattice distortion around a dislocation

was observed, and its contrast was reversed by changing the phase

factor of the resonant scattering. The lattice distortion image and its

contrast reversal are discussed based on the resonant scattering

dynamical theory by introducing the edge-dislocation model. The

results show that topographs using resonant scattering should be a

new characteristic method in synchrotron topography.

Keywords: X-ray topography; resonant scattering; GaAs;
dislocation contrast; lattice distortion.

1. Introduction

The contrast of X-ray topographs of a crystal is formed as a result of

the electric wave®eld caused by dynamical diffraction being disturbed

by distorted lattices in the crystal. The mechanism of contrast

formation is explained on the basis of the X-ray dynamical theory of

diffraction. The observation of topographic contrasts is useful in

assessing the quality of a crystal, as some of the physical properties of

the crystal depend on lattice defects resulting from dislocations in the

crystal. For example, the threshold voltage of a ®eld-effect transistor

depends on the condition of dislocations (Miyazawa & Hyuga, 1986).

A conventional topograph is recorded using characteristic X-rays

in the energy region in which atomic resonant scattering is negligibly

small. Such topography gives clear images of lattice defects, hence it

has been employed to examine the perfection of a crystal and the

behavior of dislocations according to the contrast of the orientation

and the extinction. Conspicuous progress has been made in assess-

ment of crystal structure (Authier & Tanner, 1996; Bowen & Tanner,

1998). It is known that the Borrmann effect occurs even in a thick

absorbing crystal, which has been utilized in the observation of

microdefects. However, the conditions resulting in the Borrmann

effect are not yet completely understood theoretically. The utilization

is con®ned to qualitative analysis (Authier, 2001).

Recently, experiments have been performed under nuclear or

atomic resonant scattering conditions in the advent of synchrotron

radiation (Materlik et al., 1994; Fukamachi et al., 1993). Kato (1992)

and Fukamachi & Kawamura (1993) presented independently a

generalized dynamical diffraction formula which is valid even when

the diffraction is induced only by resonant scattering (hereafter, such

a theory is referred to as the resonant scattering dynamical theory).

Theoretical studies on the features of dynamical diffraction with

resonant scattering have been progressing, and several predicted

effects have been con®rmed by synchrotron radiation experiments

(Fukamachi et al., 1995, 1996; Negishi, Fukamachi, Yoshizawa et al.,

1998; Negishi, Fukamachi, Xu et al., 1998). Topographs have been

recorded using synchrotron radiation (e.g. Zontone et al., 1996), but

resonant scattering has not been fully utilized in it.

In this paper we report on the contrast changes of lattice defects in

X-ray plane-wave topographs, which were recorded for the GaAs 200

re¯ection under different conditions of atomic resonant scattering by

tuning the X-ray energy near the K-absorption edges of Ga and As

(Negishi et al., 2001). We discuss the contrast changes based on

resonant scattering dynamical theory by introducing the lattice

distortion model around the defects. We use the GaAs 200 re¯ection,

as the structure factor without resonant scattering is very small and

the effect of resonant scattering should be exhibited more strongly

than that of Thomson scattering.

2. Theoretical consideration

2.1. Resonant scattering dynamical theory

According to the resonant scattering dynamical theory, the basic

equation in the two-beam approximation is given for the h re¯ection

as
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Here, k0 and kh are wavevectors of the incident and diffracted beams,

respectively, and P is the polarization factor. The mean wavenumber

in crystal �0 is complex and is given by �0 = �0r � i�0i, with its real part

�0r = K�1� �0r=2� and its imaginary part �0i = K�0i=2, K being the

wavenumber in a vacuum. Atomic units (h- = m = e = 1) are used.

�hr and �hi, which are Fourier coef®cients of the real and imaginary

parts of the X-ray polarizability ��r�, respectively, are de®ned as
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Here, V is the unit-cell volume, ! is the X-ray energy, f 0
j is the normal

atomic scattering factor of the jth atom, f 0j and f 00j are the real and the

imaginary parts of anomalous scattering factor, respectively, h is the

reciprocal lattice vector, rj is the position vector and Tj is the

temperature factor. The right-hand side of equation (1) can be

rewritten as
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The phase difference � between �hr and �hi is de®ned as

� � arg �hr� � ÿ arg �hi� �: �7�
The resonant scattering condition changes with the energy ! of the

incident X-rays. The valid scope of (u� iv) in the complex plane is

the region enclosed by the unit circle, where ÿ1 � u � 1 (see Fig. 1).

