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Effect of surface structure on crystal-truncation-rod scattering under the Bragg condition
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Theoretical and experimental studies have been made on crystal-truncatié@¥By scattering when x

rays satisfy the Bragg condition. Calculations were made on the basis of a dynamical theory in Darwin’s
approach extended to a multibeam case. Calculated results indicated that the profile of intensity changes of
CTR scattering as a function of incident angle under the Bragg condition is sensitive to surface structures. It
was made clear by kinematical treatment that the profile reflects x-ray intensity changes of the standing-wave
field at an atomic layer on a substrate crystal when x-ray scattering amplitude by the surface layer is larger than
CTR scattering amplitude by the substrate, particularly in the case of intensity measurements on fractional-
order rods of superstructures formed on the substrate crystal. The experimental result obtained(@1g Si
crystal was in good agreement with the theoretical calculation. Detailed analysis suggested that a strain field
caused by the native oxide layer spreads from the surface of the substrate crystal to a depth of hundreds of A.

[. INTRODUCTION mation for interaction between Bragg scattering and CTR
scattering. Finally an experimental result is given using a Si
X-ray diffraction has been used to study the structure of001) crystal.
surfaces and interfaces in recent decdde&razing inci-
dence diffraction is very powerful in determining two- Il. DYNAMICAL TREATMENT BY DARWIN THEORY
dimensional structures projected on surfat@n the other EXTENDED TO MULTIBEAM CASE
hand, crystal-truncation-ro@CTR) scattering has been suc-
cecsl s i elemine e dimension) Sticie? Sased on e knematical heckf Recenty, CTR scaterng
. o " has been studied from viewpoints of dynamical
One of the advantages of using x-ray scattering in surfacg. 10,12-17

structure analysis is that the scattering process is explaine firaction, and the intensity profile of CTR scattering
Y 9p P along rods is interpreted as a tail of the rocking curve in

by the kinematical theory of single scattering while multlpled namical diffraction phenomena. This means that the rock-

scattering processes are to be taken into account in electrgny ; e
) . ; . ing angle, that is, the deviation parameter suclyaScan be
diffraction such as low-energy electron diffraction and re-

; . : . related to the perpendicular momentum transfer indexed by
flection high-energy electron diffraction. . . -
. . . o In a previous work, we generalized the deviation parameter
As in the case of electron diffraction, x rays incident on a

plate crystal are diffracted in all the directions determined by;?atggtaﬁgclznbBteazlisl?c?lll:? figlﬁrmeag?;%sg 10;5? gg!y around the

the intersections between the Ewald sphere and the recipro- . .
; L .. To study an influence of Bragg reflection on CTR scatter-
cal rods. Therefore, in principle one can observe those dif- . . : .
. . ) ing, one is required to apply the dynamical theory to a multi-
fraction spots simultaneously. Even in that case, however, ; .
. " . ; ) Beam case. A number of studies have been made on multi-
those intensities are analyzed independently in x-ray dlffracb h v B flecti 8R%1
tion because the intensity of CTR scattering is extremely eam cases when only Bragg reflections are ex n
. . contrast to this, there has been few works on a multibeam
weak compared with that of Bragg reflection. It should be . o
. S case where CTR scattering as well as Bragg reflection is
noted, however, that this assumption is correct only when no : 2L . s
S . aken into accoun®?! This is because in the conventional
Bragg scattering is excited by the crystal. When the Brag% ; A i o
o == ® : ynamical theory, one can obtain diffracted intensities only
condition is satisfied for at least one Bragg point, all the hen tie points very close to Bra oints are excited
intensities of CTR scattering are expected to be influenced’ P y 99 p '
by the Bragg reflected beam.

