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Determination of surface parameters of solids
by methods of X-ray total external reflection
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Abstract. The series of GaAs and SiO, samples with the specially prepared one- and two-
dimensional surface reliefs have been investigated by the methods of integral and differential
curve total external reflection of X-rays. The direct and inverse problem was solved, taking
into consideration data obtained by the method of atomic-force microscopy: the theoretical
curves of total external reflection are calculated and parameters describing a surface relief of

the samples are restored.
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1. Introduction

The methods based on the phenomenon of X-ray total
external reflection (TER) allow one to investigate surfaces
with values of average deviation of roughness R,<10 nm
[1]. The high resolution of the TER methods is achieved
due to angles of grazing incidence and short X-ray wave-
length (0.1-0.3 nm). Surface parameters are determined
as a result of solution of the inverse problem by TER
methods using experimental reflection curves. Taking into
consideration the ambiguousness of this solution, there
is a question of result correctness in the TER methods.
The purpose of this work is to develop new approaches to
investigation of surfaces by methods of integral curves
(IC) and differential curves (DC) in the case of TER [2]
using data obtained by the method of atomic-force
microscopy (AFM) [3].

2. Experimental details

In the IC TER method, the integrated signal intensity re-
flected from a sample and a part of a primary incident beam
is registered by a detector. The sample rotated around the
vertical axes of a goniometer with the 8 angle range from
0 to = 0.5° with respect to the direction of the primary
beam.

In the DC TER method, the crystal - analyser is used
for the determination of angular intensity distribution in
the reflected beam satisfying the Bragg condition. Rock-
ing curves were analysed in dependence on the angle azin
this method. To research the surface relief with oriented
roughness, the sample was turned in vertical plane by an
angle v.

Surface studies by TER methods were carried out us-
ing specially developed hardware and software auto-
mated complex for measurements based on the X-ray
diffractometer DRON-3M [4]. Experimental conditions
were as follows: X-ray tube BSV25-Cu, silicon mono-
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chromator and analyser, reflection (220) of CuK;-ra-
diation.

3. Theory

The approximation of geometric X-ray optics was used
for the theoretical analysis of our experimental results.
In this approximation, the surface profile of a sample
was divided into flat areas (microparts) sloped under an
angle yto the medial line of the profile. The Fresnel for-
mulae were used [5] for determination of X-ray reflection
coefficient I on the surface microrelief. The beam scat-
tering on the surface roughness was described by distri-
bution function of slopes F.(y), giving probability of
micropart slopes under the angle v.

IC TER method

The normalised intensity of beams reflected from a sam-
ple (k) and those reaching the detector (/p) are described
by expressions:

Lg61/2 ¥ max
Ix(g.0)=2 [0y [1;0+0F,0)*1mdy .
0 Ymin
1)
Lx6/2
1y(Lg 0)=To=  [Ii(yo)dvo - )
0

where L is the length of the sample; [ is the half of the
primary beam intensity. The function 7;(y) describes
space distribution of the primary beam intensity. The angu-
lar scattering of the primary beam are taken into account
by the convolution F,(7) with function /;(y). Thus, inte-
grated intensity of rays reaching the detector is given by:

DC TER method

The intensity reflected from the analyser is described by
the formula

a max

1,(0,00) = Jlf (@/2)F,(@/2-0)*G(c,)da )

O min

where G(o,) is the normally disrtibuted function describ-
ing a rocking curve obtained from the analyser without
sample. The convolution G(o,) with a distribution func-
tion of slopes F,(7) takes into account angular and spec-
tral width of the primary beam, dispersion and imperfec-
tion of the analyser for the rays scattering by the ana-
lyser.

4. Experimental results and discussion

The samples GaAs#1-#3 with the specially treated one-
and two-dimensional surface relief and the samples
SiO,#1-#3 that were put through the superthin chemical
and mechanical treatment have been investigated.

Analysis of relief parameters obtained by AFM
method

Parameters of sample profiles defined by the AFM method
are represented in Table 1, where: R, is the average de-
viation of profile heights from the base plane, s, is the
root mean square of profile heights; C,, is a maximum
amplitude of profile harmonics; 7,,, is a period of profile
harmonics with maximum amplitude; C, is a relative
amplitude of profile harmonics (it is equal to ratio of C,,
and sum of amplitudes of all harmonics). The profile was
decomposed by the Fourier series on the space frequen-
cies for the determination of parameters C,,, C,, T),,.