For a crystal with a center of symmetry, j�hj = j�ÿhj holds and � is



either 0 or �, then �u; v� is located on the unit circle. Otherwise,

j�hj 6� j�ÿhj, �u; v� is located at some point inside the unit circle

because cos � is less than unity.

As shown in Fig. 1, at point A, �u; v� = (1, 0) and �hi = 0. The

diffraction is induced only by �hr in this case. At point B, �u; v� =

(0, ÿ1) and j�hrj = j�hij, then � = � and the sign of �hr is different from

that of �hi. At point C, �u; v� = (ÿ1, 0) and �hr = 0. Only �hi remains

non-zero and the dynamical diffraction is induced only by resonant

scattering. At point D, �u; v� = (0, 1) and j�hrj = j�hij, then � = 0 and

the sign of �hr is the same as that of �hi.

2.2. Features of rocking curves at four typical resonant conditions

�hr and �hi for the GaAs 200 re¯ection are shown in Fig. 2,

calculated near the K-absorption edges of Ga and As. In the calcu-

lation, the origin of the coordinate is chosen at a Ga site. The

anomalous scattering factors are calculated by the method of Parratt

& Hempstead (1954), in which the oscillation strength of gk at an

absorption edge given by Cromer (1965) is employed. Because j�hj =
j�ÿhj holds for the GaAs 200 re¯ection, the points A, B, C and D

shown in Fig. 2 correspond to those shown in Fig. 1. Fig. 3 shows the

diffracted (Ph) and transmitted (Pd) rocking curves in the Laue case,

calculated by using the atomic scattering factors corresponding to the

points A, B, C and D in Fig. 2, and by assuming a crystal thickness of

133 mm and a temperature factor B = 0.64 AÊ 2 for both Ga and As.

Different shapes of rocking curves are demonstrated clearly under

the diffraction conditions of A, B, C and D.

The condition �u; �� = (1, 0) at point A can be satis®ed even when

absorption exists in a polyatomic crystal like GaAs, and the dyna-

mical effect induced only by �hr is obtained. In this case the diffracted

and transmitted rocking curves are symmetric with respect to the

exact Bragg angle, and PendelloÈ sung beat appears (see Fig. 3a). There

is no anomalous transmission of the Borrmann effect under this

condition, which can be understood by noting the following three

aspects: (i) the transmitted rocking curve is symmetric; (ii) the

intensity of the transmitted beam is always weaker than the intensity

(dotted lines) given by the mean absorption coef®cient (�0); (iii) as

can be seen by the averaged line (broken line) of the rocking curves

with the PendelloÈ sung beat, there is a peak in the diffracted curve but

a valley in the transmitted curve in the center. The vanishing of the

Borrmann effect leads to the large width of the transmitted and

diffracted rocking curves. This results in those topographic images

which are not sensitive to the lattice distortions around defects. Then

the defect image appears to be narrow in width.

When �u; v� = (ÿ1, 0) at point C, the dynamical effect induced only

by �hi can be obtained, and the Borrmann effect appears regardless of

the crystal thickness (Fukamachi & Kawamura, 1993). Fig. 3(c) shows

the rocking curves in this case. The transmitted intensity becomes

strong together with the diffracted intensity around the Bragg angle.

The transmitted intensity is always stronger than that (dotted line)

estimated by the mean absorption coef®cient. This suggests that the

Borrmann effect is re¯ected in the rocking curves. In addition, both

the diffracted and transmitted rocking curves are symmetric.

Fig. 3(b) shows the rocking curves corresponding to point B with

the condition �u; v� = (0, ÿ1), and Fig. 3(d) shows those corre-

sponding to point D with the condition �u; v� = (0, 1). The Borrmann

effect emerges conspicuously both in Figs. 3(b) and 3(d) just like in

Fig. 3(c). It must be noted here, however, that the transmitted rocking

curves are asymmetric although the diffracted curves are symmetric

with respect to the exact Bragg angle. As seen in the transmitted

rocking curves, the tail of the peak is higher on the right-hand side

than that on the left-hand side in Fig. 3(b). On the other hand, the tail

is higher on the left-hand side in Fig. 3(d). The change of asymmetry

originates from the sign change of v, i.e. the change of � from � to 0.