In this work, we study an influence of Bragg reflection on
CTR scattering. We show that the intensity of CTR scatter- In this work, we study CTR scattering under the Bragg
ing changes drastically as a function of incidence angle uneondition based on a dynamical theBtyin Darwin’s
der the Bragg condition, and the profile of the intensityapproactf? Features of the theory are that not only can it
change is sensitive to surface structures using a dynamicahlculate the intensity of CTR scattering far from Bragg
theory developed by U$.Reasons for surface sensitivities of points as well as near Bragg points, but also it can be easily
the profile are discussed in comparison with the x-ray standextended to the case where the crystal is covered with sur-

ing wave(XSW) method! by using the kinematical approxi- face layers.

The intensity of CTR scattering has been well understood

A. Theoretical
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In this work, we treat a three-beam case, but it does noinfinite thickness in the coplanar case are given in Ref. 10
lose generality because the interaction between CTR scatteand are summarized in the Appendix with some details. The
ings is much weaker than that between Bragg scattering anexpressions givin@(ﬁ1 and REZ are valid for any incidence
CTR scattering. For simplicity, we treat a coplanar Braggangle provided the Ewald sphere intersects with the two rods
case where the incident and two reflected beams are in i reflection geometry.
plane perpendicular to the crystal surface. Once the reflection coefficients from an ideally truncated

First, we consider the case of a perfect crystal of semiperfect crystal are obtained for the two beahkhs and H,,
infinite thickness. Figure (&) illustrates a diffraction condi- those from the crystal whose surface is covered by a surface
tion where a Bragg poirttl; on thehik; rod and a pointi,  layer, Ry, and Ry, are given as follows by considering
on theh,k, rod are excited. Reflection coefficients of two multiple-scattering processes between the surface layer and
diffracted beam?REl and REZ by a perfect crystal of semi- the perfect crystal of semi-infinite thickness,

S S4S s .S SHS B S.S s .S SHS B
R rHl-l—(tOtHl—rleH—l)q)quHlRHl-f—(tOrHl_Hz—rleH—z)dD()(I)HZRHZ (1)
H1: S SHS B S SHS B !
1—(rH—ld>0<leRHl+rH—2<DO<I>H2RH2)

M, (8 F, -1, — Mo i) PO RE + (158, — 13, i) Do R,
Ry.= . )
2 S SHS B S SHS B
1-(rg@50) RY + 10507 RY)

Here we assumed the surface structure has twoBragg condition, the wavelengths ok =1.24053 A,
dimensional periodicity commensurate with the substrate.25000 A, and 1.30000 A were used in the simulations.
crystal. In these equation&s andr®s are transmission and Percent values shown in the insets of the figures mean the
reflection coefficients of x rays by the surface layer, respecdisplacement of the topmost layer normal to the surface, and
tively, which are calculated by Ff_esr2139|’3 diffraction theory the value of 100% corresponds to the displacement equiva-
taking into account single scatterin?® The surface layer |ent to the distance betweer(004 atomic planes,
does not necessarily mean a single atomic plane. A smal 4310/4 A.
number of atomic planes are allowed if the effect of multiple | the condition of Fig. ), where a point very close to
scattering among the planes is neglected. Phase fab@rs the Bragg point is excited, the profile shows little change
®p , anddp correspond to phase changes due to travelingvith the displacement of the surface layer, being insensitive
paths between the surface layer and the substrate, and thigsthe surface structure as is expected. However, as the ex-
are related to the thicknest of the surface layer and the Ccited point goes farther from the Bragg point, the intensity
propagating directions of the three beams as is seen in Eqgrofile of CTR scattering becomes sensitive to the displace-
(A4) of the Appendix. ment of the surface layer as seen in Figdh) &nd 3c). The

profile of intensity changes in Fig(® depends strongly on
the displacement of the surface layer, and resembles that of
B. Simulations secondary emission in XSW,the reason of which is dis-

