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Abstract

Reactions between different kinds of ceramics and silicon were studied to evaluate ceramics as candidates for
their use in the process of silicon-crystal growth. Three types of ceramic plates, Al,O;, ZrO, and quartz (Si0,),
were put into contact with a silicon wafer via annealing at 1450 °C for 30 min under an Ar atmosphere. Defects
appeared at the Si-ceramics interface. Among these, a crack and a dislocation pile up were found at the Si-SiO,
dissolution couple. In addition, two intermetallic compounds, Y,Si,0, and Zr-Si, produced by the diffusion of
Y, O and Zr from the ZrQ, into the Si, were found at the Si-ZrO, dissolution couple. At the interface of the Si-
Al,O; dissolution couple, no intermetallic compounds and few defects were found. The oxygen concentration
and electrical resistivity near the interface were high and gradually decreased away from the interface for all

Si-ceramics dissolution couples.
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I. Introduction

The floating zone technique and Czochralski pulling
technique (CZ) are relatively popular single-crystal
growth methods. [1] Modern integrated circuits and
electronic devices are mainly manufactured using
single-crystal silicon wafers produced by CZ. The CZ
method is primarily based on crystal-pulling from Si
melt, for which a quartz crucible is placed in the hot
zone to melt the polysilicon. During the thermal-pulling
process, because the quartz crucible will soften at high
temperatures, the crucible requires to be secured by a
graphite crucible to prevent deformation. It was previ-
ously found that many kinds of defects are generated in
the silicon ingot after the thermal process, such as va-
cancies, interstitial defects, oxidation-induced stacking
faults and pits because oxygen from the quartz crucible,
comprising silicon and oxygen, diffuses into the silicon
ingot [1-7].

Quartz is a mineral comprising of silicon and oxy-
gen atoms in a continuous silicon—oxygen (SiO,) tetrahe-
dral framework, with each oxygen being shared between
two tetrahedra, which represents an overall chemical for-
mula of SiO,. The microstructure of the Si-SiO, inter-
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face was previously characterized using scanning electron
microscopy (SEM) and it was found that the solution-
precipitation mechanism causes Si inclusions and worm-
like cristobalite SiO, to appear locally at the interface [8].
Local cristobalite SiO, formation can easily result in a
crack formation at the surface of Si. Huang et al. [9,10]
found that when the Ba concentration in silica glass was
>30 ppm, the cristobalite SiO, changes to a dense, smooth,
and continuous layer, which results in the reduction of the
precipitation of Si inclusions and defects. The formation
mechanism of the Ba-doped cristobalite layer is considered
to be a heterogeneous nucleation caused by Ba additives. In
addition to Ba additives, high-purity silica or Si;N, coat-
ings on the crucible significantly affect the lifetime of the
Si ingots. A high-purity silica coating layer on the crucible
is likely to act as a diffusion barrier layer and improve the
ingot quality [11].

Nowadays, most crucibles used for Si single-crystal
growth are made from silicon oxide (quartz). In this
study, three types of alternative ceramic materials for
use in Si crystal growth were proposed. In addition to
quartz, for comparison, Al,O, and ZrO, plates were put
into contact with Si wafers. The microstructure of the
Si-ceramics interfaces was characterized using trans-
mission electron microscopy (TEM) in conjunction with
energy dispersive spectroscopy (EDS). The concentra-
tion of oxygen and resistivity of the Si after the contact
with the ceramics were also measured.
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II. Experimental procedure

In order to simulate the reaction between the Si
melt and the ceramics, Si wafers (diameter thickness
~655-695 um, O content ~12.00-15.00 ppm) and ce-
ramic plates of commercial Al,O,, quartz and 3 mol%
Y,0;-stabilized ZrO, (thickness ~2 mm), were cut into
squares of 20 x 20mm?. After grinding and polishing
both sides of the ceramics, the samples were placed
in a rectangular graphite crucible with an inner diam-
eter of 20 X 20 x 20mm? and an outside diameter of
25 x 25 x 25 mm?. Several pieces of silicon were then
inserted in the crucible, as shown in the schematic in
Fig. 1a. For the oxygen content and resistivity measure-
ments, after contact between the Si and the ceramics,
the pieces of Si were cut along a direction longitudinal
to the interface, as shown in Fig. 1b. Figure 1c shows a
photograph of the 20x20 mm? pieces of Si, 20x20 mm?
pieces of quartz and a graphite crucible. The crucibles
containing the Si-ceramics samples were placed in a
vacuum furnace, evacuated to ~10~° Torr, and annealed
at 1450°C (which is slightly higher than the melting
temperature of silicon at 1414 °C). After holding this
temperature for 30 min, the furnace was allowed to cool
down to room temperature, and the graphite crucibles
were then removed.