3. Experiment

The sample of GaAs used in the experiment was manufactured by

Sumitomo Electric Industries. It was doped with a very low concen-

tration of Si of thickness 133 � 1 mm and with an EPD (etch pit

density) value of less than 500 cmÿ2. The experiment was performed

on beamline 15C at KEK-PF. The X-rays from synchrotron radiation

were monochromated by a Si 111 double-crystal monochromator,

and radiation with �-polarization was used. XANES was measured

by using a thin sheet of Ge to calibrate the monochromator according

to the quantitative criterion of the Ge K-absorption edge (11 306 �
0.5 eV).

The measured rocking curves for GaAs 200 are shown in Fig. 4.

The X-ray energies in Figs. 4(a), 4(b), 4(c) and 4(d) correspond to the
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Figure 1
The unit circle in the complex plane (u, v). Values u and v are varied on and
inside the unit circle. Four typical resonant conditions, A, B, C and D, are
indicated.

Figure 2
�hr and �hi for the GaAs 200 re¯ection. u and v change with the energy of the
incident X-ray. Here, A, B, C and D correspond to the points in Fig. 1.
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conditions at A, B, C and D, respectively, in Fig. 1. One can see typical

features at the condition �u; v� = (1, 0) in Fig. 4(a). The transmitted

intensities (®lled circles) decrease with the increase of the diffracted

intensities (open circles), and the intensities in the higher- and lower-

angle sides are almost equal as seen in the transmitted rocking curve.

This clearly shows that the condition �u; v� = (1, 0) holds. In the same

way, it is determined that the condition �u; v� = (ÿ1, 0) holds in

Fig. 4(c). The transmitted intensity increases with the increase of the

diffracted intensity (the anomalous transmission of the Borrmann

effect), and the intensities in the higher- and lower-angle sides are

almost equal as seen in the transmitted rocking curves. The decrease

of intensity with deviation from the peak at the high-angle side is

slower than that at the low-angle side as seen in the transmitted

rocking curve in Fig. 4(b). The same trend can be seen in the calcu-

lated curve in Fig. 3(b). It is con®rmed that the condition corre-

sponding to point B is satis®ed. On the other hand, the reversed trend

can be seen both in the observed (Fig. 4d) and calculated (Fig. 3d)

rocking curves; the condition corresponding to point D is satis®ed

experimentally.

The diffracted- and transmitted-beam topographs were recorded

using a nuclear plate (ILFORD L4, emulsion thickness 50 mm) placed

20 mm downstream of the sample at the intensity peak of the

diffracted beam. The exposure time was changed between 0.5 and

30 s depending on the intensity.

4. Results and discussion

The obtained topographic images at the four diffraction conditions in

Figs. 3(a), 3(b), 3(c) and 3(d) are shown in Figs. 5(a), 5(b), 5(c) and

5(d), respectively. The upper panel of each ®gure shows the trans-

mitted-beam image, and the lower panel

shows the diffracted-beam image. Darker

contrast corresponds to the stronger X-ray

intensity. In the images of Fig. 5, we focus on

the linear defect images running from the

upper left to the lower right. The scratch on

the crystal surface was not seen in the

optical photograph on either sides of the

region corresponding to the image. The

diffracted-beam topographs in Fig. 5(a)

recorded under the condition corresponding

to point A gives the sharpest image among

those taken under the four conditions. The

intensities from the defect become strong.

This sharp contrast can be explained by the

fact that the in¯uence of the surrounding

distortion of the dislocation becomes less as

the width of the rocking curves increases, as

expected from Fig. 3(a). In addition, the

contrast of the transmitted-beam image is

the reverse of that of the diffracted-beam

image, which is consistent with the fact that

the transmitted intensity becomes weak

when the diffracted intensity becomes

strong, as shown in Fig. 3(a).

The topographs recorded under the

condition of point C are shown in Fig. 5(c).

The topographic images were recorded

when the Borrmann effect was enhanced

most conspicuously. As seen in the trans-

mitted- or diffracted-beam topographs

shown in Fig. 5(c), the defect image running

from the upper left to the lower right

consists of two white linear parts. These are

the regions with defects and their

surrounding distortions, where the anom-

alous transmission of the Borrmann effect

vanishes. The broadened white line implies

that the Borrmann effect is sensitive to the

distortions around the defects. By

comparing the contrast of the diffracted-

beam image with that of the transmitted-

beam image, it can be seen that the white±

black contrasts are reversed in Fig. 5(a) but

the two linear parts are always white in

Fig. 5(c). The contrast in Fig. 5(c) originates

from the fact that the transmitted-beam

Figure 3
Calculated transmitted and diffracted rocking curves for the GaAs 200 re¯ection with a crystal thickness of
133 mm and the temperature factor B = 0.64 A2 for (a) 10.3645 keV, (b) 10.5020 keV, (c) 11.3430 keV and
(d) 11.8050 keV. (a), (b), (c) and (d) correspond to the resonant scattering conditions A, B, C and D,
respectively, in Fig. 1. Dotted lines correspond to the intensities given by the mean absorption coef®cient
(�0) and broken lines correspond to the averaged values for the rocking curves with the PendelloÈ sung
beat. The inset circle denotes the diffraction condition in the (u, v) plane.