To investigate an influence of Bragg reflection on CTRcusged in the next section based on the kinematical approxi-
scattering, we simulated intensities of CTR scattering along"ation. _
the 50 rod of an ideally truncated perfect Si crystal with N€Xt, we show effects of the displacement of the surface
(001 surface under excitation of 004 Bragg reflection on the!@Y€r on the intensity of CTR scattering when the displace-
00 rod, as shown in Fig. 2. By changing the wavelength, wdnent has a component parallel to the surface. We made

can select the indekon the 50 rod while exciting the 004 Simulations for the case of Fig.(§ (A=1.300 00 A)
Bragg point on the 00 rod. where the profile is most sensitive to the change of the sur-

First, we show results when the topmost surface layer i§2c€ structure. Figures@, 4(b), 4(c), and 4d) show results
displaced only in the direction of surface normal, corre-calculated for the displacement in the directiorapf where
sponding to the direction of the scattering vector for the 0048; Was defined byi=a; + 3a, in the (001 surface of sili-
Bragg point. Here we displaced, for simplicity, the topmostcon. In the figures, the displacement of the surface layer in
001 layer, which is a set of four atomic planes correspondinghe direction of surface normal was fixed at 0%, 25%, 50%,
to the unit cell in the ordinal definition. and 75% ofag/4, respectively, corresponding to Fig(cB

Figures 3a), 3(b), and 3c) show intensity changes calcu- Percent values shown in the insets represent the ratio of the
lated for the 50 rod around=5.013, 1=4.924, andl| displacement in the direction @f to that corresponding to
=4.423, respectively. Here the indéwas defined so that |a|/5, that is, 5.4310/(§2)A. Oneshould note that the in-
=4 means the 004 Bragg point. Thes 5 corresponds to tensity profile of 100% displacement is identical to that of no
the kinematical 555 Bragg reflection. To excite these pointglisplacement, which comes from the fact that the present
designated by values on the 50 rod while satisfying the 004 simulation is done along the 50 rod.
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FIG. 2. Geometry used in the simulation.

respect to a reciprocal poiit, then a standing wave field is

generated in the crystal as a result of interference between
the incident and diffracted waves. The electric field at a point
r in the crystal is given by

E=Epexp(—2mikg-r)+E exp—2miky-r). (3

Here ko and ky are the wave vectors of the incident and

diffracted waves in the crystal, respectively, daglandE
are their amplitudes at=0. From the dynamical theory of
x-ray diffraction, the reflection coefficient for the semi-
infinite crystal,R=E/E,, is written in a well-known form
as a function of deviation parameterrepresenting the inci-
dence condition:

C  Fy
R=—|b|1'2@ 7[FHFHJ1,2[77i(772—1)”2], €)

whereC is the polarization factol is the asymmetric factor,
andF, is the structure factor foH reflection.

For the moment, we neglect absorption by the crystal to
interpret phenomena qualitatively. Then the imaginary part
of the deviation parametey is neglected. In the region of

total reflection— 1< =<1, Eq.(4) can be rewritten by

(b)

FIG. 1. Geometry of coplanar three-beam cé®eand relations
among wave vectors used to explain the effect of Bragg scattering
on CTR scatteringb).

IIl. QUALITATIVE INTERPRETATION
BY KINEMATICAL THEORY

In this section, we show how the intensity of CTR scat-
tering is modulated by Bragg reflection on the basis of the

kinematical approximation, comparing with the intensity where

change of secondary emission in XSW. We use the dynami-
cal theory only for Bragg reflection and utilize the phase
relationship between the incident and diffracted waves. As
for other interactions, kinematical approximations are used.

