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ENERGY-DISPERSIVE STUDIES OF THE INTEGRATED

REFLECTIVITY OF BRAGG DIFFRACTED CONTINUOUS

X-RAY SPECTRUM FOR HIGH-SENSITIVE STRUCTURE
DIAGNOSTICS OF IMPERFECT SINGLE CRYSTAL

The standard-free energy-dispersive method for investigation of the integral reflectivity as well as Sor
determination of structure perfection parameter, i.e. static Debye—Waller factor of a real single crystal
(with structure defects) for a wide range of wavelengths of X-ray continuous spectrum, is developed for
the Bragg case of diffraction. Two Czochralski-grown silicon crystals with different levels of structure
perfection are tested using this approach. The method happened to be very sensitive to structure distor-
tions in the wavelengths shorter than 0.3 4. Extending the range of the used wavelength to 0.2 4 provides
more than one-order enhancement of the sensitivity and accuracy of the static Debye—Waller Jactor de-
termination. The experimental resulls for reflectivities are Sound to be in a good agreement with predic-
tions of the dynamical theory of X-ray scattering Jor crystals with homogeneously distributed structural
defects. The application of the proposed method seems to be very promising for synchrotron-radiation
sources.

3anpononosano Gesemanonnuii memod BUMIPIOBARHR inmezpansioi 6id6uenoi 30amnocmi (IB3) pe-
anbHux (SKi micmamy Oegpexmu cmpykmypu) MOHOKpUCmanie, a maxoxc iHmezpanbhozo napamempa
cmpykmyproi docxonasocmi — cmamuunozo gaxmopa Aeban— Bannepa, wo moxce Symu sacmocosa-
Rutl 00 wupokozo Oianasony GoexucUH xeuns penmzenigcskozo eunpomintosanna. Jocridncyearucs Gea-
Qucaokayilini MoOKpUCanU KpemHilo, supoweri 3a memodom Hoxpanscbiozo, wo xapaxmepuaysanucs -
Pi3ruM pisnem cmpykmyproi nedockoranocmi. Memod sussuscs ocobaueo uymaueum do degpexmie Kpu-
cmanivnoi zpamxu npu euxopucmanmi HCOPCMKO20 DEHMREHIECHK020 GUNPOMINIOBAHHA 3 DOENCUHOIO
xeuni menusoro 3a 0,3 A. 3acmocysanns 3anpononosanozo Memody na dosxcunax xsuns PB 0,2 4 dozeo-
Auno Ginbw ax na nopadox nideuuwumu yymaugicms IB3 do cmpykmyprux Hedockonarocmeii. Odep-
ocani excnepumenmansui 3nawenns IB3 snaxodsamscs Y 0obpiii 3200i 3 nepedbauennsmu OUHaMiuHOT
Meopil posCiARHA penmaeHiscokux npomenis Ha Kpucmanax 3 00HOpIOHO po3nodirenumu deghexmamu. -
llepesazu 3anpononosanozo memody cmaroms Haliinsw SUPASHUMU NpU 3GCMOCYBAHHI CUHXPOMPOHHUX
dorcepen penmeeniecokozo BUNPOMIHIOBGHHSA.