intensity increases together with the diffracted-beam intensity owing

to anomalous transmission as shown in Fig. 3(c). The number of

broadened white specks in Fig. 5(c) is larger than that in Fig. 5(a).

This means that the distortions caused by small defects, which cannot

be observed in Fig. 5(a), are observable in Fig. 5(c). This also shows

that the topograph in Fig. 5(c) is more sensitive to the distortion than

that in Fig. 5(a).

The linear defect images running from the upper left to the lower

right in Figs. 5(b) and 5(d) appear white as the in¯uence of the

Borrmann effect becomes conspicuous, just the same as that shown in

Fig. 5(c). The contrasts of the two broad lines in the transmitted-beam

image (Id) in Figs. 5(b) and 5(d) are different from each other; the

lower white line is brighter than the upper white line in Fig. 5(b) but

the contrasts are reversed in Fig. 5(d). The contrasts in the diffracted-

beam image (Ih) are reverse of those in the transmitted-beam image

in Figs. 5(b) and 5(d). Fig. 6 shows a cross section of the two lines of

the transmitted-beam images in Figs. 5(b) and 5(d). The left-hand

panels show the enlarged parts and the lines indicate those along

which the cross-section contrasts are measured. The right-hand

panels show the cross-section contrasts. A, B and C in the right-hand

panels show the brightness variation along the corresponding lines in

the left-hand topographs. The height shows the dark level. The two

white lines correspond to two valleys. The height varies from position

to position, but the left-hand valley is always lower than the right-

hand valley in Fig. 6(a), and the left-hand valley is always higher in

Fig. 6(b). The contrast difference originates from the asymmetry of

the transmitted rocking curve as seen in Figs. 3(b) and 3(d). The

contrast reversal of the two lines in the transmitted- and diffracted-

beam images can be understood according to the conservation of the

X-ray beam ¯ux (Negishi et al., 2001). In order to con®rm that the

contrasts in the transmitted-beam image do not originate in the

setting error of the incident angle, the diffracted images were

recorded under the same conditions as that of Fig. 5(c) but at the

higher-angle side where the diffracted intensity is half of the

maximum. The diffracted-beam images are shown in Fig. 7. The

contrasts of the two white lines are almost the same. It is clear that the

contrasts of the two white lines seen in Fig. 5(b) are not caused by the

setting error. Similarly, the contrasts of the two white lines in Fig. 5(d)

are reversed in comparison with those in Fig. 5(b). This can be

understood by noting that the asymmetry of the transmitted rocking

curve in Fig. 3(d) is reversed in comparison with Fig. 3(b).

In order to discuss the asymmetry of the two linear defects and

their contrast reversal in Figs. 5(b) and 5(d), we introduce an edge-

dislocation model as shown in Fig. 8 (Weertman & Weertman, 1992).

We assume that an extra half plane p is parallel to the lattice plane for

the diffraction, that both of these planes are normal to the crystal

surface and the dislocation line l is parallel to the surface. In this case

the dislocation contrast should be largest among others. We also

assume that the distorted angles |�| of the diffraction lattice plane are

symmetric for the left-hand and the right-hand side of the extra plane.

When the Borrmann effect is conspicuous, the distortion contrast

becomes white owing to the Borrmann effect vanishing if the

distortion angle is more than the full width at half-maximum

(FWHM) of the rocking curve. The distorted lattice planes are

inclined to the lower-angle side in the left-hand side of the extra plane

and to the higher-angle side in the right-hand side as shown in Fig. 8.

As X-rays are diffracted by such distorted planes, two white lines

appear in the transmitted-beam images. When the rocking curve is

symmetric with respect to the exact Bragg angle, as in the case of C,

the two white lines show the same contrast. In the case of B, however,

the intensity of the tail in the higher-angle side is higher than that in

the lower-angle side, the right-hand side of the two white lines is

darker than the left-hand side. Similarly, in

the case of D, the intensity of the tail in the

higher-angle side is lower than that in the

lower-angle side, the right-hand side of the

white two lines is brighter than the left-hand

side.