A. Standing-wave field under Bragg condition

First, we briefly review XSW in the two-beam case.
When x rays are incident on an ideal crystal of semi-infinite

R=*|b|l/2£ L[?]*i(l*ﬂz)l/z] (5)

ICl [FyFR]Y2
cC Fy
:7|b|1/2ﬁ — 1,29 iT1(7) (6)
[FuFH]
:|b|l/20,efiH(1])’ (7)

_ 2
I1( ) =tan Vln” ) ®
C Fu ©

[l RyFa

From Eq.(7), the electric field given by Eq.3) can be

thickness at an angle satisfying the Bragg condition withrewritten as follows:
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. 004 Bragg | =|Eo|?{1+|b|+2|b|Y?0C co§ 27H - r +11(7)]}
12x10° ———m——————1—————— 1.2
1.0x10° o
= = forming the standing wave. The antinodes of the standing
2 s.0x10” 0.8 @ wave are planes parallel to and have the same periodicity as
3 i the diffraction planes, and move from the middle of the dif-
5. 6.0x107 06 2 fraction planes to the position just on them with a change in
2 2z n from 1 to— 1, wheren=1 corresponds to the shoulder of
3 g g the Darwi the | incident angle sid
8 4.0xi0 04 5 e Darwin curve on the lower incident angle side.
= [
: s
2.0x107 0.2 _ o _
B. CTR scattering under excitation of Bragg reflection
o0 271832 27,1840 27 1848 Since the intensity of CTR scattering is sufficiently weak
() incident  angle(degree) compa_red with that_of Bragg reflection, one can treat CTR
scattering by the kinematical theory. Now, we obtain the
6.0 10" 004 Bragg CTR scattering intensity based on the kinematical theory
. Tt T T T . . h .
' when Bragg reflection is excited on one of the rods. The
5.0 x10° 1o CTR scattering field, whose direction is defined by wave
_ 3 vectorkHZ, is composed of two components: one is gener-
el
2 Loxio® 0.8 g ated from the incident wavk,, and the other from the dif-
° « fracted WavekHl. The scattering vectay of each scattering
~ o . .
5. 3.0x10° 0.6 2 process is given by
3 2
B 2.0x10° 0.4 %
5 Q@
° T On,=kn,— Ko (12)
1.0x10° 0.2
6.0 0.0 - hH a.’:t +kH a; +IH a.; (13)
27.4072 27.4080 27.4088 27.4096 2 2 2
(b) incident angle(degree)
— 004 Bragg and
1.2 x10° T T T " 1.2
1.0x10° S —ku —k 14
) i AH,—H, = KH, ™ KHy (14)
2 g
= s.ox10” @
i3 3
> 6.0 X10-5 8 :hHZ,Hla’{+kH2,H1a§+|H2,H1a§ : (15)
S z
g . =
o 4.0x10 S ) _ _
@ 2 using the reciprocal vectog® (i=1, 2, and 3.
(0] . . . .
2 0x10° = According to the kinematical theory, the amplitude of
CTR scattering by a perfect crystal of semi-infinite thickness
0.0 is given by
28.6024 28.6032 28.6040
(© incident angle(degree)

—

FIG. 3. Intensity changes of CTR scattering of 50 rod when 004 _ .
Bragg reflection is excited. Values dfwhen 004 Bragg point is F(q)_Fhk(I)NE:O exp(2miNI)
excited are 5.0126a), 4.9237(b) and 4.4231(c).
Frk(h exp(il)

~ A~ i -~ . N 6
E=Eqexp —2miky-r){Eq+ Ey|b|Y20 exd —ill(7)] 1—exp(—2mil) “k()lem(wl) 19

Xexd —2wiH-rl}, (10
with respect to the scattering vectqe=haj +ka; +1a5 .
using unit vectorsE, and E,,. Therefore, the wave-field Therefore, the amplitude of CTR scattering under the Bragg
intensity at a point near the surfacéis obtained as condition can be written in the following form:
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FIG. 4. Intensity changes of CTR scattering of 50 rod when 004 Bragg reflection is excited. Displacement in the direction to the surface

normal is fixed to 0%a), 25% (b), 50% (c), and 75%(d) of the distance between t{e04) planes.

