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1. Introduction

It is well known that silicon single crystals without dislo-
cations, even the most perfect ones, contain different struc-
tural defects. These are point defects (interstitial silicon
atoms, vacancies and impurity atoms) and various clus-
ters formed by them [1, 2]. Characterization of defect
structure in such crystals is of great importance for mod-
ern silicon-based instruments making [1, 2] and solving
numerous problems in standardization and metrology
[3, 4], as well as for fundamental investigations of crys-
talline structure [5, 6].

However, the above problem of characterization of
defects and structural imperfections still remains far from
being solved. This is due to the fact that defects induce
extremely small lattice distortions, and it is very difficult
to detect them. To illustrate, one practically cannot de-
tect defects in Czochralski-grown silicon single crystals
(annealed at 750 °C) by using X-ray topography (see, e.g.,
[2]). To do this, some special conditions are to be provided,
such as high-resolution plane-wave X-ray topography by
using synchrotron radiation for very thin samples [7] (see
also [8]). The conventional X-ray diffractometry, when be-
ing applied to such samples, enables one to detect imper-
fections only at measurements of integrated intensities [9,
10]. Their analysis makes it possible to determine only
some general parameters of structural perfection —static
Debye-Waller factor and defect correlation length, and, at

© 2000, Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

best, to determine parameters for defects of only one type
that is assumed to be predominant.

True, for silicon samples annealed at 750 °C the inte-
gral and differential y- diffractometries [11, 12] enable
one to detect very large deviations from intensities char-
acteristic for perfect crystals. These techniques (and small-
angle neutron scattering [12, 13] as well), however, have
not found a wide practical utility. Besides, it is impossible
to analyze successfully the results obtained by these meth-
ods without using an adequate theoretical model for dy-
namical diffraction of radiations in single crystals contain-
ing defects. And the complicated character of actual de-
fect structure also has to be accounted for.

The above difficulties may be overcome to a large ex-
tent by applying the total rocking curve (TRC) technique,
with the use of high-resolution double-crystal X-ray dif-
fractometry [14, 15]. This method is based on the gener-
alized dynamical theory of radiation scattering by im-
perfect crystals. It gives a self-consistent description for
angular dependencies of both coherent and diffuse TRC
components [16]. The method employs explicit analytical
relationships between the determined diffraction param-
eters of structural perfection (the static Debye-Waller
factor and coefficient of absorption due to diffuse scat-
tering) and defect characteristics. This makes it possible
to perform comprehensive quantitative diagnostics of ac-
tual defect structures in single crystals.
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The objective of this work was to make comprehen-
sive investigation of actual complex defect structure for
highly perfect Czochralski-grown silicon single crystals,
both non-annealed and after isothermal annealing at 750°C.
To do this, we used the above TRC technique and high-
resolution nondestructive direct observation methods
(atomic force and scanning electron microscopies).

2. Investigation techniques

2.1. Total rocking curve technique for Bragg
diffraction

The TRC technique is a generalization (for the case of
large defects) of the well-known method of «integral» dif-
fuse scattering intensity (Larson method - see [17, 18]).
Later based on kinematical description of the integrated
(over the output angles) diffuse scattering intensity at the
TRC tails. Such an approach makes it possible to deter-
mine both defect size and concentration »n from the de-
pendence of the integrated diffuse scattering intensity on
the angle of incidence. If the effective sizes of defects
R.¢rare comparable to (or exceed) the extinction length
A\, then one has to consider jointly the coherent and dif-
fuse components of scattering intensity in the whole (in-
cluding total reflection range) angular on the basis of dy-
namical theory.

When the measurements are made by using the dou-
ble-crystal diffractometer with widely open detector win-
dow, TRC for a single crystal where defects are uniformly
distributed is a sum of two (coherent and diffuse) diffrac-
tion intensity components that are integrated over the out-
putsolid angle. They depend on sample deviation A@ from
the exact Bragg reflection position of the crystal studied
[14, 15]: R(26)= Reop (86)+ Ryiyy (86).