Hpednoxcen Geasmanonnuiii SHEP200uCnepcuoHHbIl Memod uzmepeHus Opszeoeckoll unmezpanbyoii
ompaxcaiouei cnocobrocmu (HOC) peanvtbix (codepucaigux depexmor cmpykmyper) MOHOKpUCMAANoe,
@ MaKxce 0npedencHUs UHMEIPANLHOZO NAPAMEMPa CMPyKmMypHO20 coseputercmea — cmamuyeckozo
daxmopa fleban— Barrepa, npumenumoiti 6 uupoxom duanasone daun eoan penmaeenoeckozo uzayuenus.
Hccnedosanucy 6esducaoxayuonnsie kpucmann kpemnus, evipawennsie memodom Hoxpanscxoeo, xa-
PAKMEPUSYIOUUECH PAINUHBIM YPOBHEM CIMPYKIMYPHbIX Uckadcenuii., Memod okasancs ocoberno uyacm-
6umenvibiM K Oepekmam Kpucmaniuyeckoil pewiemxu npu UCnoab306aRIU HcecmKo2o penmeeHoeckozo
usnyuenus ¢ Onunol eonnw menvuieii 0,3 A. Hcnoavsoeanue npednodcennozo nodxoda Ha dauHax eoan
PJ1 0,2 4 nosgosuno Gonee wem na nopadox noesicums wyscmeumenswocms HOC k CMPYKMypHoM Uc-
Kkaxcenunm. [lonysennsie skcnepumenmanvio 3nauenus- HOC okasamucs & Xopowem coanacuu ¢ nped-
CKA3aHUEM OUHAMUMECKOU MEOPUU PACCERNUR PEHMZEH0BCKUX Ayed Ha kpucmannax ¢ 00HOpodHo pac-
npedenennvimu degpekmamu. Memod npedcmaensemes ocobenro NEpCneKmueHsM npu UCnONb30BAHUU
CUHXPOMPOHKBIX UCMOYHUKOE PERM2EHOBCKO20 UIMPHeHUR.

Key words: integral reflectivity of single crystals, defects, dynamical theory of scattering, X-rays, dif-
Jractometry. }
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Energy-Dispersive Studies of the Integrated Reflectivity of Bragg Diffracted Continuous X. -Ray Spectrum

1. Introduction

Integral reflectivity (IR) of a real (imperfect)
crystal in the Bragg case of diffraction of X-rays
~ (reflection geometry) is shown [1—6] to be highly.
sensitive, under certain conditions, not only to
surface distortions, but to the volume structure
distortions too. Comparing to the Laue case of
diffraction (transmission geometry) Bragg one has
various advantages, for instancé: éonéide;rably
higher diffraction maxima intensity, independence
on thickness of massive samples, and opportunity
of direct investiéation of the diffuse component of
scattering by the analysis of the spatial intensity

distribution of the diffracted beam [2—4] in the

single crystal scheme.

The IR sensitivity to structure distortions of the
real crystals being characterized hereafter as the
ratio S = R/R (R, R’ stands for IR of imperfect
and ideal crystals respectively), is known to in-

crease while the X-ray wavelength A decreases

within the range A = 0.1-2 A. So the hard X-ray
radiation is preferential for gaining a high reliabil-
ity of the IR diagnostic method. On the other
hand, one has to use rather soft X-ray radiation
A=0.9—-1.5 A for the purpose of anomalous scat-
tering effects investigation near the K-edges of the
absorption for the atomic elements of such binary
compounds as GaAs, GaP, GaN, erc.

The commonly accepted procedure for IR

measurements by the double crystal spectrometer

includes some basic problems. First of all, an ex-
tremely high supply voltage to excite intense hard
characteristic lines (usually much more 100 kV)
and rather complicated multicomponent mono-
chromator are needed. Discrete set of the avail-
able characteristic lines offers a very limited possi-
bility to study the energetic (spectral) dependen-
cies of the IR, especially when the sharp peculi-
arities of the IR behaviour take place. '

Single crystal diffraction scheme provides a
relatively good possibility of the IR measurements
for any A using the continuous white beam spec-
trum of X-rays {7]. In this case however a refer-
ence sample (standard) with the known or pre-
dictable R, value is necessary. Moreover, a special

measurement shduld be made to separate the "

contribution of the apart X-ray long+ and short-
wave harmonics of used A as well as the contribu-
tion of the inelastic scattering to the total inten-
sity. The energy-sensitive detectors of X-ray ra-
diation could serve to resolve this problem by the
simplest way [8—10] as well as to register reflec-
tions of the different orders at a given Bragg angle
8, simultaneously. Therefore the time of the car-
rying out an experiment may be considerably re-
duced.

An essential disadvantages of the X-ray tube
comparing to synchrotron sources are obvious:
less brilliance, restricted X-ray range with a con-
siderably unsmooth energy white-beam spectrum
overlapped by the sharp characteristic lines. Nev-
ertheless, X-ray tubes are still the most widespread
sources of radiation.