CTR 112
A (kHz)OCCHthHZkHZ(le)Zi Sin(aly, )+CH2—H1|b| UFhHZ,HlkHZ,HlUHZ—Hl)
2

exp(il )

using Eq.(10). Here,Cy, andCy, _, are the polarization

eXF( il HZ_Hl)

2i Sin(7T|H2,H1)

ex —ill(7)],

17

exp( il Hz)

factors associated WitqH2 and OH,—H,» respectively.

The scattering vectorgy, and On,-H, are not indepen-
dent, having a relation of

CTR
A (kHz)tx 2i Sir(’]Tle) {CHZFthkHZ(IHZ)

112
+Ch, -, [0 UFth*HikaHl(l Hy—H,)

xexd —ill(5)]}. (20
qHZ—Hl_qHZZ_(kHl_kO):_Hly (18
Therefore the intensity is given as follows:
as shown in Fig. (b). Then, we obtain a relation of
19TR (K)o —————|Cpy,Fi, i, (I1,)
|H2*H1_IH2:_|H1' (19) e 4'sz(’ﬂ-lHZ) " et "

12
+Ch,—, [0 UFthlekHszl(l Hy—H,)

xexd —ill(75)]%

Sincely takes an integer when the Bragg condition is sat-

isfied, Eq.(17) is rewritten by (21
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In the case of a centrosymmetric crystal, the imaginary AR NE-3 5565 reflection TR scattering
parts of the structure factofS's are zero by a proper selec- (\P'N PSPC
tion of the origin for the unit cell. Then in the case of an Islit

ideal crystal, we notice the intensity change of CTR scatter-
ing as a function ofy is similar to that of the standing wave

field atr=0 from Eq.(11) when the condition of | Si(220) channel-cut

monochromators

L
CHZFthkHZ(I HZ)CHZ,HthHlekaHl(I Hy—H,) >0 Si(111) monochromator Nal (F.M.)

(22) FIG. 5. Experimental arrangement used to study influence of
. - . . . L . B i TR ing.
is satisfied for the diffraction condition, which is the case in ragg scattering on CTR scattering
the simulations given in the previous section. This explains
why the intensity change in the case of no displacement 0% IV. EXPERIMENTAL RESULT
in Figs. 3a), 3(b), and 3c) is insensitive to the point of, Figure 5 shows the experimental arrangement to confirm
showing similar profiles as the intensity change of the stande prediction given in the previous two sections. The experi-
ing wave field at the diffracting planes. ment was done at the experimental station of the beamline

When the surface of the crystal is not ideally truncated AR-NE3 in KEK, where a high brilliance x-ray beam is
the effect of the surface structure on x-ray scattering has tgyajlable from an in-vacuum undulator installed in the Ac-
be taken into account. Then the electric-field amplitude iSymulation Ring* A single crystalline SD01) (60 mm
rewritten by x40 mmx10.5 mm) was used as a sample. We measured

) the intensity of CTR scattering along the 00 rod under excit-
exp(ily,) ing the 555 Bragg reflection as shown in Fig. 6.
FthkHz(le) 2 sin(mla ) sin(7l ) The o polarized beam, premonochromati;ed by @ 81
2 double-crystal monochromator, was more highly monochro-

ACTRxC,,
2

matized by two S220 channel-cut crystals arranged in the
+ FEH k. (In,) €XP(27Ti Oy - rs)l (++) geometry. The value ak\/\ is of the order of 10°.

22 This monochromatization is required to obtain modulation
profiles without suffering the smearing effect due to disper-
sion of wavelength. As a result, the number of photons that
could reach the sample was about’ 1€ps, which is too
) weak to perform measurements sensitive to the surface struc-

exp(mily,—n,) ture. Thus we measured intensities of CTR scattering along
XW the 00 rod relatively close to the 004 Bragg point, where the
H,—H - . .
21 reflectivity of CTR scattering is of the order of 10but the