Information on the defect characteristics appears in
these components through the static Debye-Waller fac-
tor, E = exp(— Ly ), and coefficient of absorption due to
diffuse scattering, Uy (AG) . In this case, in the
semiinfinite crystal approximation (i.e., when Lyt >>1,
where U is the linear coefficient of photoelectric ab-
sorption and 7 is the crystal thickness), the coherent com-
ponent, R, is given by the expression whose form is
similar to that of the corresponding one for a perfect crys-
tal [19], but with some additional parameters that are
expressed through E and L. For symmetric diffraction
the diffusion component is (in the same approximation)

_ VOHds(Ae)
2u(p6)

Here y is the direction cosine of the incident X-ray
beam; the interference absorption coefficient, u(AG), is
of the order of 77/ in the total reflection range, and is
about Uy /Yy, at |A9| >>yw , where w is the width of the
total reflection range.

The angular dependence of 11y, is very sensitive to de-
fect type and size. This fact enables one to perform diag-

R (26)
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nostics of complex defect structures formed by defects of
different types and sizes [20, 21]. If the defect concentra-
tions and sizes are sufficiently small, then the superposition
principle for their static displacements fields holds [22].
In this case, when there are no correlations in the defect
positions, one can present the general diffraction param-
eters of structural perfection, Ly and 4, as sums of
contributions from the defects of each type o [21]:

Ly = ;L‘f{ . Has(26)= ;I»lgs(AQ)

To perform adequate quantitative diagnostics of de-
fects from the TRC angular dependencies R(AG) in such
cases (and especially when the defect effective radius R ,
for at least one type of defects, is comparable to the ex-
tinction length A), one has to measure TR C with high ver-
sus incidence angle resolution.

The incident X-ray beam has to be characterized by high
degree of collimation and monochromatization. An addi-
tional reason for these requirements is that in this case
one can detect intensity oscillations for asymptotic dif-
fuse scattering [23-25, 21]. This substantially improves the
diagnostics reliability. The period of these oscillations for
diffuse scattering intensity (both differential [23-25] and
integrated over output angle [21]) is determined by the ef-
fective defect radius Ryp . For clusters this radius is

Reff = ‘, H|Ay| . Here H is the magnitude of reciprocal
space vector; Ay is the cluster power (for spherical clus-

ters Ay =T &R}, where I':%(1+V)/(l—v), vis the

Poisson ratio, £is the strain at cluster boundary and Rpis

the cluster radius). For dislocation loops R = Ry, JHb |
where R is the loop radius and b is the Burgers vector
magnitude.

The above features of TRC technique, as well as con-
ditions for diagnostics of complex defect structures, de-
termine the use of double-crystal diffractometers with
high-resolution X-ray optical design (see Fig. 1). To treat
adequately the measured TRC, one has to take into account
the instrumental factors. This can be done by single con-

Si(111),(333)
X * CUKO(]_ / j D
S
Ml ) Mz
Ge(333) Ge(333)

Fig. 1. Diagram of Si (111) and Si (333) symmetric Bragg reflections meas-
urements by a high-resolution X-ray diffractometer (Cu K, characteris-
tic radiation): X — X-ray tube; M| and M, — monochromators; S —sample;
D —detector.
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volution of the instrumental function with TRC of the
crystal studied [20].

2.2. Direct observation techniques: atomic
force and scanning electron microscopies

To study the sample surfaces, we used the atomic force
microscope (AFM) Nanoscope I11a (Digital Instruments,
USA) and scanning electron microscope TESLA BS-340
(Czech Republic). The analytical system for energy-dis-
persive X-ray microanalysis LINK-860 (UK) enabled us
to qualitatively determine distribution of phases and dif-
fusion areas in the samples studied by using characteris-
tic X-ray radiation.

The AFM scans were taken by the 100 pum scanner (G-
scanner) using etched silicon tip (whose radius of curva-
ture was ~7 nm, resonance frequency was 320 kHz and
spring constant was about ~ 60 N/m) in tapping mode. This
enabled us to study the sample surface features whose sizes
varied from several Angstréms up to tens of microns.

3. Experimental samples

The samples used for investigations were prepared from
wafers that have been cut from the central part of a
Czochralski-grown silicon ingot (growth axis (1110l The
material was of p-type; its resistivity was 10.5 Qldm. Con-
centrations of oxygen and carbon contaminations were
~1.100"8 and £ 107 cm™3, respectively. The samples, cut
from wafers transversely to the growth axis, were exposed
to chemico-dynamic treatment. After it their thickness was
500 um. To remove possible markings of the treatment,
the samples were further etched to the depth of 10 pm on
both sides.