The main goal of the present work was to de-
velop a quantitative method for the non-destruc-
tive defect structure diagnostics of the single crys-
tals by means of the standard-free energy- disper-
sive IR measurements in the Bragg case of dif-
fraction using continuous X-ray spectrum and
single-crystal spectrometer.

2. Theoretical Background

The integrated intensity of X-rays, KE), scattered
by a single crystal characterized by an IR, R(E),
could be written in the following way:

KE) = R(E)(B), o))

where Jy(F) is the intensity (per the unit solid an-
gle) of the incident radiation with given energy F.
Here we assume that the Jo(E) value is the same
within the angular range Q of the incident beam
and Q exceeds the angular range of diffraction.
Relation (1) permits to determine R, values for the
chosen imperfect single crystal directly from the
I(E), J(E) values [8, 9]. To evaluate Jo(E) de-
pendence from the diffraction data a reference

- sample is needed first. Moreover it should have a

perfect structure for using the dynamical theory of
an ideal crystal to calculate its R; value and in-this

way to avoid an ambiguity in Jy(E) values.

It is well known [11—15] the X-ray scattering
by real single crystals, such as industrially grown
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Si, Ge, GaAs, GaP, GaN, efc. can be described
by the dynamical diffraction theory [11-15]. In
the framework of the theory developed for a
crystal with homogeneously distributed defects
[13—15] the following expression for the R, have
been obtained:

R =R+ RP=
= R™P(u,, pS, et + RETH (o, p*, (1 - &%), 2

where R’, R’ stand for coherent and diffuse com-

ponent of scattering respectively, R, RX" cor--

respond to IR values of a perfect and ideally-
mosaic crystal. Expression (2) involves integral
parameters of structure perfection i.e. the static
Debye—Waller factor L and extinction coefficients
of the additional energy losses due to the diffuse
scattering on defects g, u” for coherent, R?, and
diffuse, R’ components respectively apart of the
photoelectric absorption described by the p, coef-
ficient. The generalized Prince factor Ay, s, 0,
takes into account both y, and S, absorption co-

efficients that effect the R? values. (o, u*, 9

takes into the account the absorption level (Mo +
+u*)t for the diffusely scattered waves in a finite
sample.

For interpretation of the experimental R(A)

data both the advanced theory [15] and its simpli-
fied form [14] were used. Let us restrict ourselves
here by the relevant expressions according to [14]:

16 CQA
Rldyn = ﬁ Yo Rtkm = Cth/ Yo» 3
=Ll if ugr>>1
. : [2(110 + l»l*)t/'l’o]’ ‘No
(o, p*, ) = 1

[1+ (o + p)i7yy) T Haf <<l £2>A
0
Plug, wi, =1~ 342 Mélr_@,

where

/v, + 1/y
1y = 702 /h;

Q = (r |y, )/Asin(20) is the kinematical reflectiv-
ity related to the unit length. Finally

A = WrTwl2x ] x|

is the extinction length for a chosen reflection hkl,

Necessary relations between the most important
parameters of the Coulomb-type defects (charac-
teristic size r, and concentration #) and diffraction
parameters L, ug; and u* should be also given:

g (%‘ Ina Eé) |
W =0 1/)ina\D~ o - Doy @

L= 27“(‘3’%1)(0( ~ 1)/Ina, (5)
ol Ya
Has = mBlna, (6)
where
a=A/r,,

A=1+a(8/9) +d*(4/15),
D=1+a(2/3), F=1l+a+ a*(2/s),
B=(3v+6v-1)/4(1 - ),
my = nnb(Cyx,h/2n)°, B=2B,+ B,cos-ze;

for clusters: a = tg? - 0.5, B, =0, B,= (4nd,/v)%
for loops: a=(tg% - 0.5)/(1 + 2/Bcos™), B, =
=4(bnri/vy/15, B,= BB,

In these formulas C, Yo» ¥» stand for the polari-
zation factor, the directional cosines respectively,
X i8 the real part of the A-th Fourier component
of the crystal susceptibility, ¢ h, v, v, b are re-
spectively the thickness, the diffraction vector, the
unit-cell volume, the Poisson ratio, the Burgers-
vector magnitude. A4, is the constant of so-called
power of Coulomb defect [16]. It depends on the
volume change AV of a crystal due to appearing of
defect as well as on the Poisson ratio v.

