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Abstract

Bulk Czochralski silicon crystals were decorated with Cu and characterized by
transmission electron microscopy (TEM) with energy-dispersive spectroscopy
(EDS), atomic force microscopy (AFM), optical microscopy (OM), scanning
electron microscopy (SEM), and photoluminescence spectroscopy (PL). The
vacancy-type core, oxidation-induced stacking faults (OISF) ring, nearly de-
fect-free ring, and self-interstitial-type rich outer ring were delineated in the Si
crystal wafer. At the surface of the Si crystal, vertical-horizontal line (V-H
line) defects and windmill defects (W-defects) were formed instead of OISF.
The families of growth planes and directions were expressed as {011} and
<110> for the V-H line and {010} and <010> for W-defects, respectively. In
addition to V-H line defects and W-defects, pits or voids and Si oxide with
dissolved Cu were found in the Si crystal wafer.
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1. Introduction

Integrated circuits and electronic devices are manufactured on single-crystal sil-
icon wafers produced from silicon crystals grown primarily by the Czochralski
(CZ) technique. Single-crystal silicon wafers may contain various defects that are
formed during crystal growth or during the processing of the silicon wafer. The
defects in silicon crystals are typically classified into the following four types
based on their shapes and dimensions [1]: 1) point defects, which include silicon

self-interstitials, vacancies, interstitial impurities (such as oxygen from the SiO,
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crucible), and substitutional impurities like dopants and carbon; 2) line defects,
dislocation loops, and edge and screw dislocations; 3) planar defects such as
stacking faults; and 4) bulk defects, which are agglomerations of point defects.
Interstitial-type and vacancy-type defects are known to exist in CZ silicon crys-
tals, and their distributions are determined by the relation between the crystal
growth rate (v) and the temperature gradient (G). The value of v/ G determines
whether an interstitial-type, vacancy-type, or mixed-type silicon crystal is grown.
The critical v/ Gvalue (&) is close to 1.34 x 107 cm?*Kmin™! [2]. When v/ G< &,
I-defects (interstitial-type defects) are dominant compared with V-defects (va-
cancy-type defects). In contrast, V-defects dominate when v/ G > &. Mixed-type
defects (both I-defects and V-defects) are also found in silicon crystals at specific
values of v/ G [3] [4].

In general, defects caused by interstitial elements (oxygen from the silica
crucible, carbon from the graphite susceptor, dopants, and others) dissolve in
the silicon crystal and are too small to be observed easily and directly by the
analysis techniques such as OM, SEM, and even TEM. The rapid oxidation of
the silicon wafer can enhance defect growth, allowing them to be observed after
etching with select solutions such as Wright, Sirtl, Schimmel, Yang, Secco,
MEMC, and Dashn (ASTM standard F 1809-02, 2003) [5]. Different types of
rapid oxidation such as wet oxidation [1] [6], dry oxidation [7], and Cu decora-
tion [8] [9] [10] [11] have been discussed and used to identify oxygen precipi-
tates, dislocation loops, pits, and oxygen-induced stacking faults (OISF) in sili-
con crystals. Cu decoration is a reliable treatment for delineating the most
common defect types in silicon crystals, including I-type and V-type defects and
OISF regions, by the naked eye or under bright light or OM [8] [9]. In this study,
Cu decoration technique is used to delineate pits, I-type and V-type defects, V-I
boundaries, defect-free regions, and line defects. After Cu decoration, the defects
have a specific growth direction. Thus, the purpose of the study is to elucidate
the growth mechanisms of the defects in silicon crystals using Cu decoration
combined with OM, TEM with EDS, and AFM.

2. Experimental Procedures

CZ silicon crystals were grown along the <100> direction using conventional CZ
processing. Si crystals were processed into polished 8-inch wafers. The wafers
were then subjected to the following standard Cu decoration treatment by
Mule’Stagno [8]. A high concentration of copper nitrate (Cu(NOs)45H,0) solu-
tion was spread on the back side of the wafer and heated at 50°C to 60°C on a
hot plate to dry the solution. After drying, a film of copper nitrate was formed
on the back of the wafer and annealed at 900°C for 20 min in a muffle furnace
and air-quenched to the room. The wafer was then etched by acid etchant mix-
ture (57% nitric acid (70%), 18% hydrofluoric acid (49%), and 25% hydrochloric
acid) and Secco Etch (0.15 M potassium dichromate and 49% hydrofluoric acid,