The samples obtained in the above way were sepa-
rated into three groups: L00, L30 and L50. Those from
L30 and L50 groups were annealed at a temperature of
750 °C for 30 and 50 hours, respectively. (Thermal an-
nealing was performed in a sealed-off quartz tube in the
argon atmosphere, at a pressure of 150 kPa, to exclude
possible oxygen «depletion» of the near-surface layer.)
Then they were air-hardened and washed with hydrofluoric
acid for two minutes to remove oxide film that might ap-
pear at the sample surface.

The L00 samples were not annealed. They were used for
studies of defect structure in the as-grown single crystal.

4. Results of direct observations

Our investigations with the atomic force microscope have
reveal substantial distinctions in surface morphology of
the samples studied (see Fig. 2).

For as-grown L00 samples (Fig. 2a) there are pyrami-
dal ridges randomly distributed over the surface. Their av-
erage size and height are about 0.1 pm and 25 nm, respec-
tively. Their surface concentration is about 8108 cm™2.

For annealed L30 samples (Fig. 2b) one can see py-
ramidal precipitates (whose average sizes are 0.2 and
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0.4 um), as well as their aggregates, at the surface. The
ridge height is about 50 nm.

For annealed L50 samples (Fig. 2¢) the average sizes
of pyramidal ridges are about 0.12 and 0.45 pm, while their
average heights are 10 and 50 nm, respectively.

We also made an analysis of the sample surface rough-
ness, R,, based on the results given by the atomic force
microscopy. To exclude the effect of possible surface
macroscopic tilt on the roughness value, we calculated
the surface roughness by the following expression:

L)’ Lx

1
| f( 1 ) | o
I OI x,y) | dxdy

L,L,

R =

a

Here f(x,y) is a function that represents the deviation
of the surface studied from a plane; L, and L, are sizes of
the area for which one determines roughness.

Itis remarkably that for annealed samples total surface

roughness, R3" ,is substantially below that for as-grown
samples (see Table 1). At the same time the surface rough-
ness R, (determined for the field 0.5x0.5 pm without mac-
roscopic ridges) is approximately the same for all sam-
ples. It should be noted, however, that after thermal an-
nealing for only 30 hours the surface roughness R, and
nonuniformity are maximal. Thermal annealing for 50
hours leads to a roughness decrease and makes surface
more uniform.

One can see from the scanning electron microscopy
patterns taken for the L30 sample (Fig. 3a) that there are
precipitates (about 0.5 um in size) and their aggregates.
The characteristic X-ray radiation mapping over this sur-
face (Fig. 3b) suggests that the above precipitates are
inclusions of chromium atoms bonded to oxygen (prob-
ably CrO3). The scanning electron microscopy patterns
taken for the 150 sample (Fig. 3c) show precipitates whose
size is < 1 um, as well as linear defects (about 10 pm in
size) stemming from dislocation loops intersection with
the crystal surface.

5. X-ray diffraction studies and analysis of their
results

The TRC for the samples studied are shown in Fig. 4. When
treating them, we used a model for defect structure that
included presence of randomly distributed disk-like pre-

Table 1. Surface roughness for as-grown sample L00 and
annealed samples L30, L50 (g, % - R, deviation from its
average value at different surface points).

Sample Field sizes Field sizes
No 0.5%0.5pum 5%5 um
R, A & % RY,A
L00 6.6 7.3 29.8
L30 6.9 22.7 17.6
L50 5.2 13.0 10.3
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4 T 0.0 nw 100.0 nm

Fig. 2. Solid and plane patterns of Si sample surface relief given by the atomic force microscope for samples L0O0 (a, a”), L30 (b, b") and L50 (c, ¢”).

278 SQO0, 3(3), 2000



L.V. Prokopenko et al.: Comprehensive investigation of defects in highly perfect ...

Table 2. Characteristics of precipitates and dislocation loops in the samples determined for Si (111) i (333) reflections (Cu
Kg1-line). (Rp, hp and np are the radius, thickness and density of disk-like precipitates, respectively; R; and n; are the
radius and density of dislocation loops, respectively.)

