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Faceting and lateral overgrowth have been investigated for Ge selectively grown on Si�001�
substrates in trench regions bound by SiO2 sidewalls. In wet-etched large trenches with sloped
sidewalls, Ge faceting behavior was similar to Si and SixGe1−x faceting: slow-growing �113� facets
dominate, with �111� facets expanding as the layer became thicker. However, the �111� facet length
for Ge was much smaller than that of Si; this can be explained in terms of mass transport and
accumulation, as well as energy minimization and the higher surface diffusivity of Ge. In dry-etched
small trenches with vertical sidewalls, minimization of the high-energy interface area between Ge
and SiO2 appears to be most critical in determining faceting morphology. Overgrowth of Ge led to
void formation at the oxide interface, presumably to avoid the high-energy Ge /SiO2 interface. Upon
coalescence of lateral-growth regions, fast-growing �001� forms and dominates subsequent growth.
Thus, the total thickness of the overgrown Ge layer was closely related to the width of the SiO2
region between trenches. © 2008 American Vacuum Society. �DOI: 10.1116/1.2825165�
I. INTRODUCTION

Ge heteroepitaxy on Si is of considerable interest due to
its potential importance of applications in high-performance
Ge p-channel metal-oxide-semiconductor �MOS�
transistors,1,2 integrating III-V with Si MOS technology,3 and
optical interconnects.4,5 One of the greatest challenges when
growing Ge layers directly on Si is controlling the formation
of dislocations, whose density can be as high as 108

−109 cm−2 due to the 4.2% lattice mismatch for thicknesses
over a few nanometers. This density is unacceptable for most
applications. Solutions to alleviate this problem are being
pursued, such as compositional grading,6,7 and methods uti-
lizing post-epi high-temperature annealing.8,9 However, for
the ease of integration with Si-based MOS technology, a
method avoiding the relatively thick epi-layers or high ther-
mal budgets of such approaches may be highly desirable.

These criteria may be satisfied by the aspect ratio trapping
�ART� technique, which has been shown to be effective for
growing Ge on Si in trenches bound by substantially vertical
sidewalls.10 With a trench aspect ratio �depth/width� �1, dis-
locations arising from lattice mismatch are fully trapped by
the sidewalls for at least 400 nm in width and of arbitrary
length.

In Si and SixGe1−x selective epitaxy on Si�001�, the epi-
taxial layer typically develops �113� and/or �111� facets next
to a �110�-oriented dielectric mask, resulting in thinner layer
regions.11–25 This is often considered a deleterious side effect
of selective epitaxy because the nonplanarity of the resulting
layer may complicate the application to devices. However,
faceting appears to play an important role in defect reduction
via the ART technique, since dislocations tend to orient
themselves approximately along facet normals during
growth, thus enhancing trapping by the trench sidewalls.26
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An understanding of the facet-formation process is not only
of importance in obtaining low-defect selective epi regions
via ART, but also for understanding epitaxial lateral over-
growth. Since most of the studies on faceting have been con-
ducted in Si and SixGe1−x selective epitaxy, we focus in this
research on faceting behavior in Ge.

In this study, faceting morphology and overgrowth have
been investigated in Ge selectively grown on oxide trenches
on Si�001� at several Ge thicknesses and growth tempera-
tures. During Ge growth, thin Si0.9Ge0.1 marker layers were
inserted and faceting behavior was observed using cross-
sectional transmission electron microscopy �TEM�. The Ge
layers were grown on both dry-etched small trenches of
0.35 �m width and wet-etched large trenches of 10 �m
width to evaluate the Ge faceting behavior in different-size
trenches. Possible mechanisms of faceting evolution and lat-
eral overgrowth of the Ge are discussed.

II. EXPERIMENTAL PROCEDURES

Si�001� wafers, 200 mm in diameter and of p-type, were
used as substrates with a 500-nm-thick thermal oxide. The
oxide layer was patterned into trenches along �110� having a
0.35−1 �m width and vertical oxide sidewall profile using
conventional photolithography and reactive-ion etching
�RIE�. Some samples were wet etched using buffered-oxide
etchant. The trench width of the wet-etched samples was
10 �m and the oxide sidewalls had a slope of about 60° of
vertical. It is well known that RIE with CFx chemistries can
leave a fluorocarbon residue on the surface, causing defec-
tive epitaxial layers in subsequent growth.27 In order to re-
move this in preparation for epi, sacrificial oxidation of
25-nm-thick SiO2 was carried out after RIE. The patterned
substrates were then cleaned in Pirana �H2SO4:H2O2=3:1 at
120 °C�, SC2 �HCl:H2O2:H2O=1:1:6 at 60 °C�, and dilute