The microstructural characterization of the Si-
ceramics interface was characterized using a TEM (JEM
2010Fx, JEOL Ltd., Tokyo, Japan) equipped with an
EDS (Model ISIS300, Oxford Instrument Inc., London,
U.K.) and a scanning electron microscope (JSM 6500-F,
JEOL Ltd., Tokyo, Japan) with an EDS attachment (X-
Max 80, Oxford Instrument Inc., London, U.K.). The
crystal structure of the reaction products at the inter-
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Figure 1. Schematic of the graphite crucible and the
Si-ceramics contact (a), several pieces of Si cut along the
direction longitudinal to the interface after contact (b),
and photograph of pieces of Si, ceramics (quartz)
and the graphite crucible (c)
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face was characterized by selected area diffraction pat-
terns (SADP) of TEM and EDS. The Inorganic crystal
structure database (ICSD), Joint Committee on Powder
diffraction standards database (JCPDS) and the crystal-
lographic software (Diamond version 3.0 and CaRlIne
Crystallography 3.1) were used for the identification of
the crystal structures of the phases. The cross-sectional
TEM specimens of Si-ceramics joints were prepared
by conventional mechanical polishing and focused ion
beam (FIB, FEI NovalLab 600). The quantitative com-
position analyses were performed based on the princi-
ple of the Cliff-Lorimer [12] standard-less method. Be-
sides, in order to accurately calculate the lattice param-
eters of reaction products, the image magnification of
TEM was calibrated using the MAG*I*CAL reference
standard sample, Norrox Scientific Ltd. The pieces of
Si from Si-ceramics joints were cut along a direction
longitudinal to the interface shown in Fig. 1b for the
residual oxygen and resistivity measurements. The con-
centration evaluation of the residual oxygen in Si by
Fourier-transform infrared spectroscopy (FTIR, Bruker
VERTEX 70) has been performed based on ASTM F
1188 method [13] and the resistivity of Si was mea-
sured by four-point probe resistance meter (RT-80, Nap-
son Corporation, Tokyo, Japan).

II1. Results and discussion

Figure 2 shows photographs of cross-sections of Si-
Si0, (quartz), Si-ZrO, and Si-Al,O; contacts after cut-
ting. It can be seen that cracks appear in both the
Si/Si0, (quartz) and Si/ZrO, samples due to a coeffi-
cient of thermal expansion (CT E) mismatch (CT Eg;
3-5x 107 K_], CTEZI—()2 ~ 12x 107 K_], CTESi02
8-14x 107°K™", CTEn;0, ~ 8.1 X 107°K™); however,
this phenomenon s not applicable for the Si-Al,O, sam-
ple. Figure 3a and 3b show the SEM backscattered elec-
tron image (BEI) of the Si-SiO, dissolution couple af-
ter annealing at 1450 °C for 30 min, indicating that no
reactional phase appeared at the interface and the inter-
facial profile not being smooth. An Si inclusion (shown
in light contrast) and a worm-like SiO, (shown in dark
contrast), were clearly seen at the silica-silicon inter-
face, which is supported by the solution-precipitation
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Figure 2. Photographs of the cross-sections of the Si-SiO,
(quartz), Si-ZrO, and Si-Al,O; contacts after cutting
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Figure 3. Backscattered SEM image (a) and EDS line scan (b) of the Si-SiO, contact

growth mechanism [8]. The original metastable SiO,
dissolved in the Si melt to form a saturated reaction
zone at the interface. After cooling, the Si inclusion
and worm-like SiO, precipitated in the reaction zone.
The EDS line scanning in Fig. 3b shows the Si- and
O-concentration profiles for the Si-SiO, contact, indi-
cating that elemental oxygen barely diffuses into the
Si substrate. Figures 4a and 4b show the TEM bright-
field (BFI) and dark-field images (DFlIs) of the Si-SiO,
contact after annealing at 1450 °C for 30 min. A large
number of dislocations, a crack, and dislocation pile-
ups appeared near the Si-SiO, interface. After contact-
ing Si0, and Si, the oxygen diffused into the Si melt and
an excess of oxygen atoms could be precipitated, caus-
ing stress that can easily induce dislocations and stack-
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ing faults [14]. Figure 4c shows the EDS line scan of
the Si-SiO, contact. It was noted that the concentration
of oxygen dissolved in the Si substrate is *3-20 at.% at
a distance >1.25 um from the interface. Figures 4d and
4e show the selected area diffraction patterns (SADPs)
of the Si substrate (with a zone axis of [110]) and SiO,,
respectively. From the diffraction pattern of SiO, shown
in Fig. 4e, a spot pattern is evident, and this supports the
occurrence of cristobalite (SiO,) crystallization at the
interface.