1:2 ratio). After rinsing in deionized (DI) water and drying, the silicon wafers
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were ready for inspection. The microstructures of the silicon wafers were exten-
sively investigated using OM, AFM (Model D5000, New York, USA), SEM
(JOEL JSM 6500-F, JEOL Ltd., Tokyo, Japan), and TEM (Model JEM 2010Fx,
JEOL Ltd., Tokyo, Japan) with EDS (silicon drift detector; Oxford X-Max 80).
To evaluate the silicon lattice parameters, the TEM image magnification was ca-
librated using a MAG*I*CAL reference standard sample (Norrox Scientific, Ltd.,
Canada). Plane-view TEM specimens of the silicon wafers in the I-type and
V-type regions were prepared by conventional mechanical polishing and preci-

sion ion milling (Model 691, Gatan Inc., Pleasanton, CA).

3. Results and Discussion

Figure 1(a) shows a photograph of a radial cross section of a CZ Si crystal on the
top of an ingot after Cu decoration under bright light. The image delineates the
vacancy-type core, OISF ring, nearly defect-free ring, and self-interstitial-type
rich outer ring. These defects were easily and quickly observed after Cu decora-
tion, which is consistent with the report by Mule’Stagno [8]. The photolumines-
cence (PL) image in Figure 1(b) also delineates the boundary between V- and I-
defects and the regions of the defects shown in Figure 1(a), particularly the
OISF ring pattern. Figures 2(a)-(d) show OM images of the vacancy-type core,
OISF ring, defect-free ring, and interstitial-type ring, respectively. Three types of
defects, V-H line defects, W-defects, and pits, appear in the vacancy-type, OISF,
and interstitial-type regions, but their size distributions are different. The size
distributions of these defects in the vacancy-type, OISF, defect-free, and intersti-
tial-type regions are summarized in Table 1. The defect size is the largest in the
vacancy-type region and the smallest in the OISF region. Only pits are found in
the defect-free region. The size and distribution of defects in these regions can
be attributed to differences in the pulling rate and temperature gradient during
CZ processing [2] [3] [4]. The OISF region is composed of extrinsic (intersti-
tial-type) faulted loops lying on the (111) plane with Frank-type partial disloca-
tions (b = a/3 <111>) [2] [12]. The sizes of stacking faults are normally approx-
imately 0.5 to 5 pm during oxidation processing [12] [13]; however, the sizes of

OISF .

(b) mae . <m

Figure 1. Photography (a) and photoluminescence PL intensity image (b) of a
radial cross-section of a CZ crystal showing the vacancy-type core, the OISF ring,
the nearly defect-free ring, and the self-interstitial-type rich outer ring.
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Figure 2. Optical micrographs of the vacancy-type core (a), OISF ring (b),
defect-free ring (c), and interstitial-type ring (d) showing the pits, the V-H
line, and W-defects (windmill defects).

Table 1. The sizes of pits, V-H line, and W-defect in the vacancy-type, OISF, defect-free,
and interstitial-type regions.

Region Pits (um) V-H line (um) W defect (um)
Vacancy-type 16.5+£1.9 632.2£62.0 88.7+16.2
OISF 11.0+1.4 149.7 £ 42.4 60.1+11.9
Defect-free 13.6+1.3 — —
Interstitial-type 13.9+2.1 374.5+61.5 68.5+13.1
“—7 not found.

these defects in the OISF region in this study are very large (e.g., 149.7 + 42.4 um
for a V-H line defect and 60.1 + 11.9 um for a W-defect; Figure 1(b) and Table
1).

Figure 3(a) shows a plane-view TEM image of the V-H line, displaying the
V-H line along the [011] direction. From the EDS line scanning of Figure 3(b),
the V-H line is composed of Si and O elements. Figure 3(c) and Figure 3(d)
show a high-resolution TEM (HRTEM) image and the corresponding Fourier
transform diffraction pattern of the V-H line in a Si substrate along the [100]
zone axis, respectively. From the EDS results, the V-H line is a Si oxide not a
general OISF of previous research [12]. Besides, the growth plane or direction of
V-H line defect is along with (011) plane or [OI 1] direction. Thus, it can be
concluded that trace amounts of oxygen will induce stacking faults in the Si sub-
strate, whereas serious oxidation processes such as Cu decoration could cause
the formation with growth of silicon oxide in a specific direction. Figure 4(a)
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Figure 3. (a) Plane-view TEM image of the V-H line defect; (b) the
composition of EDS line scanning across the V-H line showing the
existence of Si oxide; (¢) HRTEM image of the V-H line defect in an
Si substrate (zone axis = [100]); and (d) the corresponding Fourier
transform diffraction pattern.
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Figure 4. (a), (b) AFM and SEM images of the W defect and V-H line; and (c) plane in-
dexing of the W-defect and V-H line.

