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X-ray diffraction under specular reflection conditions is theoretically studied on a crystal with
a surface amorphous film. It is shown that by choosing various values of the incident angle it is
possible to detect surface amorphous films of various thickness from few nanometers and greater.
The discussions are confirmed with calculations of rocking curves for the case of silicon single
crystals with surface amorphous films of various thickness (CuK, radiation, 220 reflection). The
results can be applied also for crystalline films with lattice spacings distinguished from the sub-
strate ones by a value as small as =~ 107* or greater.

TeopeTuuecKku HcclenobBaHa AUPPAKIUA PEHTIEHOBCRUX Jiydeil B YCJIOBHUAX IIOJIHOTO
BHEIIHEero OTPaKeHHA HA KPHCTAJIe ¢ [I0BEPXHOCTHON amop@uoii miaenkoii. ITorkasaxo,
4yTO BHIOMPAA Pa3NYHble YIJbl IaleHnd, MOKHO ONPeNesIATh aMop{Hble INIEHKN Pa3any-
HOil TOMIMHBI, OT IECATKOB aHrcrpeM 1 Gosiee. OOCy:KIeHMe WIIHOCTPUPYeETCH pactde-
TaMM [JIA CJydas MOHOKDHCTANIa KPeMHHA C II0BEPXHOCTHBIMU aMOpPPHBIMU TIJIEHKAMU
pasnmunoii toimuHbl (CuK, H3TyueHHE, 220 orTpadcenue). Pe3yJanTaThl MOTyT OBITh
LPYMeHUMBl Takike K KPUCTAVIMYECKHM IUIeHKaM ¢ [apaMerpoM DelleTRH, OTJIMYHBIM
0T mapaMeTpa PelIeTKN IMOJIOMKKMA Ha BEJUINHY =~ 10~* uau GoJee.

1. Introduction

In recent years significant progress in extending the possibilities of crystal structure
studies using X-ray diffraction has taken place. One such type of studies has been
reported in [1], in which an essentially new diffraction scheme, called “parallel Bragg
diffraction” has been demonstrated. An X-ray beam is directed into the crystal at a
small glancing angle of incidence and simultaneously the conditions of Laue case
diffraction for the planes normal to the surface are met (see Fig. 1). The small value
of the incident angle provides a strong specular reflection of both incident and diffract-
ed waves from the crystal surface and, in principle, it gives the possibility to study
the crystalline structure of thin films over the depth, being as small as a few nano-
meters or greater. In [1] an excellent example of crystal structure analysis of alumi-
nium films grown on GaAs monocrystal was given. In the next paper of the same
authors the reconstruction of a Ge crystal surface has been investigated using synchro-
tron radiation [2]. But having shown the possibilities of the method the authors point-
ed out rather great difficulties of this technique connected with the necessity of
X-ray beam collimation in two mutually perpendicular planes: in the vertical plane
(because of the glancing angle of incidence) and in a horizontal plane (in order to
realize the diffraction conditions). Effectively this method could be used only for
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. Fig. 1. The scheme of diffraction
. PN scattering of X-rays under spec-
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crystals with a subsurface layer having a lattice parameter strongly different from that
of the substrate. In this case it will be sufficient to provide a rather rough horizontal
collimation of the incident beam, the angle of divergence being of the same order as
the angular separation between diffraction maxima from layer and substrate, respec-
tively. But for small differences between the lattice parameters of the layer and the
substrate this technique appeared to be practically useless.

As shown in [3] the parallel Bragg-diffraction scheme has a wider range of applica-
tions. This fact is connected with the following physical effect which was not noted by
previous authors having investigated this problem [1, 2, 4 to 6]. The whole point is that
the value of the exit angle ¢ of the specularly reflected-diffracted wave (#}, wave in
Fig. 1) depends on how exactly the Bragg condition is satisfied. In other words, there
is a rigid relation between the values of the angles ¢, and g, and the value of the par-
ameter o determining the deviation from the exact Bragg condition,

gt = gh + o (1)
Due to the small value of the angle @5, a very slight variation of the parameter x causes
a strong variation of the angle g (¢ being constant),
dux
" (2)
Variation of the x-value da =~ 0.1” causes 3¢, =~ 1, i.e. the angular scale increases
by several orders of magnitude. Tt is this fact which enables one to carry out a princi-
pally new experimental scheme in which it is possible to refrain completely from colli-
mation through o and to carry out measurements of the reflected-diffracted intensity
distribution over the value of the angle @,. In this technique one always measures the
intensity with variations of angles ¢, and ¢, as large as minutes of arc and, on the other
hand, the curves obtained will show very slight deviations of subsurface lattice spacing
corresponding to deviations in« as small as fractions of a second of arc. Evidently the
absence of collimation through o« makes the experimental realization simple and it
seems that the technique in the proposed version will have a wide range of practical
applications.

