Memannogus. noseiiumue mexron. / Metallofiz. Noveishie Tekhnol. © 2001 IM® (MuctuTyT MeTannodmsuku

2001, 7. 23, Ne 12, cc. 15951605 uM. T. B. Kypmomosa HAH Yxpaunsi)
Orexn JOCTYNHBI HENOCPEACTBEHHO OT U3NATENs
CDO’I‘OKOanOBaHHe Pa3peLueHo TOILKO . HaneyaraHo B Yxpanse.

B COOTBETCTBHU C JIHLICH3HEH

B3AMMOJEVCTBUE U3JIYYEHUN C TBEPABIM TEJIOM
PACS numbers: 61.10.Dp, 61.10.Eq, 61.10.Nz, 61.72.Dd

Effect of Structure Perfection of Polar Crystals on Friedel Intensity
Ratio for X-Ray Reflections in the Region of Resonant Frequencies

V. P. ko, L. I. Datsenko, S. Manninen®, Sz. Galambosi’,
% V. E. Machulin

Institute of Semiconductor Physics, N.A.S. of the Ukraine,

45 Nauky Prospekz,

UA-03028 Kyyiv-28, Ukraine

“University of Helsinki,

P.O. Box 9,

Helsinki, Finland

“G. V. Kurdyumov Institute for Metal Physics, N.A.S. of the Ukraine,
36 Academician Vernadsky Bhd.,
UA-03680 Kyyiv-142, Ukraine

An effect of the structure defects in GaAs and GaP crystals on the Friedel
pairs’ intensity ratio, r = Ry33/Rsz, for the polar sensitive reflections is shown
theoretically and experimentally by using energy-dispersive diffractometry. It is
explained by the diffuse scattering of X-rays from regions distorted by defects
in crystal. Dependence of the r value for the nonpolar quasi-forbidden 222
reflection is revealed and supposed to be connected with a diffuse-scattering
component of reflectivities from centrosymmetrical reflections.

ExcniepumeHTansio 3 nomomorown CHEProfMCIepCUBHOI AUdpaKTOMETPil Ta
POSPaXYHKOBMM HDIIXOM MOKA3aHO BIUIUB CTPYKTYPHUX nedekTiB Ha Benu-
YHHY (DPUIENiBCHKOIO BiIHOLUCHHS IHTEHCUBHOCTEI NONMAPHOYYTIUBUX 333
PedIeKCiB 7 = Ry3;/Rys;, OB SI3aHUX 3 DUQPY3HUM PO3CITHHAM Y CITOTBOPEHMX
obnacTsax B Kpucranax GaAs i GaP. 3HaleHO CTPYKTYpHY Ta TIOJISIPHOYYT-
JIUBY 3aJIEXHICTh BETMYMHMU 7 IUisI HEIIO/IAPHOTO KBa3izaGopoHeHoro 222 Bix-
6UTTS, sIKe, HMOBIPHO, MOSCHIOETHCS BKJIaZIOM 1y3HOro PO3CisHHSA Big He-
LEHTPOCHMETPUYHUX pedrieKciB.

DKCTepUMEHTAIEHO ¢ MOMOIIBIO SHEProIUCNIEPCUBHON MUpPaKTOMETPUN B
PACYCTHBIM IIyTeM NOKA3aHO BIMSHHE CTPYKTYPHBIX #e(eKTOB Ha BENMYHMHY
Gbpumenesckoro oTHoOmEHMs HHTEHCHBHOCTEH IOJIAPHOYYBCTBUTEIBHBIX 333
pediekcoB 7 = Ry3,/Rys;, cBszaHHOE C AUGPYIHBIM paccessHHeM Ha WCKaXeH-
HbIX obGnacTsix B kpuctamiax GaAs n GaP. O6HapyxeHa cTpyKTypHas U mo-
JAPHOYYBCTBUTENIbHAST 3aBUCHMOCTD BENIMYMHEL F JIsT HEITOJIIPHOrO KBa3u3a-
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NPEeLEHHOro 222 OTpaXeHHs, KOTOpas IPEATIONIOKATETLHO OOBICHIETCS
BKIAnoM Iu(dY3HOTO paccesHus OT HEUEHTPOCHMMETPHYHBIX pedneKcos.