HF solutions sequentially. After this cleaning procedure, the
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final trench height was 490 nm. Ge layers were grown in a
two-step process, comprised of a low-temperature nucleation
layer and a higher-temperature growth layer, using an ASM
Epsilon E2000 commercial-grade epitaxy reactor. The
growth temperature of the nucleation and growth layers was
400 and 500−600 °C, respectively. Germane, diluted to a
25% concentration in hydrogen, was used as a germanium
source, while hydrogen was used as the carrier gas. The de-
tailed conditions of the selective Ge growth were published
previously.28 In order to investigate the morphological evo-
lution of facet and lateral overgrowth, thin Si0.9Ge0.1 marker
layers of less than 20 nm thickness were inserted during the
growth of the high-temperature Ge layer. The 20 s Si0.9Ge0.1

marker growth was inserted at every 162 and 140 s Ge
growth at 500 and 600 °C Ge growth, respectively. It was
confirmed using atomic force microscopy and TEM that the
facet morphology was not changed by the existence of the
marker layers. Cross-sectional TEM samples were prepared
by mechanical polishing and Ar ion milling. TEM images
were taken on a JEOL JEM 2100 microscope operating at
200 kV.

III. RESULTS

Figures 1�a� and 1�b� show cross-sectional TEM images
of Ge layers with Si0.9Ge0.1 marker layers on wet-etched ox-
ide trenches grown at 500 °C. At this temperature, the �113�
facet dominated. The facet plane was determined by the
angle of 25.2° between the facet plane and the substrate
plane, where the facet length was measured as 3.65 �m and
the �001� film thickness was 1.5 �m. A higher-magnification
image was needed to discern the thin Si0.9Ge0.1 marker layers

FIG. 1. �a� Cross-sectional TEM image of Ge layers with Si0.9Ge0.1 marker
layers on wet-etched oxide trenches grown at 500 °C and �b� higher-
magnification image around the edge of the oxide.
within the Ge films. This is shown in Fig. 1�b�, where the
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�111� facet, having a 54.7° with �001� surface, and the ver-
tical �110� facet are shown. The length of the �111� facet was
only 65 nm, which was much smaller than that of �113�. The
Ge nucleation layer, as indicated by �1� in the figure, is de-
lineated by the Ge/Si interface and the first Si0.9Ge0.1 marker
layer. One can see that the �111� facet area became larger as
the Ge layer got thicker, as indicated by the lines in Fig. 1�b�.

Increasing the Ge growth temperature to 600 °C led to a
noticeable change in facet morphology. In Figs. 2�a� and
2�b�, showing Ge layers with Si0.9Ge0.1 marker layers at
600 °C, the �111� facet was not observed. In addition, the
�113� facet was also suppressed, having a length of 2.75 �m
compared to a �001� Ge thickness of 1.3 �m.

Facet morphology of Ge in dry-etched small trenches was
also investigated in comparison with large wet-etched
trenches. Figure 3 exhibits a cross section of the Ge layer
with Si0.9Ge0.1 markers grown at 600 °C in a dry-etched
trench of 375 nm width. The first Ge layer between the Ge/Si

FIG. 2. �a� Cross-sectional TEM image of Ge layers with Si0.9Ge0.1 marker
layers on wet-etched oxide trenches grown at 600 °C and �b� higher-
magnification image around the edge of the oxide.

FIG. 3. Cross-sectional TEM image of Ge layers with Si0.9Ge0.1 marker

layers on dry-etched oxide trenches grown at 600 °C.
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interface and the first Si0.9Ge0.1 marker layer is a low-
temperature nucleation layer, as in the wet-etched trench
samples. The low-temperature nucleation layer shows �001�
growth in the middle of the trench, but became thinner,
rounded, and multifaceted near the oxide sidewall edge,
seeming to avoid contact with SiO2, as indicated by an ar-
row. Once the high-temperature Ge layer started to grow at
600 °C, only �113� and �111� facets were developed. But, as
the growth proceeded, the �111� facet was gradually sup-
pressed and �113� was dominantly observed.

Figures 4�a� and 4�b� show Ge layers with Si0.9Ge0.1

marker layers in 375-nm and 0.9-�m-width trenches, respec-
tively. The Ge layers in both trench sizes were overgrown.
The overgrowth and coalescence behavior is revealed by the
inserted Si0.9Ge0.1 marker layers. Facet morphologies in both
trenches are basically the same, with the �113� facet domi-
nant and with a smaller �111� facet near the oxide sidewall.
The �111� facets were further suppressed as the Ge layers
became thicker, as mentioned above.