Note, while the parameter characterizes the
statistically averaged distortion level due to defects
for the acting diffraction vector h, the parameter
rain (4)—(6) is rather the characteristic of the lo-
cal distortion field caused by the individual defect
of the type predominated in a scattering volume.
Thus, the deformation field for the Coulomb-type
defects at the relative position r can be written as

r r . .
Ur) = Ad'l';','g = &1 ToT% where ¢ is the dimen-

sionless constant. r, is assumed to be independent
on the diffraction conditions at the first approxi-
mation. However the averaged size of the inco-
herently scattering region r, depends considerably
on the wavelength A as well as on 4 and may be
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related to r, in the following way r, = r,(c Htgb)'?
[18]. Ratio a = A/r, determines the extent of the
extinction processes in the diffuse scattering that
are implemented in (2) through the terms pS and
u*. So, each of the parameters L, r, represents the
different properties of the deformation field. They
are independent on the X-ray wavelength and the
pair of these parameters describes quantitatively
the curve R(1). in an unique way according the
expressions (2)—(6). This is why the parameters L
and r, where chosen as a key role when the ex-
perimental values of R(A) have been fitted by the
theoretical ones and analysed, despite the fact that in
the commonly accepted approach parameters L, p,
and p* are usually used as the basis.

3. Experimental

Experiments were carried out in the University of
Helsinki, X-ray Laboratory. Two different X-ray
sources: tungsten anode tube under supply voltage

100 kV and silver anode tube, 30 kV correspond-
ingly were used. This circumstance provided es-
sentially different character of energetic spectra of
the incident beam. Energy-dispersive Ge solid
state detector and multi-channel analyser (2048
channels) were used. Radioactive *Am source
was used for the calibration of the energy scale.

‘ Single crystal spectrometer was very similar to
the classical one except some details in the colli-
mator unit. Two pairs (horizontal and vertical) of
the adjustable tungsten slits, separated by a dis-
tance of 20 cm, were used for collimation of the
incident beam. This provided a narrow square
‘beam of 0.02 cm? at the sample position. The slits
were made from a heavy element (tungsten), so
that the undesired contribution of the secondary
fluorescent radiation caused by the slits into the
final spectra was sufficiently minimized.

Because all the X-ray intensity of a beam, re-
flected by the single crystal sample should be
gathered to obtain reliable values of R, the spatial
deviation of the reflected beams wasn’t restricted.

Under these conditions the mosaic-crystal refer-

ence sample used in [9, 10] was inefficient to de-
termine the energy spectra of the incident beam.
Taking into account the certain imperfection of
the available single crystals for a reference samples

we were enforced to derive [(E) dependence di-
rectly by means of the energy-dispersive detector
positioned at the direct beam. No absorbing foils
were used in order to preserve the original spectral
distribution /,(E). The total flux was minimized by
the slits to limit the dead time of the detector (less
then 2%) during the measurements.

An exact Bragg set (6 for the sample and 26 for
the detector) was obtained using the sharp char-
acteristic components of the spectra (L series for
tungsten tube and K-series for silver one. The de-
sired wavelength A was varied by the simultaneous
rotation AB/A20 of the sample and the detector
correspondingly.

Two dislocation-free Czochralski-grown silicon
crystals were chosen for the experiment, first in its
as-grown state, the-second sample was annealed
(1100°C for 6.5 h). Thickness of the given samples
(1 ¢cm for sample 1, 1.5 cm for sample 2) was
enough to consider by calculation the samples as
semi-infinite ones in all the range of A. The crys-
tals were chemically etched in order to remove
possible strains from the surfaces (111).