112
+Ch,—n B[ FthHlkaHl(l H,—H,)

intensity profile is not so sensitive to the surface structure, as
+Fp K (I Hz—Hl)eXp(ZWiQHz—Hl' rs) is expected from Fig. @). The value ofl for the 00 rod was
Mz~ H1 Mz =My about 3.946. The wavelength of x rays was fixed at
xexd —iTl(7)], 23) 1.24053 A, which was experimentally determined by the

difference between the incident angles giving 004 and 555
Bragg reflections.

wherer® is the position of the surface structure relative to the X L )
The beam intensity impinging on the sample was moni-

substrate, anB}, is the structure factor for the surface struc- AL
tored by an Nal scintillation counter placed before the

ture. ] . ;
gample, and the signal was normalized by its counts. The

Using this equation, we can almost reproduce the result - : )
in the pgreviousqsection calculated by thepdynamical theoryl_ntensmes of 555 Bragg reflection and 00 rod CTR scattering

This equation clearly shows that the total scattering ampli-

tude at far from the Bragg point is sensitive to the structure _ o 10117 “ 30337 i 50557 T
of the surface layer. In an extreme case where the amplitude
from the substrate is neglected compared with that from the 61 / T
surface layer, the total amplitude is given by sk 115 335 555
/ a4l 004 224 444 664
CTR H
A “exqzquz'rs){CHzFﬁszHz(le) sL { 333 553
+Ch,—n,|b|Y2oF} Iy, - T 2r >
H, H1| | th_H1kH2_H1( Hy Hl) L y 331 551
Xexp —2miH rexd —ill(n) ]} (24) 1 T o 440 60007 surface
This means that the dependence of the intensity modulation ™[ 11 SIS /

of CTR scattering on the position of the surface layer relative
to the substrate crystal is similar to that of secondary emis-
sion in XSW, as seen from E@10). FIG. 6. Geometry used in the experiment.
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the CTR scattering and does not change the intensity of
Bragg reflection if the range of the strain field is sufficiently
larger than the lattice spacing and small enough compared to
the extinction depth of the Bragg reflection, and the accumu-
lated total shift at the top layer of the substrate silicon crystal
from the ideally truncated position is small compared to the
lattice spacing.

Simulations showed that the phase of the CTR scattering
is most sensitive to the total shift of the lattice plane at the
top of the silicon crystal. Thus, we obtained the total shift by
the least-squares fits assuming a simple model in which
layers of the silicon crystal surface have a constant lattice
distortion of Ad/d. The best fits were obtained at

1 —0.15 A for the total shift wheMN =228, corresponding to
Y, \ ' the depth of 310 A, and\d/d=—0.0005. The result is
1 shown as the solid line in Fig. 7. The value pf was im-
0.0 proved to be 1.9 from 3.3.
Recently, this kind of strain field, which may depend on
Incident angle (arcsec.) the macroscopic shape of the sample and the structure of the
oxide layer, has been observed by using extremely asymmet-

FIG. 7. Experimental results on 555 Bragg reflection and CTRIiC X-ray diffraction® It is noteworthy that the present
scattering along the 00 rod. Open and filled circles show the intenmethod has a potential to be used for investigating such
sities of 555 reflection and 00 rod CTR scattering, respectivelystrain field near the surface.

Broken and dotted lines represent the intensities of 555 Bragg re- Next, we discuss the features of the present method. We
flection and 00 rod CTR scattering calculated for a perfect crystashowed that the method presented in the work has a similar-
by the dynamical theory. Solid line was calculated for a model inity with the x-ray standing-wave method. In the conventional
which surface layers of the silicon crystal are distorted by the nativestanding-wave method, the yield of secondary emission such
oxide layer. as fluorescence is observed in proportion to the field intensity
at emission atoms in surface sensitive measurements. In a
were detected by a PIN photodiode and a PSP@sition  similar sense, when x-ray scattering amplitude by a surface
sensitive proportional counterespectively. Spot intensities layer is larger than CTR scattering amplitude by the sub-
observed by the PSPC were integrated after subtraction sfrate, x-ray intensity elastically scattered by the system re-
the background. A typical intensity for the 00 rod was aboutflects the intensity of the standing-wave field formed by
a few cps. Bragg reflection at the surface layer. Therefore, in the case of