Sample No Rp, pm hp, nm np,cm R;,Um ny,cm
and hkl

L00
111 0.1 6.3 9.00010 0.025 2.3010!2
17.0 3.500!
333 0.1 6.3 7.001010 0.025 9.3[10!2
2.0 1.4108

L30
111 0.25 9.1 1.6000'0 0.03 5.000!2
0.57 12.7 5.0000° 10.0 1.1007
333 0.25 8.3 1.700!! 0.03 7.500!2
0.57 12.7 5.0000° 2.0 1.2008

L50
111 0.6 13.0 1.000° 0.035 2.010!2
5.0 5.0007
333 0.6 13.0 7.8010° 0.035 5.50012
2.0 1.5008
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cipitates and circular dislocation loops in the crystal, as
well as point defects and thermal diffuse scattering
[20, 21]. It should be noted that all attempts to describe
the observed TRC in the whole angular range by using
only one type of defects failed (it was possible to fit only
isolated regions of angular dependencies). This results
from the fact that diffuse components of TRC from de-
fects of different types (and sizes) behave in different ways
in different regions of the angular range. It is that fact

Fig. 3. Patterns of Si single crystal surface given by the scanning elec-
tron microscope for samples L30 (the image in scattered electrons (a), the
same area but in characteristic X-ray radiation of chemical elements of
surface (b)) and L50 (the image in scattered electrons (c)).
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0.0+

; ; .
-20 -10 0 10 A@, arc sec 1 2 3 4 In(AB)

Fig. 4. Total rocking curves for Si samples (Cu Ky characteristic radiation, (111) reflection) in the total reflection range (a, b, ¢) and at tails (&', b", ¢")
(solid line — theory, dots - experiment). Samples: L0O (a,a"), L30 (b, b") and L50 (c, ¢’). Shown are also the coherent (thin solid line) and diffuse TRC
components for precipitates (dashed line), dislocation loops (dotted line) and point defects (dash-dotted line).

which enables one to perform diagnostics of complex de- We determined the defect parameters (radius R p, thick-
fect structures. In this case a consistency of TRC descrip-  ness /1 p and density np of disk-like precipitates, radius Ry,
tion in the total reflection range (Bragg peak) and at the  and density n; of dislocation loops) by fitting the meas-
tails is of importance. ured TRC with use of the expressions for R}, and Rg;sr
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obtained in [20, 21]. The determined parameter values
are given in Table 2. One should note the agreement be-
tween the parameters values of precipitates and small
loops found from TR C for different reflections. The sizes
of large precipitates and dislocation loops agree well with
those determined from direct observations (see Figs. 2
and 3). The sizes of small precipitates and dislocation
loops are close to those observed for similar samples by
transmission electron microscopy [26-28]. Differences be-
tween the densities may be due to different conditions of
statistics investigation with X-ray diffractometry and elec-
tron microscopy, as well as different thermal prehistory
of crystals and growing conditions. They essentially af-
fect both the precipitation centers density and defect for-
mation [2].

Attention is drawn to the complex defect structure of
the as-grown LOO sample (see defect parameter values in
Table 2). It should be noted that various defects in these
crystals have been also observed by using plane-wave syn-
chrotron X-ray topography [7]. Comparison between the
defect parameter values obtained for the as-grown (L00)
and annealed (L30 and L50) samples enables one to state
that the initial defect structure substantially affects the
character of defect production during further thermal treat-
ments.

We would also like to stress that TRC technique makes
it possible to perform quantitative diagnostics of diffrac-
tion parameters for point defects and thermal diffuse scat-

tering ( Ugs(0)/ Lo is equal 3.2[10* for (111) reflections

and 5.6[10°° for (333) reflections)(see Fig. 4). It should
be noted that both the measurements and analysis of such
low intensities of diffuse scattering in the immediate vi-
cinity of the reciprocal lattice point are only possible due
to separation of much higher contributions to diffuse scat-
tering from microdefects.

Conclusions

We have made a comprehensive investigation of defect
structure for Czochralski-grown silicon single crystals
annealed at 7= 750 °C. Direct observations by atomic
force and scanning electron microscopes enabled us to
determine the main types of defects in the above highly-
perfect crystals. We also measured TRC for these crys-
tals by high-resolution double-crystal diffractometer and
performed an analysis of the results obtained. In doing this
we based on the generalized dynamical theory of radiations
scattering by imperfect single crystals. This enabled us to
determine numerical values of the defect characteristics,
as well as of diffraction parameters of diffuse scattering
from point defects and thermal diffuse scattering.

The results obtained and their comparison to the ref-
erence data for similar samples that were obtained using
destructive methods of direct observation evidence that it
is possible to perform reliable and highly informative di-
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agnostics of complex defect structures in single crystals
by combination the non-destructive methods of direct ob-
servation and X-ray differential technique of total rock-
ing curve.
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