Key words: quasi-forbidden reflection, Friedel intensity ratio, resonant fre-
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1. INTRODUCTION

The dynamical Bragg diffraction peculiarities were stydied- fol* Comsun-
symmetrical [1—3] as well for the polar A°B° perfect crystals [4-7]. It
was done due to the fundamental point of view and also in particular
for the need of solid state electronics in the polar A and B surface
identification. The intensity ratio of Friedel pair intensities in condi-
tions of the Bragg diffraction was shown [7] as follows:

R, 1R
rp="t=1 (1)
Riir |Ehl

taking into account the anomalous dispersion phenomena. It was as-
sumed that this ratio is independent of structure state of the crystal
media (a perfect or ideal-mosaic crystal). The effect of crystal polarity
is especially essential in the wave region of X-rays close to the absorp-
tion K-edges of the components. The ratio (1) was experimentally in-
vestigated for near perfect GaSb and InAs crystals [7] and it found to
be violated due to a secondary extinction. The attempts in the papers
[4, 5] were made for determination of the absolute crystallographic
polarity by measuring of the intensity jumps close to the absorption
K-edges in binary crystals. The influence of the thermal lattice vibra-
tions on the relation (1) was investigated in [8]. It can be characterised
by the dynamical Debye—Waller factor M, which turned out to give
important contribution to the ratio ( 1). This fact leads to the concep-
tion that the static Debye—Waller factor L describing the effect of
structure distortions should be taken into account by consideration of
the Friedel intensity ratio (1) in actual crystal. One should also note
the importance of the parameter L influence on a susceptibility of ma-
terial [9, 10].

Investigation of the behaviour of the integral reflectivity (IR) under
the resonant condition of fluorescent radiation, especially for polar re-
flections, as well as mechanism of its effect to the diffraction of X-rays
seems to be important. It is known that the IR of so called quasi-
forbidden reflections (QFR) is not sensitive to crystal polarity.

The aim of this paper is to study the Bragg diffracted beam behav-
iour of intensities in the region of resonant frequencies o for noncen-
trosymmetric (polar) and weak, QFR, reflections in 4°B° binary actual
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crystals (GaAs, GaP) as well as study the influence of structure imper-
fection on the Friedel ratio near the absorption K-edges.

2. THEORETICAL BASIS

The IR for the Bragg case of diffraction in an actual crystal may be

represented as a sum of coherent (R;) and diffuse (R,) components
[10]:

R = Ry + Rp. (2)

Following [11, 12], let us consider the main results of the scattering
theory for the arbitrary relation between the real and imaginary parts of
a structure factor including the case when the real part of a susceptibil-
ity is equal to zero, 7, = 0. The corresponding parts of y, i.e. y,, and Yin
determining the (R,;) and (Rip) in (2) are known to be described by the
following expressions:

Xen = =(4n/ V- 0L (f° + f)exp(i2nh-7) M, 3)

Xin ==(4n/V- 0L (f)exp(i2nh-F) M, @

where M, h, T, V, fstand for dynamical Debye—Waller factor, diffrac-
tion vector, radius-vector, volume of elementary cell, and atomic form-

factor respectively. The phase difference & between these components
of y, is written as

§=ay - Oy (5)

Then the important in the analysis product of y, and xr values in a

noncentrosymmetrical crystal using in a dynamical theory {1, 9] may
be written as:

Wi = (1 ~ 8 + 2pcoss). (6)

Here

thlz = |)Crh|2+ al’, b= \/’§ Dl lxals P = [Xeall%inl/ th|2- 7

One can see from these expressions, the parameter b is equal to zero
when y; =0 and its max sum value b — \/'g in the case of y,, = 0. The
resonant factor W characterising the deviation of diffraction conditions

from the exact Bragg position of a sample depends on some geometri-
cal factors (see the Fig. 1):
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Fig. 1. Dispersion surface in reciprocal space for the Bragg case of diffraction.
The dotted line passing the Laue point L denotes the diffraction plane trace; v is
a normal to a surface intersecting the right branch in two tie points, A, and A4,.
The angle B depicts deviation of the diffraction scheme from symmetrical case.