Another interesting observation was that the overgrown
Ge layers in smaller trenches and sidewall widths were much
thicker than those in larger ones. Also, voids were occasion-
ally noted in the region where the SiO2 interface meets the
Ge coalescence interface, as shown in Fig. 5.

IV. DISCUSSION

Numerous studies on faceting behavior of epitaxial film,

FIG. 4. Cross-sectional TEM image of Ge layers with Si0.9Ge0.1 marker
layers grown at 600 °C on dry-etched oxide trenches having �a� 375 nm and
�b� 0.9 �m width.
mostly in Si and SixGe1−x selective epitaxy, have been re-
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ported in the literature and have included various facet-
formation models. These models have considered factors
such as the geometric sidewall effect,11 surface free energy
and energy minimization,12 atomistic bonding
consideration,13,14,24 and mass transport,15,23,25 and mass ac-
cumulation on facet surfaces,17,18 and the effects of sidewall
materials.19 It has been reported that the �113� facet is domi-
nant in Si epitaxy at the initial stage of the growth, and that
the �111� facet appears and expands rapidly as the growth
continues.12,13,15,17 Additionally, at higher Si growth tempera-
tures the �111� facet was reported to be suppressed and the
area of the �113� facet was increased.18,20,22 The facet evolu-
tion for Ge selective epitaxy in wet-etched, large oxide
trenches in this study appears to be somewhat similar to Si
faceting, as shown in Figs. 1 and 2. This indicates that the
physical origin of the Ge facet formation in the large patterns
might also be similar, considering the similarities of its
growth method, conditions, and chemistries and that of Si
and SixGe1−x epitaxial growth; the �113� is dominant and the
�111� expands as the layer becomes thicker. However, the
main difference between Si and Ge faceting is the develop-
ment of the �111�, whose area is considerably smaller in Ge
epitaxy than in Si. In an earlier study having similar oxide-
patterned structures as in our experiment, it was reported that
the �111� facet was dominant during Si selective epitaxy at
550 °C, and the �111� facet length was about half that of the
�113� facet at 600 °C.18 In contrast, our experiment with Ge
epitaxy resulted in the �111� facet length being 65 nm, com-
pared to 3.65 �m for the �113� facet length at a growth
temperature of 550 °C, while the �111� completely disap-
peared for the 600 °C growth.

Regarding the similar behaviors of Ge and Si faceting as
mentioned above, the dependence of Ge facet morphology
on film thickness and growth temperature can be explained
as in Si epitaxy due to the similarities of their growth meth-
ods, conditions, and chemistries; surface mass
transport,15,23,25 and mass accumulation,17,18 as well as total
energy minimization.12 In Figs. 1 and 2, the large �113� facet
was found in Ge selective epitaxy. In Si selective epitaxy, the
�113� facet was always observed, although its surface energy

14,24,29

FIG. 5. Magnified image showing void and overgrown Ge with Si0.9Ge0.1

marker layers on oxide sidewall in dry-etched oxide trenches.
is higher than �111�. And, it was reported that the ap-
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pearance of the �113� facet in Si selective epitaxy was attrib-
uted to the atomistic step structure of Si near the oxide
sidewall;14,24 it can be applied to the appearance of the Ge
�113� facet as well. Also, the experiments on the equilibrium
island shape of Ge on Si �Ref. 30� and SiO2 �Ref. 31�
showed �113� facets, indicating the Ge �113� surface energy
could be lower than �111�, which might give thermodynamic
driving for the Ge �113� faceting, in contrast to Si.

In the same manner, the change of Ge�113� and �111�
facets at different thicknesses and temperatures shown in
Figs. 1 and 2 can be explained based on mass transport15,23,25

and accumulation as in Si epitaxy17,18 as follows. Adatoms
are supplied on the �113� facet surface from source gas de-
composition, as well as a lateral adatom flux, from the oxide
sidewall due to the selectivity of Ge growth. When the dif-
fusion length of the adatom is larger than the �113� facet
length, all the adatoms on the �113� facet surface transfer to
the top �001� surface. However, as growth proceeds, the
�113� facet length becomes longer and the adatom diffusion
length is no longer sufficiently larger than the �113� facet
length. In this case, mass accumulation occurs on the �113�
facet surface as the growth continues, since some adatoms
cannot migrate enough to the �001� surface. And, more
growth on the facet surface should result in the overgrowth
of the epilayer on SiO2. However, the transition of facet mor-
phology from �113� to another low-energy plane such as
�111� is energetically more favorable than the formation of
the high-energy interface between the epilayer and SiO2.17,18