Figure 5a presents the SEM BSI of the Si-Al,O; con-
tact, which shows no reactional phase or cracks at the
interface contrasting that of the Si-SiO, contact in Fig.
3a. Figure 5b shows the EDS line scan of the Si-Al,O,
contact. It can be seen that Al and O barely diffuse into

SiO2

Figure 4. Bright-field TEM image (a), dark-field TEM image (b) and EDS line scan (c) of the Si-SiO, contact. Selected area
diffraction patterns of Si with a zone axis of [110] (d) and SiO, (e)
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Figure 6. TEM BFI (a), DFI (b) and EDS line scanning (c) of the Si—-Al1203 contact. Experimental and simulated SADPs of
Al203 with a zone axis of [100] (d) and Si with a zone axis of [110] (e)
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the Si substrate. Figures 6a and 6b show the TEM BFI
and DFI of the Si-Al,O, contact, showing that disloca-
tions gather at the interface and their number gradually
decreases toward the Si side. It is believed that oxygen
from the Al,O; dissolved into the Si substrate, result-
ing in a stress increase, which induced the formation of
dislocations near the Si-Al,O, interface. Additionally,
unlike the Si-SiO, contact shown in Fig. 4a, no cracks
or dislocation pileups were found at the interface. Fig-
ure 6¢ shows the EDS line scan of the Si-Al,O; contact.
Obviously, elemental Al and O do not diffuse deeply
into the substrate. The content of oxygen in the Si sub-
strate in the region ~1 um from the interface is <2 at.%
for the Si-Al,O; contact in Fig. 6c, but it is >20at.%

(a)

sompound

10pm

Figure 7. SEM BEI (a,b) and EDS line scan (c) of the
Si-ZrO, contact from Fig. 7b
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for the Si-SiO, contact, as shown in Fig. 4c. Figures 6d
and 6e depict the experimental and simulated SADPs of
Al,O5 (with a zone axis of [100]) and Si (with a zone
axis of [110]), respectively.

Figure 7a shows the SEM BEI of the Si-ZrO, con-
tact, indicating a white reaction phase appearing in the
Si substrate with a size gradually decreasing away from
the interface toward the Si side. From the enlarged SEM
BEI in Fig. 7b, a thin reaction layer can be clearly seen
at the interface between Si and ZrO,. From the EDS
line scan of Fig. 7b, the white reaction phase comprises
of ~60 at.% Si and ~40 at.% Zr, and a large amount of
yttrium gathered in the thin reaction layer, as shown
in Fig. 7c. When Si is in contact with ZrO,, elemen-
tal Zr diffuses strongly into the Si substrate and reacts
with Si to form a Zr-Si compound, the size of which
decreases as Zr diffuses across the interface on the Si
side. In addition, a large amount of elemental yttrium
from the yttrium oxide (Y,0;) additive in ZrO, accu-
mulated at the interface. Y,0;-stabilized ZrO, can ex-
hibit increased mechanical strength and toughness. Ob-
viously, elemental Y did not diffuse into the Si substrate
but accumulated at the interface. The Zr-Si compound
and yttrium-rich phase at the interface will be charac-
terized and discussed in the following TEM analysis.

Figure 8a shows the TEM BFI of the Si-ZrO, con-
tact, indicating a dislocation in the Si substrate and a
reaction layer at the interface. From the EDS line scan
of the Si-ZrO, interface (Fig. 8b), the composition of
the reaction layer at the interface was corresponded to a
Y,Si,0, phase (=20 at.% Y, ~20at.% Si and ~60 at.%
O). The crystal structure of the Y,Si,O, phase was
identified by the SADPs, shown in Fig. 8f. From the
Y,0,-Si0, phase diagram [15], the YPS (Y,Si,0,) and
SiO, phases were found to coexist in the 0-30at.%
Y,0; range. Thus, it is possible that Y, Si,0,-formation
mechanism can be expressed by Egs. 1 and 2. The oxy-
gen from ZrO, diffused into the Si substrate to form
Si0, (Eq. 1) and then reacted with the Y, 05 in the ZrO,
to produce Y,Si,0, (Eq. 2) at the Si-ZrO, interface. The
evaluation of the Gibbs free energy (AG) for Egs. 1 and
2 (calculated by HSC Chemistry version 6.0, Outotec
Research Oy, Finland) is negative, proving that the for-
mation mechanism is possible.