W = -X(sin28)/[|(cos8,)(cos9,)| Kk, x4 (®)

For simplification of this expression let us introduce the following
notations:

& = %o/l 9)
& = 8(sin8)(cosp)/|(cos9;)(cos8,)| /2. (10)
Following the notations used in [11] we will write the expression for

the differential coefficient of reflection, ie. the ratio P,/P, of intensities
for the incident and diffracted beams in the Bragg case of diffraction:

P/ By = k[T~ (IT* - 1), (11)

where
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k= (1 - 2psind)/[(1 - b%)* + 4p*cos®5]“2,
and

[(AZ + B2)l/2 + W2 +g.vZ]
= (1 - %) + 4p’cos’s]'7 - (12)

The values A and B in (12) are equal respectively:

A=W?-1-g%+ P, (13)
B =2(g'W - pcosd). (14)

The intensities of diffracted beams from the opposite sides of a polar
crystal will differ due to phase factor 2psind. So, when y,;, =0, P,/P, is
written as follows:

P/ Py =1~ (IP-1)"2, (15)

Wheré
I=[(W?—1-g? +4g? W2 4 w2, g2 (16)

When y,, =0 the ratio (15) does not depend on polarity. The reflec-
tion curve for symmetrical case of diffraction (B =0) has the maximum
equal to unity at the exact Bragg position (W =0). The intensity of po-
lar reflection is determined considerably by phase factor. The corre-
sponding phase factors for polar and nonpolar reflections in binary
crystals have the following forms respectively:

~1 (fﬁs +fAs i.fGa)
81(1“) = i‘tg G "o
(fg“ +fGa i.fAs)
(17)
, Von = Sa)
Bs200) = tg™! G

(fou+fou - fs = fu)
The dependences of the phase & as a function of the wave length near
the Ga and As absorption K-edges are shown for a GaAs crystal in
'Fig. 2. One can see the most considerable phase variations happen just
near the A, and Ag,. For the 111 and 111 reflections, these variations
occur in the opposite directions and the intervals of their changes are
different.

Formulas (2)—(15) for a perfect crystal may be generalized for the
case of imperfect crystal with homogeneously distributed defects. Ac-
cording to results of the dynamical theory [1, 2] the Fourier compo-
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Fig. 2. Energy dependences of the structural-factor phase, 8, between two ab-
sorption K-edges, i.e. As (Ay, = 1.045 A) and Ga (Ag, = 1.1957 A), for 111 (1),
111 (2) reflections.

nents of susceptibility for a perfect crystal should be replaced in a real
crystal by the renormalized values which may be represented as:

Yo =YnEs 1ol =lnel + H%S/ K. (18)

Here, K = 2n/A, E = exp(-L;), uos stand respectively for the wave vec-
tor, Debye—Waller static factor and a coefficient of the IR coherent
component weakening due to transition of part of strong wave intensity
in a background. The second term in (18) characterizes the sensitivity
of the absorption parameter g {]9) to structure defects via the structure
sensitive characteristics E£ and pps.

The expression for the [R diffuse component according to [3] has
the following form:

Ry = RJAI(NA - E?), - (19)

where Ry = C?Qt/y, characterises the reflectivity of an ideal-mosaic
crystal with thickness ¢ and 8 is this value related to unit length. Here
C, 9, v, and y, stand for a polarisation factor, Bragg angle and cosines
of it for an incident and reflected beam respectively, uy = 2ajyqol/A is a
linear coefficient of photoelectric absorption. The factor [1(#) is also a
function of the characteristic pos being similar to the parameter of sec-
ondary extinction [2, 3, 5].

The expression for polarity expression, r, (1) may be written in the
case of a real crystal as follows:

Fi=Rig/ Ri= [ RipP(1,8,X) E+ Rid1((1 )}/ [RipP(t,8,%) E+ RyTI(1)(1 —bé)&)
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Fig. 3. Friedel intensity ratios r for 4- and h-reflections in the region of the
absorption K-edges in GaAs. 111 reflection for ideal (1), real (2), and ideal-
mosaic crystals (3).

where R,p=16(3n)"'QA/y, and A=MYolya) (O™ is an extinction
length. The parameters relating for a perfect and idea] mosaic (kine-

3. EXPERIMENTAL

The actual crystals of the 4°g compounds, i.e. GaAs and GaP with
111 orientation of a surface were chosen for investigations. They had
2.10°cm™ dislocation density according to the etch pits account
method. All of the measurements in this paper were carried out by
means of a single-crystal spectrometer (SCS) using the energy-disper-

. .

sive method of intensity registration. The divergence of diffracted beams

tion were measured by the known method of §-2¢ scanning. The
Si(Li) solid detector with cenergy resolution ~ 100 eV was used for reg-
istration of an intensity.

