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A combination of high-resolution X-ray diffractometry, Rutherford back
scattering spectroscopy and secondary-ion mass spectrometry (SIMS) methods
were used to characterize structural transformations of the damaged layer in
Si(001) substrates heavily doped by Zn ions after a multistage thermal
treatment. The shape of the SIMS profiles for Zn atoms correlates with the
crystal structure of the damaged layer and depends on the presence of the
following factors influencing the mobility of Zn atoms: (i) an amorphous/
crystalline (a/c) interface, (ii) end-of-range defects, which are located slightly
deeper than the a/c interface; (iii) a surface area enriched by Si vacancies; and
(iv) the chemical interaction of Zn with Si atoms, which leads to the formation of
Zn-containing phases in the surface layer.

1. Introduction

Recently, the fundamental properties of metal-oxide nano-
particles (NPs) in dielectric matrices have been intensively
investigated, since such materials can be used in modern
electronic and optoelectronic devices. ZnO NPs play an
important role among them, since ZnO has a wide direct band
gap (3.37 eV), large exciton binding energy (60 meV), room-
temperature ferromagnetism and a chemical-sensing effect.
ZnO NPs on Si substrates can be made by ion implantation.
Therefore, the study of properties of nanostructured materials
becomes highly relevant. Here, we present a study of the
structure transformation of a damaged layer during thermal
annealing of Zn'-implanted Si by high-resolution X-ray
diffraction (HRXRD) complemented with Rutherford back
scattering spectroscopy (RBS) and secondary-ion mass spec-
trometry (SIMS) techniques.

2. Samples and experimental techniques

A single-crystal wafer of n-type Czochralski-grown Si(001)
(n =3 x 10" cm ™) with a thickness of 350 jum was implanted
with ®*Zn" ions at an energy of 100 keV and an ion dose of 2 x
10" cm 2. An ion beam with a current density of 50 nA cm >
and a diameter of 2 mm was scanned over the substrate
surface at an angle of 7°. The samples were subsequently pre-
annealed in a neutral atmosphere at 673 K and then annealed
at 873, 973, 1173 and 1273 K for 60 min in an oxygen atmo-
sphere. HRXRD measurements were performed on a DS

Discover (Bruker AXS) diffractometer equipped with a
conventional X-ray tube operating at 1.6 kW with Cu Ko,
radiation. A high-resolution experimental setup was achieved
using a Goebel mirror with a fourfold Ge(220) Bartels-type
primary beam monochromator and a threefold Ge(220)
diffracted beam analyzer. With this configuration, a wave-
length dispersion of the primary beam of AA/A ~7 x 107> and
a divergence of only 12, both for the primary and for the
diffracted beams, were achieved. A qualitative phase analysis
of the thin implanted layers was performed in an out-of-plane
grazing-incidence geometry (parallel beam configuration).

For a detailed defect structure analysis of ion-implanted
layers by HRXRD, it is necessary to separate the coherent and
incoherent (diffuse) parts of the scattered intensity from the
whole diffraction pattern. The pure coherent component of
the scattered intensity can be used for the determination of a
strain profile and the distribution of the static Debye—Waller
factor. The diffuse X-ray scattering can be used for defect
structure analysis, namely, for estimating the concentration of
defects and their size. Moreover, the two-dimensional shape of
the diffuse scattering is used for determination of the defor-
mation field symmetry caused by a defect.

The original procedure for reciprocal space map (RSM)
analysis (Shalimov et al, 2007) is based on the following
assumptions of diffracted intensity distribution along the g,
axis:

(i) The coherent peak has a bell-like shape, meaning that
there is no scattering from mosaic structure or grains.
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(ii) The full width at half-maximum (FWHM) of a diffuse
peak is wider (two times or more) than one for a coherent
peak. The FWHM of the coherent peak should be comparable
to the width of the diffractometer instrumental function
(~12") and should be practically the same along the g,
direction.

(iii) The intensity of coherent scattering, I ., decreases as
I >~ g7 with n > 5. The intensity of diffuse scattering I4;
decreases much slower, 1 < n < 4.

From the assumptions, it follows that each ¢, intersection of
an RSM can be presented as a sum of two bell-like functions
with different speeds of decreasing intensity:

1(q,) = Lo (x) + I (x) + bkgr

qx — A1 " q — AZ "
:AI/I:1+< hw, ) i|+A2/|:1+< hw, ) j|
+ bker, 1)

where A; is the maximal intensity of the peak (i = 1, 2), hw; is
the FWHM of the peak, n; is the intensity decrease speed, A;is
the deviation from ¢, = 0 for the coherent and diffuse
components, respectively, and bkgr is a constant component of
intensity caused by detector noise etc.