shows an AFM image of the W-defect and V-H line. This image indicates higher
roughness (bright contrast) in these defects at the surface of the Si substrate

compared with those in other regions (dark contrast). After Cu decoration, the
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reaction between silicon and oxygen was serious, forming W-defect and V-H
line with specific growth planes and directions. Based on the TEM and SEM im-
ages shown in Figure 4, the growth planes for W-defects are (010), (OEO), (001),
and (OOI), and those of the V-H line are (011) and (OI 1). Finally, the families
of growth planes and directions for the V-H line and W-defect should be ex-
pressed as {011} and <110> and {010} and <010>, respectively.

Excepting two types of W-defect and V-H line in the Si crystal, another type
of defect, the pits (or voids), is also found shown in Figure 2. The pits have been
identified by TEM analysis as dislocation clusters that consist of dislocations and
stacking faults, and the sizes of the pits after etching were reported as several
tens of micrometers in a previous study [14]. In this study, the pit size is ap-
proximately 10 to 20 pm, consistence with the previous report [14]. However the
pits are not dislocation clusters in this study, as demonstrated by TEM analysis.
Figure 5 shows a plane-view TEM image of the pits and V-H line defect, indi-
cating that the pits are voids, not dislocation clusters. The pits show bright con-
trast in TEM image due to the greater transmittance of the electron beam in the
thin void region. Figure 5(b) shows a dark-field TEM image of Figure 5(a), dis-
playing the strain field around the pits. The EDS spectrum [Figure 5(c)] indi-
cates that more oxygen was detected in the pits comparing in the substrate
[Figure 5(d)]. The agglomeration of vacancies in oxygen-rich silicon crystals
will enhance the nucleation of oxide particles, and some oxide particles will be
transformed into voids by cavitation [15]. Voronkov reported that oxide par-
ticles without accompanying vacancies cannot be formed due to the large vo-
lume mismatch between Si and SiO,, which produces high strain energy [16].
Both oxygen and vacancies are consumed, thus reducing the nucleation barrier
of voids. Therefore, the initial oxide particles will be converted into regular voids,

and a small portion of residual oxide will remain. Moreover, during the formation
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Figure 5. (a) Plane-view TEM image of the pits and V-H line
defect; (b) dark-field TEM image of the sample shown in Figure
4(a) showing the strain around the pit; (c) and (d) the composi-
tions of the pit and the Si substrate, respectively.
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Figure 6. (a) Plane-view TEM image of the residue after Cu deco-
ration and (b) composition of the residue.

of voids, a thin oxygen layer (approximately 2 nm in thickness) remains at the
surface, as indicated by Auger [17] and TEM-EDS [18] analyses. Similarly, it is
possible that a thin oxide layer formed at the surface of the void in this study,
which is supported by the TEM-EDS result shown in Figure 5(c). In general, Cu
decoration effectively enhances the growth of defects in Si crystals, allowing the
defects to be easily observed by the naked eye or OM. However, some residual
oxides containing Cu are found at the surface of the Si crystal wafer after Cu de-
coration. Figure 6(a) shows the plane-view TEM image of the residue after Cu
decoration; the dislocation surrounding the residue can be observed due to the
large lattice mismatch between the oxide and Si wafer. The residue is Si oxide
containing minor Cu element, as indicated by the EDS spectrum in Figure 6(b).
As mentioned previously, the formation of voids results from the reaction be-
tween vacancies and the Si oxide. However, some residual Si oxide could dis-

solve minor amounts of Cu in the Si crystal wafer using Cu decoration.

4. Conclusion

Bulk CZ silicon crystals were decorated with Cu and characterized by TEM-EDS,
AFM, and SEM to delineate the vacancy-type core, OISF ring, nearly defect-free
ring, and self-interstitial-type rich outer ring in the Si crystals wafer. Pits, Si
oxides, V-H line, and W-defects were formed in the vacancy-type, OISF, de-

fect-free, and interstitial-type regions. In the silicon crystal, V-H line defects and
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W-defects are found instead of OISFs. The families of growth planes and direc-
tions of the V-H line and W-defects are expressed as {011}/<110> and {010}/<010>,
respectively. In addition to V-H line and W-defects, pits (voids) and Si oxides
with minor amounts of dissolved Cu are found in the Si crystal during Cu deco-

ration treatment.
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