Recently such a scheme has been experimentally realized in [7]. In this paper the
fundamental results of the theoretical analysis [3] of X-ray diffraction under specular
reflection conditions for ideal crystals have been experimentally confirmed.

Naturally it is of essential interest to consider the effect of various defects in the
subsurface layer on the diffraction pattern. The present paper deals with the analysis
of this diffraction scheme in the case where a thin amorphous film occurs on a perfect
crystal surface. It will be shown below that films with thickness from 1 to 100 nm
are revealed in the diffraction curves if a suitable value of the incident angle is chosen.
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2. General Expression for the Intensity of the Reflected-Diffracted Wave

Let us consider a crystal with an amorphous surface film of thickness t. We take the
plane wave to be incident on the crystal surface following the geometry shown by
Fig. 1. As in the case of a crystal without a film [3], the X-ray wave field above the
entrance surface consists of three waves,
E(r) = E, e 4 E§ ¢i=or |- Ej eixir . (3)

Here and below the notations of [3] will be used.

In the amorphous film one has a set of transmitted and diffracted waves in the direc-
tions of both incident and diffracted waves, respectively,

Egm(r) = ZO hEZ elxje +iny;™ 2 + E]S eixjg—-ixyjamz (4)
i=0,
where the following notations are used:
y8% = Ve + 2™, 5)

%™ being the Fourier component of the susceptibility of the film, z the coordinate
along the internal surface normal, E a coordinate vector along the surface.

Inside the crystal (which is considered to be infinitely thick) the field consists of
transmitted and diffracted waves,

2
D(ir) =Y ng) eixe +ixulz D)) eixre +inul (6)
& B
The values u and the relationship between the amplitudes D{) and D’ are deter-
mined from the fundamental equations of the dynamical theory which have been
written for g-polarized waves in [3] (1.7). In what follows the formulae of [3] will be
referred to with index I. The values 4 are determined by (I.11) and (I.12), and for
amplitudes D§’ and D{) one has the following relation:
Sud? —gp — .
)N —— L O (7)
Ln
To determine the amplitudes E§ and Ej one has to use the continuity conditions of
the wave fields and their derivatives both at the boundary vacuum-amorphous film
and at the amorphous film-crystal surface interface.
As a result we have the following eight equations:

E,+ E; =6 + &, Ei==&-+E¢&,
po(By — E5) = y5™(& — &),  —ulli = yi"(& — &}), (8)
at the vacuum-amorphous film interface;

£ o 1 & e i = DP 4 DY,

Yy (& et — & eT) = uﬂ)Dg.l) + uADB; j=20,h (8)
at the amorphous film—crystal surface interface.
Here
do,n = #tyss - (9)

Accounting the two equations (7) one has a set of ten equations, just enough to deter-
mine ten unknown amplitudes: Ef, K}, &, &, &, &5, DV, DP, DV, DP.

Since the set is linear, its solution can be found directly. We are interested only in
the reflected-diffracted wave amplitude £}. Omitting intermediate transformations
we give the final expression

e —2pora(u® — u®)
“h = W@p@pD — WDpHpE 0

(10)
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where
a0 — L1 Por) @ gamy gido, 4 PORY @) 4 gamy e—ido,n
= |1 — m ) (@ — gBR) e0r + {1+ | (2 4 9oh) 700 |,
Yo,k Yo,r
(11)

b, being defined by the same formula as (11) with substituting index 2 for 1 and vice
versa. The other values were determined in [3],

o o\
w2 = — E) + 1/(5) + xnin (12)
Whd = & g T g0+ WD, (13)
The sign of the root in (13) is determined from the condition
Im u® > 0. (14)

Equations (10) to (14) provide a complete solution of the problem under considera-
tion.

The reflected-diffracted wave intensity should be naturally determined by the
coefficient
Ej
E,

py— 0| BiF
Po

(15)

Tt can be easily seen that for ¢ = 0 (15) reduces to the equation for Pj, obtained in
[3] for ideal crystals.