Si+0 — SiOz, AG1450°C = —-885.8 kJ/mol (1)
Si0, + Y,0; = Y,81,0,, AGus0ec = —50.6kJ/mol (2)

In addition, it was noted that the Y concentration
in ZrO, near the interface is ~8—10at.%, which was
significantly higher than that away from the interface
(=1-3 at.%), as shown in Fig. 8b. From compositional
analysis, the ZrO, with a high Y content (=8-9 at.%)
could be cubic ZrO, (c-ZrO,) and that away from the
interface could be tetragonal ZrO2 (t-ZrO,). According
to the ZrO,-Y,0; phase diagram [16], the additive of
Y,0;, acting as stabilizer, in ZrO, will enhance the for-
mation of the cubic ZrO,. In addition, a strain field is
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Figure 8. TEM BFI (a) and EDS line scan (b) of the Si-ZrO, contact. Experimental and simulated SADPs of: ¢) Si with a zone
axis of [110], d) c-ZrO, with a zone axis of [110], e) t-ZrO, with a zone axis of [110], and f) Y,Si,O, with a zone axis of [(011]

found in the t-ZrO, phase, shown in Fig. 8a, because
the tetragonal-to-monoclinic phase transformation is re-
strained [17]. Figures 8d and 8e show the experimen-
tal and simulated SADPs of ¢-ZrO, and t-ZrO, (both
along the zone axes of [110]). Figure 8e indicates a 001
spot appearing in the SADP of t-ZrO,. Reflections of the
type odd, odd, even (which are not allowed for ¢-ZrO,)
were applied extensively to distinguish the ¢c-ZrO, from
the t-ZrO, phase [18,19].

Figure 9a shows the TEM BFI of ZrSi, within the Si
substrate (corresponding to the Zr-Si compound in the
SEM shown in Fig. 7b). As indicated by point 3 and 4
of the EDS point analysis of the data in Fig. 9a (shown
in Fig. 9b), the composition of the Si-Zr compound cor-
responds to ZrSi,. The structural identification of the
ZrSi, crystal was supported by SADPs. Simulated pat-
terns with zone axes of [201] and [101] are shown in
Figs. 9c and 9d, respectively. The ZrSi, reaction mech-
anism can be described by Eq. 3 and the Gibbs free
energy was negative (as calculated by HSC Chemistry
version 6.0). When Si was put into contact with ZrO, at
1450 °C, the Zr from the ZrO, diffused and reacted with
the Si substrate to form ZrSi, after cooling. In addition,
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the size of the ZrSi, gradually decreased away from the
interface on the Si side due to the gradually decreasing
concentration of Zr away from the interface on the Si
side.
Zr+2Si — ZI‘Siz, AG1450°C =-1384 kJ/mol (3)
For the oxygen content and resistivity measurements,
after the contact between the Si and the ceramics sev-
eral pieces (=800 um in thickness) of Si were cut along
the direction longitudinal to the interface as shown in
Fig. 1b. Figure 10a shows the distributions of the oxy-
gen concentration in the Si pieces moving away from
the interface of Si-SiO,, Si-Al,O, and Si-ZrO, dissolu-
tion couples, as measured via FTIR. The oxygen from
the ceramics easily diffused into the Si substrate, sup-
ported by the evaluation of diffusivity for different ele-
ments in Si. The diffusivity of Al (5.198 x 10~! cm?/s
[20]), Y (8.145x 1073 cm?/s [21]), Si (4.199 x 10> cm?/s
[22]) and O (8.567 x 10! cm?/s [23]) in Si substrate was
evaluated at 1200 °C, respectively. The results indicated
that Si and O easily diffused into Si substrate compared
with Al and Y. Besides, the solubility of both Y and Zr
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Figure 9. TEM BFI (a) and EDS point analysis (b) of ZrSi,
within the Si substrate. Experimental and simulated SADPs
with a zone axis of: ¢) [201] and d) [101]
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in solid silicon is negligible comparing with that of O
in Si. For all dissolution couples, the oxygen concentra-
tion near the interface was high and gradually decreased
away from the interface in Fig. 10a. The highest oxygen
concentration in Si was ~ 5.68 x 10! atoms/cm® near
the interface of the Si-Al,O, dissolution couple. About
2.4mm away from the interface (piece 3), the oxygen
concentration was similar for all dissolution couples at
around +1 x 10'7 atoms/cm?. The oxygen concentration
in the Si was 10.5-13.2 x 10'7 atoms/cm® (12—15 ppm)
before the contact with the ceramics. The oxygen con-
centration of Si decreased for all Si-ceramics dissolu-
tion couples, probably caused by the SiO gas evapora-
tion during the heat treatment.