The result is shown in Fig. 7, where open and filledmeasurements of fractional-order rods, not including x-ray
circles mean the intensities of 555 reflection and 00 rod CTRscattering from the substrate, the profile of intensity changes
scattering, respectively. The broken and dotted lines représecome quite sensitive to the surface structure. This is the
sent the intensities of 555 Bragg reflection and 00 rod CTRase even for reconstructed surfaces formed by the same at-
scattering calculated for a perfect crystal by the dynamicabms as the substrate, in contrast to XSW. Another difference
theory given in Sec. Il. It is clearly seen that the CTR scat-of the method from XSW is that the profile of the intensity
tering intensity is indeed modulated by the Bragg reflectioncurve for a 100% displacement of diffracting plane is not
However, there is a slight difference between the observeitlentical to that for no displacemef@®%) as is understood
curve of the CTR scattering and the curve calculated for afrom Eg. (2).
ideally truncated Si single crystal indicated by the dotted In the present method, the intensity of CTR scattering
line. This difference will be discussed in the following sec- depends not only on the incident beam but also on the Bragg
tion. reflected beam by the effect bimweganregungso that the

profile of the intensity change is sensitive to two-
dimensional structure on the scattering plane in the coplanar
V. DISCUSSION case. Therefore, in principle, the profile of the intensity

First, we discuss the slight difference seen in Fig. 7. Th&hange in noncoplanar geometry has three-dimensional in-

experiment was done in the atmosphere. Thus a native oxid@'mation on the surface structure. This indicates that the
layer about a few tens of A in thickness is formed on theMmethod presented here has a possibility of determining the

substrate silicon crystal. But it is obvious that neither theth"€€-dimensional surface structure by scanning only a small

scattering from the native oxide layer nor that from the local@ngular ra}]{\ge, Wh(;CE ha.; an a?vantage when the sample ('js
structure at the interface between the native oxide layer angot SO uniform and has the surface structure on a restricte

the silicon crystal can explain the difference because th&€2:
CTR scattering was measured at a point close to the Bragg
point, as is understood from Fig(e3. However there is a
possibility that the native oxide layer brings about strain
fields spreading into the substrate crystal. Effects of Bragg reflection on CTR scattering are calcu-
One can show that such strain changes only the phase &dted based on Darwin’s dynamical theory extended to a

1.5 T T — T T | I——— T 24

CTR scattering intensity (arb. unit)
Bragg reflection intensity (arb. unit)

0.0 L tammcqe® | . 1 . °|°°‘~'po-_n
-15 -10 -5 0 5 10 15

VI. CONCLUSION
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three-beam case. The results showed the profile of the interut crystals. The present work was partly supported by a
sity change of CTR scattering is sensitive to surface strucGrant-in-Aid for Scientific ResearckNos. 09304035 and
tures. It was found that the kinematical calculation repro-0944015} from the Ministry of Education, Science, Sports,
duces the dynamical one quite well if the intensity of CTR and Culture.
scattering is sufficiently weak compared with the Bragg in-

tensity, which is usually the case. It was also shown by ki-

nematical treatment that the intensity of CTR scattering

shows a similar change as that of the standing-wave field at

the surface layer when the amplitude of x-ray scattering by In this appendix, we treat a perfect crystal of semi-infinite
the surface layer is large compared with the CTR scatteringhickness. In Darwin’s dynamical theory, the crystal is di-
amplitude by the substrate. A preliminary experimental rewided into atomic layers parallel to the crystal surface. The
sult obtained for a $001) crystal agrees with the theoretical atomic layer corresponds to a unit cell defined parallel to the
one although the experiment was done at the condition not s§urface. Thus the definition of the unit cell does not always
sensitive to the surface structure. Further analysis improvesgincide with that in the conventional 3D crystallography,

the fitting between the two if we assume that the strain fieldynq js rather consistent with that in the kinematical theory of
caused by the native oxide layer extends from the top of thg,rface diffractiort