3. The Effect of an Amorphous Film

The presence of an amorphous film first of all results in additional specular reflection
of both incident wave and reflected-diffracted wave formed in the crystal. Both these
factors are revealed as a decrease in the reflected-diffracted intensity. Mathematically
the film effect is displayed through the factors ex@.# in (11). Naturally, the distortion
of the diffraction pattern begins when

don=1. (16)

From (16) already the depth scale follows at which the amorphous film effect begins
to be revealed,

t 2 t(} —-—Hl ’ (17
- V¢%,h + %6 )
where
be = ’ (18)
27t |/ 8™

Tor example, for CuK,, radiation (A = 0.154 nm) £, is of the same order for silicon film
(=~ 5 nm) and for Ge film (~ 3 nm).

Fig. 2a shows the curves Pj(p;) for films of various depth. Calculations were per-
formed for a silicon crystal, 220 reflection, CuK, radiation. The incident angle was
chosen to be less than the critical angle for total external reflection. It was assumed
that %™ = y,, for the sake of simplicity. As can be seen from Fig. 2a, a film of 1 nm
depth causes an intensity attenuation by =~ 25%.

So in this case one deals with a unique sensitivity of X-ray diffractometry to very
thin amorphous films on crystal surfaces.
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i 0 Fig. 2. The plots of the specularly reflected-
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The presence of an amorphous film is revealed not only as an absolute drop of re-
flected-diffracted intensity, but also in the deformation of the curve shape. All curves
on Fig. 2b were reduced to the same scale. As can be seen from this figure, even in such
a case it is possible to determine precisely films of thickness ¢t ~ 2.5 nm.

To determine film thicknesses ¢t =< 5 nm it is convenient to carry out measurements

at small values of the incident angle (g, < }/|7,l). However, for thicker films it is ex-
pedient for maintaining the intensity to choose greater values of the incident angle

(@6 > VI70l)- Fig. 3 shows a plot of exponential damping depth of the X-ray intensity
in an amorphous film versus the variation of the incident angle, as given by the for-
mula

Iy — * . (19)

27 Tm y/(p?) + 2"

Outside the total external reflection range the damping of the incident wave inten-
sity in an amorphous film decreases sharply, and the intensity is maintained for films
with a thickness as large as = 200 nm.

In this angular range the amorphous film effect is displayed through the intensity
damping of the diffracted wave emerging out of the crystal and through a variation
of the phase relations between the wave fields. The damping of the reflected diffracted

T 10*
£ wef
F [
nr {(/, Fig. 3. The plot of X-ray exponential damping
L LS L , depth in amorphous film vs. incident angle value
0' w 2' 30’
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Fig. 4. The plots of the specularly reflected-diffracted intensity vs. ¢ for large incident angle
value (g, > @.)- The intensity attenuation at small exit angles for films with ¢ ~ 5 to 20 nm.
(1) Crystal without film (¢ = 0), (2) ¢ = 5, (3) 10, (4) 20 nm. a) In absolute units; b) in relative
units

Fig. 5. The plots of the specularly reflected-diffracted intensity vs. ¢y for large incident angle value
(@0 > @¢). Oscillations on the curves for films with ¢ =~ 20 to 200 nm. (5) ¢ = 30, (6) 50, (7) 200 nm.
a) In absolute units; b) in relative units

intensity in an amorphous film can be described approximately by the factor
PR (20)

where 1, is defined by (19) with substituting the index “h” instead of ““k”’. A strong

attenuation of the intensity takes place in the range of exit angles s < l/ |70l - It gives
the possibility to reveal films with depth of the order of ~ 5 to 20 nm through an
intensity decreasing (see Fig. 4).

For films with a thickness ¢ =~ 20 to 200 nm the main differences are caused by varia-
tions of the phase relations between wave fields and this fact leads to the appearance
of oscillations (see Fig. 5). The presence of these oscillations provides the possibility
to draw conclusions as to the film homogeneity, and, on the other hand, it is possible
to determine the thickness of the film from the angular interval between intensity
maxima (minima) of the curve.

Tt is to be noted that the term “amorphous film” means not only a film of amorph-
ous material here, but it may also be a crystalline film in which the diffraction condi-
tions are not satisfied. For instance, it may be a crystalline surface layer in which an
abnormal content of defect clusters causes a relative change of the lattice spacing of
the same order as =~ 1074
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