Analysis of the experimental IC and DC TER

The integral and differential curves TER for the samples
GaAs and SiO; are shown in Fig. 1 and Fig. 2. DC were
investigated at various angles h of the sample in the ver-
tical plane for the definition of a primary orientation of
relief roughness, and the value of relief asymmetry 4 p
was analysed:

AP=BV/BV+9OO s (5)

where B is the halfwidth of the DC. At perpendicular ori-
entation of relief roughness to the direction of the pri-
mary beam (Fig. 2a) the maximum value A4 p (angle 1= 0)
is obtained, and the parallel orientation of roughness
(Fig. 2b) is responded by angle n = 90°.

The asymmetry A4 g of the experimental DC and also
fractal dimension Dywere defined for the entire analysis.
The asymmetry of the curve 4 x was determined as a ratio

Table 1. Profile parameters for samples GaAs, obtained by the AFM method.

Samples R, nm 0, Nm C,,,nm T, WM G,

#1 2.411 2.875 2.108 3.568 0.125

#2 4.390 5.544 2.847 0.762 0.058

#3 2.984 3.799 2.554 11.665 0.097
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Fig. 1. Experimental IC TER for GaAs#1: I — v =0°, 11 — v = 90°.
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Fig. 2. Experimental DC TER for GaAs#1: a) v =0° b) v = 90°:
1-60=01°%2-6=0.15°,3-6=0.2°4-6=0.25°5-6=10.3°.

of square of the DC at o> 26to the square of the DC at
a < 26. Fractal dimension D,[6] describing complexity
of the form of curve was measured by the method of the
triangle length [7]. The obtained values Dy of the DC,
namely the average value Dy on 6 (Fig. 3), are used at
calculation of maximum amplitude of the profile harmon-
ics C,,,. The values Dywere not taken into account at small
angles (0<0.1°) because of distortion Dycaused by shad-
owing microparts of the profile, and at large angles
(6> 0.3°) — by absorption.

The set of values B(6), 4 x(6), DA 6) describing param-
eters of the studied surface was relief obtained for each
sample from experimental DC. The existing data corre-
lation of the DC TER and AFM methods allows to ex-
press parameters of the surface profile through perform-
ances of the DC using the empirical formulae. When fit-
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Fig. 3. Fractal dimension Dy of the DC TER for samples GaAs#1-
#3:1-#1,v=0%2-#1,v=90°%3-#2, v=0%4—#2, v=90°
5-#3,v=0°6-#3, v=90°.

ting parameters of the empirical formulae, the sum of
squared differences for parameters of calculated profiles
and parameter of profiles obtained by AFM method was
minimised.

The experimental dependences of the halfwidth B(g)
in Fig. 4a are satisfactorily approximated directly with
the slope coefficient b,. Based on AFM data, the correla-
tion between the value of the slope coefficient »; and the
period of profile harmonics 7,,, in Fig. 4b was described
by the following empirical relation:

— (b —
T, (b)) = ky - 2" + g exp — by —my) 4
2d,

(b —
+ 82 exr{%} ©)
2

where ki, g1, g, are weight factors equal to 0.48; 6.0;
5.16, respectively; m, m, are mathematical representa-
tions for the Gauss function equal to 1.07 and 3.23, re-
spectively; d,, d, are dispersions equal to 1.15 and 0.92,
respectively.

The values of asymmetry A g(6) of the DC (Fig. 4c) at
magnification 8 sequentially come nearer up to some
magnitude at = 0.25°. It enabled us to take the value A
ata given @into account for the analysis. The correlation
between values A4 jand relative amplitude of harmonics
profile C}, was found (Fig. 4d) when passing from the
coefficient of asymmetry A4 g to the parameter of relative
asymmetry A4 . It behaves in accord with the following
rule: Ay=Ag, at Ag > 1; Ay =J1/Ag ,at Ax<1.Then,
in view of AFM data, the dependence Cj{A4 y) is described
by the expression

CV = +02AV 5 (7)

where ¢; = 0.0092; ¢, = 0.047.

Using the data of DC TER and AFM methods, the
value of mean deviation of the profile roughness R, was
expressed by the empirical formula:
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Fig. 4. Correlation of DC parameters and profiles for samples GaAs#1-#3: a — slope dependence B(6) DC; b — correlation slope b;
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where ry=9.2-10~%; Bis the mean value of DC halfwidth.

The scale coefficient u, intended for correction of R, val-
ues can be expressed by the formula:

R, =1y-B-Ty 3

1
expl(T,, — Ay ) (Attp)]+1

where ;= 0.42; up = 0.057; uz = 0.922, A is the thick-
ness of layer of half slacking of the X-ray beam.