Figure 10b shows the electrical resistivity of the Si
pieces moving away from the interface of Si-SiO,, Si-
Al, O, and Si-ZrO, dissolution couples, as measured via
four-point probe resistance meter. Similarly, for all dis-
solution couples the electrical resistivity near the in-
terface was high and gradually decreased away from
the interface. Taking the Si-SiO, dissolution couple as
an example, the resistivity near the interface was about
0.55Q-cm and decreased to as low as 0.38 Q-cm away
from the interface. The resistivity of Si was measured
as 21.85 Q-cm before the contact with the ceramics. As
anticipated, the resistivity of Si close to or away from
the Si-ceramics interface decreased in comparison with
that of pure Si. Hull indicated [24] that the unintentional
oxygen diffusion in Si usually manifests itself as n-type
doping (with SiO, as the donor) and easily results in a
decrease in the resistivity of Si. When Si came into con-
tact with ceramics, the oxygen from the ceramics could
diffuse into the Si, causing a decrease in its resistiv-
ity. This was supported by the resistivity measurements
shown in Fig. 10b. Furthermore, when the Al atom from
Al, O, replaces a Si atom in the silicon substrate, the re-
maining valence electrons are insufficient to satisfy the
four covalent neighbouring bonds of Si resulting in the
formation of the holes. Thus, the Al (IITA) atom is ac-
ceptor. As for the Zr and Si originating from the ceram-
ics into the Si substrate, the electrical property of the
Si substrate could not be effectively changed due to the

(b)
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Figure 10. The vertical oxygen concentration (a) and electrical resistivity distribution (b) of Si pieces away from the interface
of Si-Si0,, Si-Al,O; and Si-ZrO, dissolution couples
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charge balance effect (Si*" = Zr*"). However, the dis-
solution of the impurities of Zr, Al, O and Y into the
Si substrate could result in the interstitial or vacancies
defects thus affecting the electrical resistivity.

IV. Conclusions

Reactions between different kinds of ceramics and
silicon were studied to evaluate ceramics as candidates
for their use in the process of silicon-crystal growth.

1. After bringing SiO, and Si into contact with one an-
other, the original SiO, dissolved into the Si melt to
form a saturated reaction zone at the interface. After
cooling, Si inclusions and worm-like SiO, precipi-
tated in the reaction zone near the interface. A large
number of dislocations, a crack, and dislocation pile-
ups appeared near the Si-SiO, interface. Oxygen dif-
fused into the Si melt, and an excess of oxygen atoms
could be precipitated, causing stress that can easily
induce dislocations and stacking faults. In addition,
the concentration of oxygen dissolved in the Si sub-
strate was ~3-20at.% by EDS of TEM near the in-
terface.

2. In the Si-Al,O; dissolution couple, the oxygen in
Al, O, diffused into the Si side, which resulted in a
large number of dislocations in the Si. No obvious
cracks or dislocation pile-ups were found at the inter-
face in comparison to the Si-SiO, dissolution couple.
Comparing the oxygen concentration in the Si sub-
strate in the region around 1 um from the interface
with that at the interface, it was <2 at.%, determined
by EDS of TEM in the Si-Al,O; dissolution couple.

3. For the Si-ZrO, dissolution couple, elemental O and
Y from the ZrO, diffused and reacted with Si to
form a reaction layer, Y,Si,0,. The ZrO, near the
Y,Si,0; layer is cubic ZrO, because of the aggre-
gation of ~8-9at.% yttrium. Away from the cubic
Zr0,, the ZrO, changed to tetragonal ZrO, because
of low levels of yttrium ~2-3 at.%. In addition, the
Zr of the ZrO, diffused into the Si substrate, resulting
in the formation of ZrSi,. The size of ZrSi, gradually
decreased away from the interface.

4. After contact between the Si and the ceramics, for
all dissolution couples the oxygen concentration near
the interface was high and gradually decreased away
from the interface. The highest oxygen concentration
in Si was ~ 5.68 x 10!7 atoms/cm? for the Si-Al,O,
dissolution couple. Similarly, for all dissolution cou-
ples, the electrical resistivity near the interface was
high and gradually decreased away from the inter-
face. When Si came into the contact with ceramics,
the oxygen from the ceramics could be easily dif-
fused into the Si which resulted in a decrease in the
resistivity of Si.
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