The integral intensities I (E) of a reflected
beam within the range of A = 0.25—1.4 A for the
reflections (111) and (333) as well as the spectral
distribution of the incident beams for the every
experiment were analysed.

Reference values of the R, for the samples un-
der investigation were measured using a standard
double-crystal spectrometer (MoK, ,-radiation) for
(111) and (333) reflections.

4. Results and Discussion

A typical energy spectrum of the diffracted beam
T{E) (8,=9.64°, 1 =0.35A for (333) reflection)
obtained by the energy-dispersive detector in the
case of the W-tube source is represented at Fig. 1,
a to illustrate some common features and effects
that are present when the intensity is being regis-
tered by the energy-sensitive detector. Besides the
destined Bragg peaks marked by their indices
111-555 some additional peaks could be ob-
served. Elastic and Compton peaks caused by the
strong characteristic WK, and WK, lines are
marked as Cy. The escape peaks (E marks) due to
the escape of Ge-fluorescence photon from -the
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Fig. 1. Experimental energy spectra measured by an en-

ergy-dispersive Ge detector: a—diffracted by a single Si
crystal, W-tube, 65 = 9.64°, A = 0.35 A for (333) reflection;
b—incident beam, tungsten anode, U= 100 keV; ¢—inci-
dent beam, silver anode, U= 30 keV.

Ge detector, shifted down by the Ge K-shell
fluorescence energies (approx. 10 keV) from the
original energies of the diffraction peaks as well as
the fluorescent K-lines of the Ge (F, marks) occur
at the final spectrum. Inelastic scattering provides
also a continuos background observed clearly at
the energy range of 25-70 keV.

Escape peak intensities should be taken into the
account when the integrated intensity of the dif-

fracted beam is calculated. The whole set of the
experimental energy dependences I(E) for the
different £ permitted us to find experimentally the
dependence between the integrated intensities of
the main (Bragg) and escape peaks. Using this
dependence the spectral distribution of the inten-
sity of the incident beam was separated from the
contribution of the escape component.

" The resulting incident beam spectra are repre-
sented at Fig. 1, b, ¢ for the tungsten and silver
tubes. One should. note that the shown intensities
do not correspond the real brightness of the tubes
because a tight collimation was used. Having
much higher voltage supply for W tube we got
strong and sharp characteristic K and L lines pro-
duced by the target and comparatively smooth
energetic distribution of the white-beam spectra
within the range 20—70 keV. In case of silver
tube, referring to the not so high excitation of the
target (30 kV were supplied) we could conse-
quently observe the comparatively low intense
characteristic AgK-lines. Some smail additional
peaks caused by the fluorescence within the de-
tector are located close to 10 keV.

The dependences of the relative reflectivities

[M L)
R{E) = f%dE: J (h}o(;s)] 5 ik

for the chosen crystals (here I™(E), I«E), I(E)
stand for the elastic, escape and incident beam
partial intensities respectively) are represented at
Fig. 2, a, b for the reflections 111 and 333 corre-
spondingly. Index £ in R(E) means that integra-
tion is being carried out over the energy near the
elastic reflection peak. The program for integra-
tion subtracts the background automatically.

As it is seen from Fig. 2, the R; values for both
of the given samples differ for both reflections
slightly in the soft X-ray region (A > 0.6 A). For
harder radiation (A < 0.4 A) the R, magnitudes as
well as the differences between them obtained for
as-grown silicon crystal and annealed one suffi-
ciently grow. The R, values for the boundary
wavelengths used in the experiment (L=02A4, 62
keV and A = 1.2 A, 10.325 keV) as well as their
ratios R,(0.2)/R(1.2) are collected in the Table 1.
Last ratios were given to illustrate numerically the
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Fig.2. Dependences of the relative reflectivities RAE) =
= ) I{E)/I(E)dE for 111 (a) and 333 (b) reflections of the
X-ray wavelength A.

fact, that the sensitivity of the relative integrated
intensity values R,, derived in the energy-disper-
sive diffraction experiments, to structure defects as
well as the signal-background ratio are increasing
considerably in the short wavelength region.