In the present work, the samples were oriented such that
the g, direction was parallel to the surface normal, so the value
of parameter A; = 0. In this case the start value of A; will be a
linear function of ¢g,. Separation of coherent and diffuse
components from experimentally obtained RSMs requires the
consecutive analysis of each g, section at different g, positions
using an optimization procedure. The quality of the curve
fitted to an experimental diffraction peak was estimated via
minimization of the x*-like function

1 " [log I — log 1"

NP —n, = err;

XZ

@

where NP is the number of points at an intersection, n, is the
number of varied parameters, I,°*? and I,"*°" are the values of
the experimental and calculated intensities at point i, and err;
is the relative error of the intensity at each measured point. In
formula (2), the real error for each point is present, thus the
informative significance of each point can be considered. It is
evident that points with large error values have a weak
influence on the found parameters.

The ‘pure’ coherent part was fitted using an original
procedure (Shcherbachev er al., 2003), based on a genetic
algorithm, to obtain a damage profile which can be described
by both strain ¢,.(z) and static Debye-Waller factor Lj(z)
profiles. The value L;; = 8[m(sinfg)/A]* (1) (where 6y is the
Bragg angle) is proportional to the mean square displace-
ments of atoms from their sites in the crystal lattice (u?) and
can be considered as a characteristic of the degree of crystal
imperfection due to amorphization or clustering of point
defects. The Fourier components of polarizability in a
distorted crystal can be rewritten as xj; = x,exp(—Lpg). Since
0 <exp(—Ly) <1, introducing the static Debye—Waller factor
leads to a decrease in reflectivity of the damaged layer and,
thus, to a decrease of diffracted wave amplitude proportional

to | ;|- Simulation of the diffraction curves was performed in
the framework of the dynamical theory of X-ray scattering
using the formalism suggested by Wie et al. (1986).

SIMS was used for analyses on a CAMECA IMS-4f
instrument with a primary OF -ion current of 150 nA and an
energy of 10 keV. The mass spectral resolution was 4000. The
focused primary beam was rastered over a 200 x 200 um area,
with detection of ions from an area of 60 pm diameter at the
raster center. The sputtering rate was approximately
0.5nms .

Defect concentration depth profiles were obtained from
RBS spectra of He™ ions in a van de Graaff accelerator with
2 MeV energy using an ion channelling technique (Ziegler,
1972).

3. Results and discussion

In the as-implanted state, the surface of the sample is fully
amorphized owing to the high-dose implantation. According
to a SUSPRE (http://www.surrey.ac.uk/ati/ibc/research/modelling_
simulation/suspre.htm) simulation, the thickness of the amor-
phous layer is 100 nm. This is confirmed by the RBS data
(Fig. 1, curve 1). The thickness value of the amorphous layer
was used in the fitting of high-resolution diffraction curves to
obtain strain and Debye—Waller depth distributions (Fig. 2a).
The amorphous layer is invisible for the setup used in the
HRXRD experiment. The thickness of the layer cannot be
determined from the fitting of a diffraction curve directly.
X-ray diffuse scattering (XRDS) was not observed in an
Si(004) RSM (Fig. 3a). The map has an asymmetric shape
along the [00L] direction and looks like a map from a
substrate with a strained top layer. A part of the damaged
layer below an amorphous/crystalline (a/c) interface is enri-
ched by radiation-induced defects, which are a source of
tensile strain. The depth distribution of Zn atoms (Fig. 4),
measured by SIMS, has a bell-like shape that was well
predicted by the SUSPRE simulations.
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Figure 1

Relative concentration of displaced lattice atoms versus depth for the
samples implanted with ®*Zn* ions at an energy of 100 keV and an ion
dose of 2 x 10'® cm™ curve 1 is for the as-implanted sample; curves 2, 3
and 4 correspond to samples subsequently annealed at 873, 973 and
1173 K, respectively.
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Strain €_,(z) (curve 1) and static Debye—Waller factor exp(—Ly)(z) (curve 2) depth profiles. (a) As
implanted, and (b) annealed at 873 K, (¢) 973 K and (d) 1173 K. The black curve is the strain
profile; the red curve is a factor of the exp(—L;;)(z) depth profile. The hatched area in (a)—(c)
corresponds to the amorphous layer in accordance with the RBS data.
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Symmetric Si(004) RSMs measured for the as-implanted sample (@), and samples annealed at
873 K (b), 973 K (c) and 1173 K (d). The increase of XRDS around the reciprocal-lattice point
after annealing at 973 K can be caused by clusterization of radiation-induced point defects and

implanted Zn atoms.
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After 873 K annealing, the thickness
of the amorphous part of the damaged
layer decreased (Fig. 1, curve 2). The
thickness of the crystalline part of the
damaged layer is also decreased, as a
result of annealing of radiation-induced
point defects and diffusion of Si; inter-
stitials inside the undamaged substrate
(Fig. 2b). The strain and Debye-Waller
depth profiles have a peculiarity at a
depth of about 150 nm, testifying to
cluster formation by interstitial-type
defects. SIMS shows a weak segregation
of Zn atoms at the same depth (Fig. 4,
curve 2). This area is enriched by so-
called end-of-range (EOR) defects that
form a band which is some 10-30 nm
wide in the implant direction. This band
is slightly deeper than the a/c interface.
These defects represent the dislocation
loops and small clusters of intrinsic
radiation-induced interstitial defects
(Claverie et al, 1995;), which are not
annealed up to 973 K. However, the
XRDS from these defects was not
revealed from the RSMs (Fig. 3b).