Characteristic distribution of the X-ray diffracted beams on energies
for the acting 111 reflection in a GaAs crystal is shown in the Fig. 4.
One can see the peak for 111 acting reflection for a fixed value of the
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Fig. 4. Energy spectrum of the diffraction reflection 111 in GaP. Gak,; are the
gallium fluorescent peaks.

Bragg angle as well as fluorescent peaks from the atoms of both sublat-
tices (the PK-fluoresce lines are outside the energy scale of the figure).
The working regime of X-ray tube (U = 50 keV, I = 35 mA) permitted
the presence of high-energy A/n harmonics for higher orders of reflec-
tion. So the several peaks (111, 222, 333) were observed by continuous
scanning of a crystal in a wide angle interval. The measurements were
carried in a wide angle interval including the regions near the absorp-
tion K-edges both for the positive and negative Miller indexes. For
every reflection at last 300 experimental values of an intensity were
registered. The counting time in every point was chosen to reach the
statistical accuracy not worse than 1% for every reflection. Calculation
of reflectivities was carried out according to [14].

4. RESULTS AND THEIR DISCUSSION

The experimental energy distributions of 7, are shown in the Figs. 5, 6
for the noncentrosymmetric 333 and for nonpolar quasi-forbidden 222
reflections of GaP crystal with dislocations. The common feature of
these reflections is different character of an intensity behaviour for the
hkl and hkl Friedel pair reflections. As a result of this, the r value for
both of the reflection is distinct from unity. This circumstance for the
polar sensitive 333 reflection, as it well known, is connected with vio-
lation of the Friedel law [9]. The calculated values of this parameter
obtained for the cases of an ideal-mosaic and perfect crystal (the curves
I and 2) are in qualitative agreement with experimental data. Sensitiv-
ity of the parameter r to defects, which in a crystal can be set by the
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Fig. 5. Experimental intensity ratios for Friedel pairs of the 333 reflection near
Ga absorption K-edge; ideal-mosaic (1), perfect (2) GaP crystals.

Debye—Waller factor L in (18), was discovered not only for the wave-
length region situated between the absorption K-edges but in the dis-
tant parts of continuous spectrum. This fact is in contradiction with
early [5] and more late results about non-sensitivity of the Friedel ratio
to defect structure.

Deviation of the r parameter from unity for centrosymmetrical
quasi-forbidden 222 reflection (Fig. 6) can not be explainec however by
existing ideas [7, 9, 14]. Really as it follows from (20), the R,/R; ratio
should not deviate from unity even in an actual crystal where the dif-
fuse component of reflectivity exists. But one can see a considerable
deviation of the polarity parameter from the unity in the Fig. 6 where
the experimental energy dependence of ry, in an actual GaP crystal is
shown. This deviation is noticeable especially near the gallium absorp-
tion K-edge (effect of anomalous sensitivity of diffraction of quasi-
forbidden reflection to polarity).

Let us discuss now the possible mechanism of discovered anomalous
sensitivity of centrosymmetrical 222 reflection to polarity of 111 planes
in GaP crystal. PK, as well as Gak,, fluorescent radiation can not affect
on this phenomena because the energy dispersive system of intensity
registration allows to get rid of detrimental components of continuous
spectrum. So one should suppose that some contribution of diffuse
scattering of the same wavelength from distorted regions near defects
(dislocation) from 111 plans can take place by registration of the 222
reflectivity at the corresponding channel of the analyser. That is why
the diffuse components of scattering on the mentioned wavelength from
polarsensitive planes (111, 333, etc.) can entrance the detector slit.

Relativity low values of », which is characteristic for a crystal with a
distorted surface due to lapping, as compared with that one chemically
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Fig. 6. Experimental dependences of intensity ratios for the 222 reflection in
GaP near the Ga absorption K-edge. The specimen with perfect structure (1),
ideal-mosaic (lapped) crystal (2).

polished sample (an observation made early also by the other men-
tioned authors), are connected perhaps with very wide rocking curve

for mosaic crystal. This can not be measured by a detector with narrow
slit.

5. CONCLUSIONS

1. The sensitivity of the intensity ratio of a Friedel pair of reflections
near the absorption edge to structure defects in GaAs and GaP binary
crystals due to diffuse scattering of X-rays was shown experimentally
and by calculation.

2. Anomalous sensitivity of intensity ratio to structure imperfections
was discovered for the centrosymmetrical quasi-forbidden 222 reflec-
tion in GaP crystal connected supposedly with polar reflection contri-
bution of diffuse scattering on distorted regions near defects.
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