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Local-structure analysis around dopant atoms using multiple energy x-ray holography

PHYSICAL REVIEW B, VOLUME 63, 04120(R)

Kouichi Hayashit Masaki Matsutt Yasuhiro Awakurd, Takahiro KaneyosH,Hajime Tanida and Masashi Ishii
IDepartment of Materials Science and Engineering, Kyoto University, Sakyo-ku, Kyoto, Japan
’Hyogo Prefectural Institute of Industrial Research, Suma-ku, Kobe, Japan
8Japan Synchrotron Research Institute, SPring-8, Mikazuki-cho, Sayo-gun, Hyogo, Japan
(Received 8 September 2000; published 9 January)2001

We used multiple energy x-ray holograpfiMEXH) to image the local atomic environment of Zn atoms
doped in a GaAs wafer using synchrotron radiation and a multielement solid-state detector. The obtained
atomic images revealed that the Zn atoms occupied substitutional site. By the comparison of the reconstructed
images 1.41 A above and below the emitter atom, the suppression of twin images due to MEXH was confirmed
experimentally for certain atoms.
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[. INTRODUCTION chrotron radiation. In this experiment, a multielement solid-
state detectofSSD was used for recording the hologram.
X-ray fluorescence holographyXFH) is a technique The multielement SSD is suitable for the inverse XFH of the
which can record the amplitude and phase of wavefrontémpurity element, because it has a large detecting area and
scattered by atoms, relative to direct unscattered waves, arghables high countrate measurement.
directly provide a three-dimensional atomic image of the en-
vironment ground the atoms emitting the fluorescériteo Il EXPERIMENTAL DETAILS
types of this method have been developed: “normal XFH”
and “inverse XFH.” In normal XFH, fluorescence from at-  The hologram measurement was carried out using syn-
oms inside the sample approaching the detector on a direchrotron beam line BL10XU at SPring-8 in October 1999.
path constitutes the holographic reference beam, and fluoreSPring-8(Super Photon ring-8 GeMs one of the ultrahigh-
cence scattered by neighboring atoms acts as the objebtilliance synchrotron facilities in the world. The electron
beam?~" A holographic pattern can be recorded moving thestorage ring current was between 100 and 80 mA during
detector around the sample. The inverse XFH is based on thieeasurements. The synchrotron radiation from an undulator
idea of the optical reciprocity of the normal XFH and the was monochromatized by a $111) double-crystal mono-
application of known principles for x-ray standing waves.chromator. The GaAs:Zn wafg001) was purchased from
The atoms emitting fluorescence serve as the detector of tieuruuchi Chemical Co(Tokyo, Japah The Zn concentra-
interference field originating from the incident and scatteredion in the wafer was determined to be 1.0
x rays, which constitutes the reference and object beamss 10*® atoms cm?®(0.02 wt % by a Hall measurement. The
respectively. The holographic pattern can be obtained by dediameter and thickness of the sample were 50.0 and 0.25
tecting the fluorescence while varying the sample orientatioomm, respectively. The incident x-ray energy was 9.7 and
relative to the incident beam. Since the incident x rays can b&0.0 keV, which was between the Zn and &absorption
of any energy above the absorption edge of the emitter, inedges, so as to avoid excitation of the Ga and As x-ray fluo-
verse XFH allows holograms to be recorded at an arbitraryescence.

energy, which can suppress the twin-image effeict.gen- Figure 1 shows a schematic illustration of the experimen-
eral, this method is called “multiple energy x-ray hologra- tal setup. The sample was mounted on a two-&&ig) ro-
phy” (MEXH). tatable stage, wheréwas the polar angle between the inci-