Recrystallization of the amorphized
layer continued after 973 K annealing
(Fig. 1, curve 3). The strain diminished
owing to annealing of radiation-induced
defects (Fig. 2, curve 2). However, the
thickness of the layer enriched by inter-
stitial-type defects increased owing to
diffusion of interstitial atoms inside the
undamaged substrate. At the same time,
XRDS from point defect clusters (or
dislocation loops) is clearly visible in the
RSM (Fig. 3¢).

Fig. 4 shows a SIMS profile for the
sample after annealing at 1073 K (curve
4). We can assume that a profile at 973 K
must be somewhere in between. A
migration of Zn atoms towards the
surface is observed. Reconstruction of
the radiation-induced damage layer has
occurred from the intrinsic substrate
and, apparently, most of the defects have
diffused deep into the substrate. The
surface is an effective sink for Zn atoms
(Nzn =~ 10*' cm™ according to SIMS).
At a depth greater than 150 nm, the
radiation-induced point defects in the
damaged layer are relaxed through the
interaction with Si matrix interstitials
and Zn impurity atoms. This may be due
to clusterization of radiation-induced
point defects and implanted Zn atoms.
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The behavior of Zn profiles after 873 and 973 K annealing
can be explained as follows. The peak at 130 nm of curve 3 and
the peak at 140 nm of curve 4 in Fig. 4 are due to an additional
accumulation of Zn at the EOR defects (Zn diffuses deeper at
973 K). These positions are correlated with minima of the
exp(—Ly;) factor in Figs. 2(b) (curve 2) and 2(c) (curve 2). At
873 K, Zn has diffused only to the upper part of the band of
the EOR defects so that only a narrow peak at 135 nm is
observed (curve 3). Annealing at 973 K makes Zn diffuse
deeper so that it is trapped in the whole EOR band. This is
compatible with the fact that the peak around 140 nm in curve
4 in Fig. 4 is broad.

After annealing at 1173 K, a reduction in density of the
point defects and the complexes responsible for strain of the
matrix crystal lattice is observed (Fig. 1, curve 4, and Fig. 2d).
Apparently, most of the defects have diffused deep into the
undamaged substrate. The XRDS background in the Si(004)
RSM became less than in the case of 973 K annealing. The
damaged layer is fully recrystallized. The zinc depth profile
(Fig. 4, curve 4) has undergone considerable changes. Inte-
gration of the SIMS profile (curve 4) over the analyzed depth
shows that the full amount of Zn has decreased by a factor of
50 in comparison with the 973 K annealed samples. This could
be caused by a rapid diffusion of Zn atoms towards the sample
surface. During high-temperature annealing (1273 K), Zn
atoms can leave the free top surface, which leads to a decrease
of Zn content in the near-surface area (Fig. 4, curve 5).

Some of the Zn atoms are gathered in the subsurface layer
at a depth of 0-40 nm (Fig. 4, curve 4), which was enriched by
Si vacancies (Vg;). The out-diffusion of Zn from Si is known
(Giese et al.,, 1998) to proceed mainly via the dissociative
mechanism Zn; + Vg; <> Zng; + E, where E represents an
empty interstitial site. Thus, the excess of Vg; stimulates Zn
diffusion. The source of these vacancies could be both defect
complexes containing vacancies and the a/c interface gener-
ating Vg; defects during recrystallization. Fig. 2(d) shows that
the strain value is negative in this near-surface area and the
crystal lattice is disordered [a low value of exp(—Ly) factor].
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Zn depth profile measured by SIMS for the samples implanted with *Zn*
ions at an energy of 100 keV and an ion dose of 2 x 10" cm ™.

At a depth of 80-110 nm, the content of Zn atoms is about 3—
4 x 10" cm™, which is much higher than the limiting equili-
brium concentration of Zn in Si, namely Ni™ = 6 x 10" cm ™,
It is safe to assume that Zn precipitation from Si(Zn) solid
solution occurs in this sample area. This high-temperature
annealing contributes to further growth of clusters that
contain Zn. The fact that the growth of Zn-containing clusters
is not accompanied by an increase in XRDS may be a result of
the formation of Zn-containing phases, which are incoherent
with the Si crystal matrix. The strain at depths of greater than
120 nm is determined by weakly associated intrinsic inter-
stitials Si; and Zn atoms that produce the residual tensile
strain.