To find the values of an integral reflectivity in
its traditional meaning (see the expression (2)),
the expetimental KE)/I(E) dependences should
be integrated over the A scale at the reflection
peaks. Integral reflectivities obtained in this way
are expressed in arbitrary units. They differ from

Table 1. Relative integrated intensities R,
trary units (111 and 333 reflections).

the real IR values only by the normalizing con-
stant. This normalization have been performed
using the MoK, double crystal spectrometer. Ref-
erence IR values are given in Table 2.

The experimental dependences R()) rtecalcu-
lated in real values are presented at Fig. 3, a, b for
the 111 and 333 reflections correspondingly. In a
contrast with the dependences represented at Fig.
2, the curves R(A) demonstrate now a non-mono-
tone behaviour, with a some minima at A = 0.4—
0.5 A which are seen more distinctly for the 333
reflection. Towards shorter X-ray wavelengths the
steep growth of R, values as well as their differ-
ence for the different samples could be observed.
These phenomena are caused by the growing
contribution of the diffusely scattered beams while
A is decreasing. At the same time, for the range
A>0.6 A, which is more common for the ordinary
tubes, the dependences R(\) seem to be linear
and the values of R, close to each other for differ-
ent samples and approaching to the dynamic lim-
its Rf. Small values of R, - R’ (the key parameter
for evaluation of imperfection level in diagnostics
methods based on IR measurements) convinces us
once more the known small sensitivity of soft X-
ray radiation to structural defects.

Theoretical dependences R(A) were fitted to
the experimental data using two key parameters of
distortion level mentioned above, ry and L. The
behaviour of the theoretical R(A) curves was
found to be strongly sensitive to the Debye—
Waller factor L values in short-wave range, being
almost independent on the characteristic radii ry.
In other words, so-called one-parameter approxi-
mation [3, 17] takes place here. Debye—Waller
factor L values calculated from the A < 0.4 A re-
gion data are represented at the Table 3. These
values are common for all the discussed curve.

for A = 0.2 and 1.2 A and their ratios for the samples under investigation in arbi-

Reflection
Sample 111 ‘ 333
RL1.2A) R0.2 A) RK0.2 A)/R,,-(l:2 A) RL{1.2 A) R0.2 A) R0.2A)/Ri(1.24)
As-grown 24 25 10.4 0.52 | 15 28.85
Annealed 2.6 38.24 14.7 0.56 322 57.5

38
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Table 2. Reference R, values measured by the double-crystal
technique (MoK, -radiation, A = 0.71 A).

Table 3. Experimental Debye—Waller factor L ‘values ob-
tained by the fitting.

e Reflection Samiple Reflection
11 333 11 333
As-grown 2.31-10°% 5-10°¢ As-grown 3107 1.5-102
Annealed 2.55-10° 6.9-10¢ Annealed 6-10°? 3.2.10
ry -

One should draw attention, that the ratios
Lyyy/L,,~S5 for both of crystals correspond well the
dependence L~h? which is valid for a model of
small dislocation loops [16].

It was found for the soft X-ray range (A > 0.6
A) that the sensitivity of the R(\) curve to r, pa-
rameter doesn’t grow enough that one could de-
termine », with a high precision. So the fitting
procedure gives r,, values which are in the interval
0.1—5 um. The main reason for this uncertainty is
the Bragg geometry itself where the mean lengths

x10"
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a
& 30
) -
= o"d .
§ 20] ~CPoRe®
& dogys
'g As grown silicon Anncaled silicon
W be W tube
Y 1.04 Ag tube Ag tube
= Calculations:
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0 : T ¥ r Y v
0.2 04 06 0.8 1.0 12 14
A A
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. o O Agtude Ag tube
2 % Calculations:
> eeee Impertfect crystal = Perfect crystal
= %
g 1.0 .,
=]
e
% o5,
i
04— v T -+ v r
0.2 04 0.6 0.8 1.0 1.2 1.4
A A

Fig. 3. Dependence of the intcgrated reflectivities R, on the
X-ray wavelength A for 111 (@) and 333 (b) reflections.

of the diffuse wave traces from the origin point to
the exit surface are comparable with the 'absorp-
tion length. While the experimental IR data even
for the annealed sample are not considerably dif-
ferent from R’ values (as it could be seen in the
soft-wave range) the dynamic effects in diffuse
scattering (expressed by pg and u* terms of the
formulas (2)—(6) that are dependent on r,) are
correspondingly low.