Next we discuss the validity of the above

argument based on the dynamical theory.

According to the rocking curve of the

transmitted wave in Figs. 3(b) and 3(d), the

asymmetry is discernible up to about ®ve

times the FWHM. As the FWHM of the

rocking curve in Figs. 4(b) and 4(d) is about

70 0, the topographic images of white contrast

can be observed if the distortion angle is

more than 3.50 0. On the other hand, assuming

that the displacement R is about the same as

the lattice constant (Fig. 8), the angle |�| is

estimated to be in the range of 1.7±5.100 from

the transmitted image in Fig. 5(d). Since this

angle range is almost the same as the angle

range of the asymmetry of the observed

rocking curve (3.50 0), it is justi®ed that the

contrast change in Fig. 6 and its reversal can

be discussed based on the dynamical theory.

For this reason it can be said that the phase

information of �h should be re¯ected in the

contrasts of defect images in Figs. 5(b) and

5(d). It is useful to investigate the Burgers

vector of the dislocation in this case, which

will be published elsewhere.
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Figure 4
Measured rocking curves for the GaAs 200 re¯ection for (a) 10.362 keV, (b) 10.502 keV, (c) 11.343 keV
and (d) 11.805 keV. (a), (b), (c) and (d) correspond to the same conditions as those in Fig. 3. Open circles:
Pd. Filled circles: Ph.
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5. Summary

Topographs were recorded under four typical resonant scattering

conditions. The characteristic changes in the rocking curves predicted

by theory were clearly observed. In the case of �u; v� = (1, 0), the

scattering is induced only by �hr; and the Borrmann effect vanishes

completely even in an absorbing crystal. The region with defects

becomes dark in the transmitted-beam topographs, and sharp defect

images are obtained in the diffracted-beam topographs. This clearly

shows an advantage of using resonant scattering. In the case of

�u; v� = (ÿ1, 0), the scattering is induced only by �hi; and the Borr-

mann effect becomes very conspicuous even in a thin crystal. In the

defect regions, the Borrmann effect vanishes and the regions are

observed white and broadened. This suggests that the distribution of

distortions caused by lattice defects are sensitively observed. For

instance, the images of the lattice distortions caused by tiny defects,

which are not observed under the condition of �u; v� = (1, 0), can be

observed in this case. In the case of �u; v� = (0, �1), the Borrmann

effect is also conspicuous as in the case of �u; v� = (ÿ1, 0). In addition,

the contrasts are different between v = 1 and v = ÿ1, i.e. � = 0 and

� = �. The contrast difference can be discussed based on the resonant

scattering dynamical theory, by using the edge-dislocation model.

Figure 5
Recorded X-ray topographs for the transmitted beam (upper panel) and the
diffracted beam (lower panel) at the peak intensity of the diffracted beam with
energies (a) 10.362 keV, (b) 10.502 keV, (c) 11.343 keVand (d) 11.805 keV. h is
the reciprocal lattice vector.

Figure 6
Cross-section contrasts for (a) 10.502 keV and (b) 11.805 keV. Each left-hand
panel shows a part of the image in Figs. 5(b) and 5(d). Each right-hand panel
shows the cross-section contrasts along the lines indicated in the left-hand
panel. The height shows the dark level. The valley corresponds to the white
image in the topographs.

Figure 7
Diffracted-beam topograph recorded under the same condition as in Fig. 5(c)
but at the higher-angle side where the diffracted intensity is half of the
maximum.



Topography using resonant scattering is expected to be useful in

examining the perfection of a crystal and the details of the disloca-

tion.

In the present experiment the divergence angle of the quasi-plane

wave from the monochromator was about ten times larger than that

from the sample crystal. Even with this large divergent angle of the

incident X-rays the phase information was re¯ected in the lattice

distortion images. By improving the divergence angle in the experi-

ment, topographs with more conspicuous characteristics of the

dynamical effect with resonant scattering can be recorded. In the

present paper the topography in the Laue case is studied. It can be

extended to the Bragg case, which has been published elsewhere

(Fukamachi et al., 2002).
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Figure 8
The edge-dislocation model. R and � express the displacement and the angle
of the distortion due to a dislocation with an extra half plane p.