To get more information about the Zn-containing phases,
XRD measurements in an out-of-plane grazing-incidence
geometry were performed. Fig. 5 shows the XRD patterns for
the samples studied in the angular range 26 between 40 and
60°. The pattern intensity is scaled up for the sake of clarity.
The reference peak positions for Zn-containing phases are
also shown as straight lines. This experimental setup allows us
to reveal a weak signal from the small number of Zn-
containing phases. In the sample annealed at 973 K, peaks
observed in the 20 range 50-56° belong to zinc silicate phases,
which cannot be identified exactly owing to the large peak
width and low crystallographic symmetry of these phases.
After annealing at 1173 K, peaks belonging to zinc, zincate
and zinc silicates are present in the diffraction pattern.
Annealing at 1273 K does not dissolve all Zn-containing
phases. Weak peaks belonging to zinc silicates and zincate
phases are still present in the diffraction pattern.

A similar set of Zn-containing phases was observed in SiO,
heavily doped with Zn" ions and annealed in an oxygen
atmosphere at temperatures up to 1173 K (Amekura et al.,
2006). It was found that ZnO forms after 1 h of annealing at

Zn ZnO B-Zn,SiO, p-Zn,SiO,
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Figure 5

XRD diffraction pattern measured in out-of-plane grazing-incidence
diffraction geometry (incidence angle is equal to 0.3°) for the samples
annealed at 973 (curve 1), 1173 (curve 2) and 1273 K (curve 3). A scale
factor of two is used to avoid spectra overlapping in the plot.
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873 K and disappears after 1173 K annealing. However, in our
case, zinc, ZnO and zinc silicates are present even after 1173 K
annealing. This state could be the result of an interaction of
the following factors: (1) recrystallization of the amorphous
part of the layer damaged by implantation; (2) spatial redis-
tribution of Zn atoms due to their migration to the surface;
and (3) a diffusion stream of oxygen atoms from the surface
deep into the subsurface area. Annealing at 1273 K leads to
loss of Zn atoms from the free surface. At this temperature,
ZnO can chemically interact with Si and O, which leads to the
formation of stable zinc silicate phases.

4. Conclusion

A combination of HRXRD, grazing-incidence XRD, RBS and
SIMS methods were used to characterize structural transfor-
mations of the damaged layer in Si(001) substrates heavily
doped by Zn ions after a multistage thermal treatment. To
reconstruct strain and Debye—Waller depth profiles from the
shape of a diffraction curve, information about the thickness
of the amorphous layer from RBS spectra is essential. The
shape of SIMS profiles for Zn atoms correlates with the crystal
structure of the damaged layer and depends on the presence
of factors influencing the mobility of Zn atoms. These factors
could be (i) an amorphous/crystalline interface; (ii) EOR
defects, which are located slightly deeper than the amorphous/

crystalline interface; (iii) the area enriched by Vg; defects
generated at the amorphous/crystalline interface on
annealing; and (iv) a chemical interaction of Zn with Si that
leads to formation of Zn-containing phases in the surface
layer.

The study was partially performed on equipment belonging
to the Joint Research Center ‘Materials Science and Metal-
lurgy’ (National University of Science and Technology
‘MISIS’) with financial support from the Ministry of Educa-
tion and Science of the Russian Federation.

References

Amekura, H., Plaksin, O. A., Yoshitake, M., Takeda, Y., Kishimoto, N.
& Buchal, C. (2006). Appl. Phys. Lett. 89, 023115.

Claverie, A., Laanab, L., Bonafos, C., Bergaud, C., Martinez, A. &
Mathiot, D. (1995). Nucl. Instrum. Methods Phys. Res. Sect. B, 96,
202-209.

Giese, A., Bracht, H., Stolwijk, N. A. & Walton, J. T. (1998). J. Appl.
Phys. 83, 8062.

Shalimov, A., Shcherbachev, K. D., Bak-Misiuk, J. & Misiuk, A.
(2007). Phys. Status Solidi. A, 204, 2638-2644.

Shcherbachev, K. D., Kuripjatnik, A. V. & Bublik, V. T. (2003). Ind.
Lab. 69, 626-630.

Wie, C. R., Tombrello, T. A. & Vreeland, T. (1986). J. Appl. Phys. 59,
3743.

Ziegler, J. F. (1972). J. Appl. Phys. 43, 130-147.

886

Kirill Shcherbachev et al. -«

Defect structure transformation after thermal annealing

J. Appl. Cryst. (2013). 46, 882-886


http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=xz5007&bbid=BB9

