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Abstract The structure and morphology of epitaxial layer defects in epitaxial Si wafers produced by the Czochralski method

were studied using focused ion beam (FIB) milling, scanning electron microscopy (SEM), and transmission electron microscopy

(TEM). Epitaxial growth was carried out in a horizontal reactor at atmospheric pressure. The p-type Si wafers were loaded into

the reactor at about 800oC and heated to about 1150oC in H2. An epitaxial layer with a thickness of 4 µm was grown at a

temperature of 1080-1100oC. Octahedral void defects, the inner walls of which were covered with a 2-4 nm-thick oxide, were

surrounded mainly by {111} planes. The formation of octahedral void defects was closely related to the agglomeration of

vacancies during the growth process. Cross-sectional TEM observation suggests that the carbon impurities might possibly be

related to the formation of oxide defects, considering that some kinds of carbon impurities remain on the Si surface during

oxidation. In addition, carbon and oxygen impurities might play a crucial role in the formation of void defects during growth

of the epitaxial layer.
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1. Introduction

The increasing miniaturization and large-scale integration

of advanced devices demands improved understanding of

the crystalline defects that play a vital role in the func-

tioning of such devices.1) Therefore, it is becoming increas-

ingly important to overcome the detrimental effects of

surface defects originating from Czochralski (CZ) grown-

in or near-surface defects generated during the thermal

process.2) Because grown-in defects do not arise in the Si

homoepitaxial layer of an epi-wafer device failure caused

by those defects, obviously, is not a problem. However,

even in those epitaxial wafers, there still exist near-surface

and (therefore) surface epitaxial-layer defects. Thus, their

structural characterizations have been the subject of intense

theoretical and experimental investigations.3-5)

Normally, when the wafer growth rate is about 1.0 mm/

mim or higher, grown-in defects called crystal originated

particles (COPs), of about 0.1 µm in size and 106/cm3 in

density, are formed.6) Nakai et al.7) has reported that when

the growth rate is about 0.4 mm/min or lower, dislocation

clusters of 106/cm3 density are observed in CZ Si wafers.

The presence of foreign particles on the substrate surface is

also one of the causes of epitaxial layer defects.8-10) Further-

more, it has been revealed that the morphology of epitaxial

layer defects is predominantly determined by the ratio of

the substrate particle size to the layer thickness.11)

To date, few reports on direct microscopic observations of

epitaxial layer defects in the vicinity of the surface of an Si

epitaxial wafer have been published, mainly due to the lack

of a non-destructive technique; complete understanding of

the exact formation mechanism of such defects, thus, has

yet to be achieved. In the present paper, accordingly, we

report on the microstructural characteristics of the void and

epitaxial layer defects in Si epitaxial wafer, based mainly

on the results of SEM and TEM observations.

2. Experimental Procedure

Substrates for epitaxial growth were 8-inch-diameter (100)

oriented p-type CZ-Si wafers. The pulling rate of the pulled-

crystal was about 1.20 mm/min. The common nitrogen and

oxygen concentration level at the starting point of crystal

growth in this study was ~2.8 × 1014 and ~9.0 × 1017 atoms/

cm3, respectively. The substrate wafers were cleaned with

NH4OH, H2O2, and H2O solutions to remove impurities from

their surfaces and were then oxidized in pure oxygen

ambient at 1150oC for 360 min. Epitaxial growth was carried

out in a horizontal reactor at atmospheric pressure. Polished

p-type wafers were loaded into the reactor at about 800oC

and heated to about 1150oC in H2. An epitaxial layer

with a thickness of 4 µm was grown at a temperature of

1080-1100oC. 

Epitaxial-layer defects on the wafers were observed

within the wafer surface with an optical shallow defect
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analyzer (OSDA) and analyzed by a defect coordinate

linkage system consisting of SEM, as illustrated in Figs. 1

(a) and (b), respectively. The structure of the epitaxial- layer

defects, in the form of a (110) cross-sectional sample cut by

an FEI Focused Ion Beam (FIB) Series 200 lift-cut system

with a gallium ion source operating at 30 kV,12-14) was

analyzed by TEM. Beam currents ranging from 50 to 60 pA

were used in the milling process. All images were gathered

using the secondary electron imaging mode. The total

milling time for the sample preparations was approximately

4 hr. The lift-cut method involves a two-step process to

obtain a TEM specimen. First, using an FIB, a thin slice

of 100~120 nm thickness is fabricated from a wafer. Second,

the thin slice is lifted out from the wafer by a manipulator

and then transported to a carbon-coated copper-mesh grid.

The advantage of this method is that a specimen can be

made from a wafer entirely inside an FIB system, without

any conventional mechanical polishing process. The epitaxial

layer defects were observed under 200 kV accelerating

voltage using a JEOL 2010EX TEM. The elemental an-

alyses were performed by TEM-EDX using an Oxford

system on a JEOL 2010EX.