Until now, most of the papers about XFH have reporteddent beam and the surface normal, ahd/as the azimuthal
demonstrations for structural determination of single crys-angle between thgl10] and the projection of the incident
tals, whose atomic configuration was already known by thdeam. The[110] direction of the sample was determined
x-ray-diffraction method. Gogt al. tried to determine the from the cleavage planes. Multielement SSD was placed par-
structure of GaP small clusters in the Si matrix usingallel to the incident x-ray electric field, as shown in Fig. 1.
MEXH.® In 1998, we measured the hologram of Zn doped inThe intensity of ZnK o x-ray fluorescence was measured as
a GaAs wafer by the single energy inverse XFH and success function of the azimuthal anglep, and polar angleg,
fully obtained an atomic image, suggesting that the Zn atomsvithin the ranges of 02¢$<360° and 26%6#<60°. The
occupied the substitutional sité.However, the obtained dwelling time for one pixel wa 1 s with 2° steps i and 1°
atomic image was blurry and distorted, becauseSHhéof  steps ing. The total integrated intensity of the o x-ray
the hologram data was low due to an insufficient total counfluorescence at each pixel was about 200 000 counts.
of the fluorescence in each pixel of the hologram. In order to
check thg: 'r.eprodumblllty of the above results and to evaluate Ill. RESULTS AND DISCUSSION
the feasibility of MEXH for structural analysis around the
impurity element, we again carried out the holography ex- Since the raw hologram data were noisy, they were
periment of Zn in GaAs at two different energies using syn-smoothed by applying low and high pass filters. The holo-
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FIG. 1. Experimental setup for MEXH measurement. The inci- £

dent beam size was 0.28.25 mnt and its intensity was monitored

by an ionization chamber. X-ray fluorescence was detected by a 19
element solid-state detector. Angular acceptance of the detecting
area was approximately 43°. The incident beam was linearly polar-

ized and the electric field was parallel to the horizontal plane. The

experiment was performed using the BL10XU beamline of (b}
SPring-8.

4
graphic patterns for the incident energies of 9.7 and 10.0 keV

were different, while they showed periodical undulation re-
flecting the symmetry of the GaA®01) plane. We recon- 2
structed the atomic image from these holograms using the
Barton algorithm'! and successfully obtained the images of 7
the first- and second-neighbor atoms around the emitter. But, = 0
the reconstructed atomic images were distorted and no more &
atoms could be observed.

In order to obtain clearer atomic images, we symmetrized 2
the holograms by the use of the symmetry of the host GaAs
single crystaf? Figures 2a) and 2b) show twofold-
averaged holographic patterns for 9.7 and 10.0 keV, respec- -4
tively. From these holograms, we again reconstructed atomic
images of planes parallel to tH601} lattice plane cutting
through the Zn atom, and 1.41 A=(z/4) above and below e T ™ TR

I e N ELJNNL A N S S e S e e m S |

the emitter atom, which are termed here plaAeB, andC. -4 -2 0 < 2 4
Figures 3a), 3(b), and 3c) show the reconstructed images of ko {A }

planesA, B, andC. From Fig. 3a), 110, 110, 110, and 110 _

atoms are clearly seen and the distances between the inten

sity maxima of these atoms and the emitter are equally 4.02 _{:-] 5 Pt U ) 0'5

A. The crystal structure of GaAs is a ZnS-like structure with
a=5.65 A, that is, it consists of two face-centered-cubic

cells. The Ga and As layers stack aIternatzly along:ta)ei_s; incident energies ofa) 9.7 keV and(b) 10.0 keV. Hologram
these two layers are separated by 1.41 A. The atomic CONyata \/(g,¢) were twofold averaged using the relation

figuration of the Ga layer is the same as that of the As IayerXf(g,(f,) =[x(6,¢) + x(6,¢ + 1809 + x(6,— ) + x(6,— p+18091/4,
and the nearest Ga-Ga or As-As distances are 4.00 A. Thugnere x(6,¢) was hologram data after applying the low and high
the Zn atoms are found to substitute for a Ga or As site. Thipass filters.y’ (6, 4) was projected onto thix-ky plane, where
result well agreed with extended x-ray absorption fine struckx=|k|cos ¢ sin 6, ky=|k|sin ¢ sin 6 and|k| is the wave vector
ture (EXAFS) one®® 200, 20, 020, 0 atoms are also vis- magnitude of incident x rays.

ible at distances of 7.02 A, which is 25% larger than the

distance(5.65 A) expected from the GaAs crystal structure. pacause of the charge neutrality. Figure 4 shows the possible
In Fig. 3b), strongl 1 2,111 331 331
33

FIG. 2. (Color) Holograms of Zn in GaAs recorded at the

i35 %, 55zatomsand model of the atomic arrangement around Zn atoms. Since the
weakii i 111331331 at5ms are seen, revealing intensity of the x rays scattered from the atoms lying on

that Zn atoms are substituted selectively for one site of Ga oPlaneB is stronger than those on pla it is considered