Resuming, we should note, that small (0.1-5
um) dislocations loops (4*? dependence of L) are
presented in the volume for both given crystals.
Unfortunately, fifty times discrepancy in r, values
doesn’t allow us to calculate the concentration of
the mentioned defects. To evaluate r, an addi-
tional independent experimental data should be
involved [19]. -

Generally, the IR becomes more sensitive to
the r, paramcter under the higher imperfection

«10*
80

6.04

404

2.0+

0 0.5 1.0 15 . 20
A, x10%cm

Fig. 4. The calculated dependences of the integrated re-
flectivities R, on the X-ray wavelength A calculated for sili-
con single crystals, reflection 111: perfect crystal (/), mo-
saic crystal (2) and for imperfect crystals with the following
values of Dcbye—Waller factor L = 3-10° (3), L= 1102
(4, L =5107 (5, L =210 (6). For serics 3—6 dotted
and solid lines correspond t0 7, = | um and r, = 10 um,
respectively.
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Fig. 5. The sensitivity of the intcgrated Bragg reflectivity
R/R, to the structure distortions versus A for the 111 (a)
and 333 (b) reflections.

level. To illustrate this fact, the calculated set of
R, for the different L values and the r, fixed at |
and 10 pm levels are represented in Fig. 4. The
noticeable splitting of the curve series calculated
for given L and different r, became suitable for
detection at L =0.1 that exceeds the experimen-
tally determined levels by two orders.

The applicability of the present method for the
structure defect diagnostics could be illustrated in
another way. The sensitivity of the IR to the
structure defects has been signified here as the
ratio R(A)/R’(L). As one can see from Fig. 5, a, b
the ratio R(A)/R"() (the reflections 111 and 333
respectively) depends essentially on the reflection
order as well as on the X-ray wavelength. More
then ten times enhancement of R(X)/RF(X) ratio
in the case of the investigated relatively perfect Si
samples for A = 0.2 A and A= 1.2 A have becn ob-
served for 333 reflection. This ratio increases ex-
tremely sharp in the wavelength region A < 0.3 A,

5. Conclusion

Standard-frec energy-dispersive method for meas-
urements of the integral reflectivity for single
crystals within a wide range of the X-ray wave-
lengths have been developed. Integral reflectivities
of the silicon dislocation-free single crystals in as-
grown state and annealed one in the Bragg case of
diffraction were investigated using the proposed

method. Integral structure perfection parameters L

(Debye—Waller factor) for the given crystals were

determined.

Considerable differences of the reflectivities of
both samples were established experimentally on
continuous X-ray spectra regardless the sources.
The results are found to be in a good agreement
with the theoretical predictions and dembnstrate
some specific features of the dynamical diffraction
in the imperfect crystal:
= Integrated reflectivity R(X) was shown to have

a non-monotonous behaviour and could be ex-

plained by the specific effects in growing dif-

fuscly scattered component in the short-wave

X-ray region.-
= The previously known high IR sensitivity to the

defect level in the hard X-ray range was 'provcd

and found to increase strongly for X-ray wave-

lengths 2 < 0.3 A,
= For the soft X-ray range it was proved that the

IR values for the different samples decrease and

become close to those calculated for the perfect

crystal. :

— Extending the range of the used wavelength to
0.2 A provides more than one order enhance-
ment of the scnsitivity and accuracy of the
static Debye—Waller factor determination.

The application of the proposed method seems
to be very promising for synchrotron radiation
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