In the case of a sinusoidal profile, the surface ampli-
tude of space harmonics is C,, =(7/2)R, . Generally
maximum amplitude of harmonics for the real profile is
described by the expression:

Ky =1 M3, &)

T

C =7 Ro(Cy)" (o, ), (10)

where p; = 0.38; p, = 0.9.
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Calculation of the IC and DC on the base of
AFM data (direct task)

The integral (Fig. 5a) and differential (Fig. 5b) curves of
the TER were calculated on the base of profile data ob-
tained by AFM method. The correction of the surface
profile and distribution function of slopes F,(y) was car-
ried out for matching the theoretical and experimental
curves. The profile was multiplied by the scale coeffi-
cient u in the course of the correction. The correction of
the distribution function of slopes F;(}) took into account
repeated reflections from the surface, asymmetry of the DC
and diffusion of DC form in dependence on the angle 6.

Determination of surface parameters on the
base of IC TER

The following parameters of sample surface were deter-
mined from experimental IC: the critical angle 6 and
averaged deviation R, (Tab. 2). Taking into account the
theoretical density of the sample material p, theoretical
6¢ and experimental 8. value of the critical angle, the
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Fig. 5. Calculation of IC and DC: a — theoretical IC for SiO,#1 at v = 0°: / — full intensity; 2 — intensity of a beam which passes through
the sample; 3 — intensity reflected from the sample; b — DC for GaAs#1 at v = 0°: I — theoretical DC on the base of AFM profile; 11 —

experimental DC.

Table 2. Surface parameters of samples, obtained by the IC, DC and AFM methods.

v,° Ock,° p,glem® | Ap,% R,,nm 7, um
AFM 1C DC AFM

GaAs* 0.3051 5.001
#1 0 0.300 4.8352 -3.32 2.411 2.40 2.48 3.57 3.47
#1 90 0.2997 4.8255 -3.51 1.43 1.73 1.87 6.35 5.56
#2 0 0.3003 4.8449 -3.13 4.39 4.99 5.01 0.76 0.79
#2 90 0.2994 4.8159 -3.70 3.56 4.24 3.05 0.42 0.40
#3 0 0.2988 4.7966 -4.09 2.984 3.94 2.44 11.67 11.38
#3 90 0.2986 4.7902 -4.22 3.24 3.80 3.33 11.91 11.85
SiO,* 0.236 2.65
#1 0 0.2276 2.4647 -6.99 0.263 0.31 0.34 0.81 0.80
#2 0 0.2348 2.6231 -1.01 0.54 0.71 0.62 0.69 0.72
#3 0 0.2342 2.6097 -1.52 1.851 1.37 1.13 0.83 0.81

GaAs*, SiO,* — theoretical values for GaAs and SiO,, respectively.

density of the surface layer can be described by the fol-
lowing expression:

2
_ [bce
PE—P(OC J .

The minor diminution of density of the surface layer
(Tab. 2) was revealed for the majority samples, that is
satisfactory agreed with data of other researches [8].

(11)

Determination of surface parameters on the
base of DC TER

The fractal approach is effective for describing the relief
and profile of the real surface in many cases [9]. Therefore,
the fractal profile representing a sum of 8§ sinusoids was
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used to solve the inverse problem in DC TER method. Am-
plitudes and periods of harmonics were set as follows [6]:

A =Cps Ty =T, Ay = A, Va; T, =T Vi > (12)

where V4 =0.67, V= 0.65.

Fitting the theoretical DC to the experimental one
was made after representation of entry conditions. The
amplitudes of the profile harmonics were used as fitting
parameters. During the fitting process, it was possible to
receive a good agreement of the calculated profile (Fig.
6b) and the profile restored by AFM method (Fig. 6a).
The basic parameters of the sample profiles obtained by
the AFM and DC TER methods are represented in Tab. 2.
The fragment of the surface relief of the sample (Figs
6¢,d) is restored using profile parameters obtained by
DC method.

45



S.V. Balovsyak et al.: Determination of surface parameters of ...

y, nm a ¥y, nm b
87 8 7
0 0
-8 T T T T 1 -8 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
X, {m X, Lm

100

-100

2
7
D%,0°%,
20,220 O
NS IIRE
NS N
N a8 %%,
re“:""'
s

0%
7
& /7%
S K
S/
AN

"f )
'
RRERS
X

3
SN
<}

2
KX

9s
5L

20

X
A
ISR
X KRS
SR

SSPKS
g

e
NS,
N

N

5

g
S
RS
S

X

“If

RS

;\Q

15

Fig. 6. Sample GaAs#1: a, b — profiles obtained by the AFM and DC TER methods; ¢, d — relief, obtained by the AFM and DC TER

methods.

5. Conclusions

Thus, using DC TER method, it is obviously possible to
restore the relief parameters for researched samples. The
relief parameters and the density of the surface layer of
the samples were determined using IC TER method. The
good agreement of the surface relief parameters obtained
by the TER and AFM methods is reached as a result of
correction of the parameters describing IC and DC TER.
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