3. Results and Discussion

Fig. 2 shows typical top-view SEM images of void

defects in the epitaxial layer. From the morphological

characteristics, void defects were classified into single- and

dual-type defects, respectively, as shown in Figs. 2(a) and

(b). The size of both defects was about 100 nm. We next

performed a cross-sectional TEM analysis to investigate

how these characteristic defect types were generated. The

cross-sectional images of Figs. 3(a) and (b) correspond-

ing to the void defects shown in Figs. 2(a) and (b), respect-

ively. Fig. 3(a) shows diamond shaped octahedral void

defects. The angle between the defect face and the Si

surface is about 55o, which indicates that the face has a

(111) plane. The basic structure shape of the defect is

octahedral. The characteristic faces of the side walls were

identified as the {111} plane. Octahedral defects are ba-

sically void defects, in which the inner walls are covered

with a 2-4 nm-thick oxide. The thin layer covers the side-

walls uniformly. A detailed EDX analysis of Fig. 4 showed

that carbon impurities exist in void defects. The analysis

suggested that the majority of carbon atoms detected in the

void defects were amorphous and that an oxygen com-

ponent was also present. The carbon impurities might

possibly be related to the formation of oxide defects,

considering that some kinds of carbon impurities remain

on the Si surface during oxidation. In addition, the carbon

impurities might play a crucial role in the formation of

void defects during growth of the epitaxial layer. The EDX

analysis also showed that the octahedral defect is empty,

Fig. 1. (a) OSDA image observed for epitaxial 8-inch-diameter

wafers. The position of the epitaxial-layer defect is indicated by the

X, (b) SEM image of epitaxial layer defect at X position shown in

Fig. 1(a).

Fig. 2. SEM images of plan view of (a) single- and (b) dual-type

defects.

Fig. 3. Cross-sectional TEM images of (a) single- and (b) dual-type

defects, corresponding to void defects shown in Figs. 2(a) and (b),

respectively.

Fig. 4. EDX spectra of void defect.
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which finding is also supported by the observation result

that the brightness in the defect is higher than that of the

Si matrix, considering that a smaller thickness results in a

brighter contrast than that of the surrounding area. The

formation of octahedral void defects is closely related to

the agglomeration of vacancies during the growth process.

The two kinds of point defects in the Si epitaxial layer are

vacancies and self-interstitials, and their relatively high

concentrations are probably determined by growth condi-

tions. It is believed that voids are vacancy-related defects

or that the agglomeration of vacancies results in the

formation of voids.10,11)

Figs. 5(a) and (b) show typical top-view SEM images

of the defects in the epitaxial layer. These defects are

distinguished according to pyramid- and terrace-type, respect-

ively. The microprotrusional morphology of these defects

can appear when the ratio of the substrate particle size, d,

to the layer thickness, t, that is, d/t, is relatively large.11)

With increasing epitaxial-layer thickness, defect morphology

changes from the pyramid-type to the terrace-type. To

understand these defects clearly, we performed a cross-

sectional TEM analysis of the pyramid- and terrace-type

defects. These results are shown in Figs. 6 (a) and (b), re-

spectively. Isolated three-dimensional pyramids and terraces,

clearly, are formed in the epitaxial layer. The pyramids

have bases on the (100) plane and four sidewalls on the

(111) plane. The sidewalls appear to be inclined at about

54o. A corresponding selected area pattern of Fig. 6(c),

which shows streaks on the diffraction spots, elucidates the

presence of the planar defects.15-17) These defects confirmed

that the planar defects in the cross sectional images of

Figs. 6(a) and (b) can be described entirely as stacking

faults. The elemental analysis in the near of epitaxial layer/

substrate interface in the Fig. 6(a) was detected using

EDX. The carbon, oxygen, and silicon were detected as

shown in Fig. 7. Thus, the bright-image of the inner area

in the pyramid defect was estimated to be material formed

from the carbon-containing particle. We assume that the

carbon impurities detected are due to carbon adhesion on

impurities from the environment after oxidation. We thus

consider that the existence of carbon-containing particles

Fig. 5. SEM images of plan view of (a) pyramid- and (b) terrace-

type defects.

Fig. 6. Cross-sectional TEM images of (a) pyramid- and (b) terrace-type defects and (c) a corresponding selected area pattern.
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during the epitaxial growth process is an important factor

in generating pyramid- and terrace-type defects.

4. Conclusion

Epitaxial layer defects in epitaxial Si wafers were ob-

served by OSDA and analyzed by FIB-assisted cross-

sectional TEM. It was shown that impurities such as carbon

and oxygen are important factors in generating epitaxial-

layer defects during epitaxial growth. Octahedral void

defects, the inner walls of which were covered with a 2-

4 nm-thick oxide, were surrounded mainly by {111} planes.

The formation of octahedral void defects was closely

related to the agglomeration of vacancies during the growth

process. The pyramid- and terrace-type defects were

composed of stacking faults. These types of generations are

related to the existence of carbon impurities that remain on

the Si surface during the epitaxial growth process. The

epitaxial-layer defects in the Si epitaxial wafers grown by

the CZ technique and found in this study require further

investigation. Future work will also be directed toward

more fully characterizing the composition and nature of

the layer defects using techniques with high-resolution

cross-sectional transmission electron microscopy.
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Fig. 7. EDX spectra of inner area of pyramid defect.