APPENDIX

silicon crystal into the depth of a few hundreds of A. First, we consider a perfect crystal of finite thickness. In-
tensities diffracted by an ideal crystal di+1 layers,
ACKNOWLEDGMENTS Ry, n+1 @ndRy, n+1, have a relation with those o lay-

The authors would like to thank S. Nakatani and Y. Ito for €S:Ru, v @ndRy, v, in the Bragg-case of three-beam co-
discussions and Y. Yoda for providing them with channel-planar geometry®

P, + (ot =y A PoPu Ry, nt (tol w,—h, = Th, TRy Po®Pr, Ry, N

R = , Al

HpN+1 1_(rH_l(I)0q)HlRHl’N+rH_ZCI)O(DHZRHZ‘N) ( )

R _ P, + (ol i, —n, — TR ) Po®Pr Ry Nt (toth, =T, Ty Po®r, Ry, N A2)
Ha N+1 1_(rH_lq)OCDHlRHl'N—'_rH_2®O¢H2RH2’N) '

wherer’s aret’s are reflection and transmission coefficients =cos®,/cos®,,_ for H, reflection,d being the distance be-
of a layer calculated by Fresnel's diffraction theory and re-yyeen the Iayerzs constituting the crystal.
lated to the structure factors for the lay&f? For instance,

- Diffracted intensities by an ideal perfect crystal of semi-
Iy, is given by

infinite thicknessR; and R} may be calculated from the

coupled equations(Al) and (A2) by putting Ry, n-+1
(A3) =RH2,N=REZ and RHl,NH:RHl,N:RE‘l. Then the

coupled equations are reduced to a cubic equatidhﬁcl)for

wherer . is the classical radius of an electr@is the area of RE . For instance, the cubic equation RE is expressed as
the unit cell, and:H1 is the structure factor for the surface  ° 2

Chrg FHl

H,~! [cos® [ S

layer. Phase factor®,, ®y , and®,,, are defined by 1Ry 3+ aRp 2+ agRy +2a,=0, (A5)
. dcosO, where
dy=ex —IZWT ,

a,=b?cPrg?+bergrg(cM—bL) —bc?Qrg?,
1 2 1 2
—d cos®H1> (AB)

oy =exp —iI27————
M1 p( T A a2=b(cM—bL){rH—l(cM—1)+chH—2}

—dcosOy, +bra(cry ra,+bry ra;+2bcPQ
Dy, =ex _iZWf , (A4)

where®g, ©y , and®y, are incident and scattered angles

measured from the inward surface normal as depicted in Fig@s=0ru ra(cM—bL)+b(cM—1){ry rg;—Q(bL—-1)}
1(a), and asymmetric factors for the two reflections are given . .
by lezcos(%lcos(OH1 for H; reflection, and sz +bQ(Zererl_Cerer+bCPQ)' (A8)

—2bcQ(ecM—1)ry;, (A7)
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a,=bry ra+b?Q%ry —bQry (bL—1)  (A9) OnceRy, is obtained R} is calculated by

with the definitions of

. (A1RE ?+B1RE +1y,)
L:totHl_rleH_l, (AlO) RHl_ - (ClRH2+D1) y (A16)
M :totHz_ I’HZI’H—Z, (All) Where
P=toru, -1, TA,"H,» (A12) e
1~ Ha 2 Hi Ar=cri, (A17)
Q:toer_Hl_errH_l, (A13)
B;=cM—-1, (A18)
and
b=<DO<DHl, (A14) Clzbl’H—l, (A19)
C=CI)0CDH2. (A15) D,=bQ. (A20)
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