As. The possibility of As-site substitution may be negligible that thel 2 , 11 2 21 331 aroms are the real image
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FIG. 3. (Color) Holographic reconstruction of an environment around the Zn. The planes parallef@fféattice plane cutting through
the fluorescence emitter atom, 1.41 A above and below the emitter atom are displégecbin and(c), respectively. The dashed lines show
the outline of the GaAs crystal cell. Solid and dotted circles show real and twin images, respectively.

and thatd 2 %, 111 331 831 aiomlike images are twin TTTT S o _

reazzmzza ez 4 v g Thei il 111 331 331 aomicimages appearing
images of the3 3 7, 5 3 4. 5 54, > 5 4 atoms existingon . _. . e
in Fig. 3(c) are twin images of 3 7,3 3 5. 5 5 .5 5 4.

planeC, respectively. Holographic twin images appear nec- o . . . ;
essarily in the image reconstructed from the single energ t(.)m's in Fig. 8), respectively. Since thg '”te”S'tY of each
hologram and are suppressed by the reconstruction from tH¥/in image nearly equaled that of the paired real image, the

MEXH data. Twin image suppression becomes effectivdWin image suppression was not confirmed for these atoms.
11 331 331

with an increase in the number of holograms recorded aln contrast, the real images 6f3 %, 3 3 4,5 3 4,3 3
different energies. However, since we measured only twatoms in Fig. &) are obviously intensive compared to their
holograms in our experiment, this effect is considered to béwin images displayed in Fig.(B). This result revealed that
weak. two energy MEXH data contribute to suppressing the twin
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image fory 3 5,3 33,3 2% 33 % atoms. In addition to
these, atomlike images are observed mfy]=(*+2.6 A, [f10]
+2.6 A) or (=5.2 A, +5.2 A) on planeB and the intensities [110]
of their twin image on plan€ are also suppressed, but we
could not assign them in this study.

[001]

The distances from the center 0% 1, £ 3 %, 11 3, > % = oo ATA
111 atoms are equally 1.94 A which well agreed with the %" A
distance(2.00 A) predicted from the knowledge on the EX- o— 200 1"‘#
AFS and crystal data. While the distances from the center t Gl LT oA
331 333 231 2371 atoms are equally 5.13 A, which is W:::::::::)’%ﬁ::::::::: :::

14% shorter than the expected distaf@®0 A). Taking into
account the image of plar the atomic images of first- and O 4n @ Ga © As

second-neighbor atoms within the radius4A appear at .
accurate positions, while the positions of the other atomic G+ - Model of local environment around Zn atom. The
. . - . atomic arrangement is obtained from the reconstructed images in
images are largely displaced. It is considered that these Iarg’_fi*g 3

displacements originate from the weakness of the holo- = ™

graphic signal from the atoms existing at the distance of ove
4 A from the emitter. This problem will be resolved by the
increase of the total count in each pixel.

Beside imaging planes, B, andC, the reconstruction was
performed for the planes parallel to th@01} lattice plane
2.83 A (=2/2) above and below the emitter atom. The atom
existing on these planes were not visible, however, whic

K/IEXH was recognized for certain atoms. The centrosym-
metric atomic structure images reconstructed from single-
energy holograms often diminish due to the real-twin image

overlap problent® Therefore, the MEXH was predicted to
Sbe useful for the reconstruction of all near-neighboring at-
ms surroundigig2 lgqg emitter, and it was confirmed
was attributed to loss of image information along thaxis experimentally”©= 1% I_3e5|de§, the twin IMage suppression
for non-centrosymmetric atomic structures is also important

as a direct consequence of the limiterlrange of the mea- 18 :
sured hologram as well as the polarization effect of the inci&S demonstrated b_y Bartdrand .Adamset al-= However, it
ad not been confirmed experimentally as far as we know.

dent beam. When the polarization vector was perpendicul hus, we believe that this is experimental evidence. The

to the polar rotation axi®, the horizontal atomic structure esent results demonsirate that the x-rav holoaranhy tech-
near the basal plane was emphasized and the vertical atorrit . X . y graphy
nique is applicable to practical structural analysis of trace

structure near th¢001] axis was diminished* Images of . - . ) .
these planes should become further resolved with fult 2 Impurities fora reasonable.m.easure_njent time using a third-
Igeneratlon synchrotron radiation facility.

scans used for the incident beams of the vertical and hor
zontal polarizations.
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