Since the adatom diffusion is a thermally activated process,
the adatom diffusion length is decreased at lower tempera-
ture. Also, in the case of Ge, the effect of hydrogen as a
surfactant suppressing Ge surface diffusion becomes larger at
lower temperatures.30,32 Thus, the �111� facet should domi-
nate at lower temperatures due to a reduced adatom-diffusion
length and more mass accumulation.17,18 In selective epitax-
ial growth, adatoms are supplied from the gas phase directly,
as well as from the SiO2 sidewall laterally. Therefore, the
kinetics of mass transport and accumulation with the relative
length of �113� and �111� facets is much more critical than
the simple blanket Ge growth kinetics, such as the difference
of the reactive sticking coefficients on different surface ori-
entations. Thus, the reactive sticking coefficient was not
considered.15,18,23,25

The greater tendency for the suppression of the �111� fac-
ets in Ge epitaxy compared to Si may be the result of the
higher surface diffusivity of Ge compared to Si at similar
growth temperatures. Surface diffusivities are generally
known to scale inversely with the melting points of the ma-
terials. Ge has a lower melting point �940 °C� than Si
�1412 °C�.33 The higher surface diffusivity of Ge might re-
sult in less mass accumulation on �113� facet surface, and as
a result, the transition of �113� facet morphology to �111�
might be delayed and thus the development of the �111� facet
suppressed.

In the dry-etched small trenches, the Ge facet morphology
was quite different. During the growth of the nucleation

layer, the �001� surface developed in the middle of the
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trenches, but became thinner, round-shaped, and multifaceted
near the oxide sidewall edge, as shown in Fig. 3. With further
growth at 600 °C, the �001� is suppressed, leaving only the
�113� and �111� facets. Finally, the �113� completely domi-
nates the growth surface, leaving little or no trace of the
�111� facet.

Due to a small dimension of trenches and the �113� facet
length, mass transport and accumulation might not be critical
in determining facet morphology in the dry-etched trenches.
Instead, the system minimizes its free energy by avoiding the
high-energy interface created between Ge and SiO2. This be-
havior was discussed in studies in Si selective epitaxy where
different isolation materials were reported to result in differ-
ent faceting characteristics.19 This was ascribed to the differ-
ence in the interface energy between Si and the isolation
materials. During the growth of a low-temperature nucle-
ation layer at the initial growth stage, the Ge layer near the
edge of the oxide is much thinner, having a round and mul-
tifaceted shape. This indicates that minimizing total free en-
ergy by avoiding contact with SiO2 controls the facet mor-
phology. As the growth proceeded, the �113� facet appeared,
as in the large trenches. However, in order to minimize the
high-energy interface between Ge and SiO2, the �111� facet
was formed near the oxide sidewall. The angle of �111� with
the �001� �54.7°� is more than two times larger than the angle
that the �113� makes with �001� �25.2°�. As a result, the
interface with SiO2 can be significantly reduced by the for-
mation of the �111� facet rather than the �113� facet. How-
ever, the reason that the �111� disappeared as the growth
continued is unclear at this time.

The importance of the role of the high-energy interface
between Ge and SiO2 is also observed in the formation of a
void upon the coalescence of Ge over the oxide sidewall, as
shown in Fig. 5. The overgrown Ge layer is multifaceted
near the oxide sidewall, as indicated by the �A� in Fig. 5, not
keeping the �113� facet dominant over the trench area. This
led to minimizing the area of the interface with SiO2, as
indicated by the arrows. As a result, the Ge layers from
the trenches were coalesced, leaving a void on the oxide
sidewall.

It is interesting to note that the �113� facet is dominant
until it is coalesced together, but upon coalescence �001�,
growth starts at the valley where two Ge growth fronts meet,
as indicated by an arrow in Fig. 4�b�. Due to a higher growth
rate of �001� compared to �113�, the valley is quickly filled
up and �001� growth is locally dominant. With the reduction
of the oxide sidewall width, coalescence and subsequent ini-
tiation of �001� growth occur more quickly. Thus, the total
thickness of the Ge growth over the oxide sidewall is depen-
dent upon sidewall width; with a wider oxide sidewall, it
takes longer for the Ge layers from trenches to be coalesced
before �001� growth dominates, which causes the overgrown
Ge layer to be thinner.

V. SUMMARY

Faceting and overgrowth of Ge selective epitaxy were in-

vestigated in SiO2 trenches. In the wet-etched large trenches,
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the �113� facet dominated and �111� became larger as the
layer got thicker at 500 °C. At 600 °C, �113� was sup-
pressed compared to the �113� at 500 °C and �111� was no
longer found. Ge faceting behaviors were similar to Si and
SixGe1−x selective epitaxy and can be explained in terms of
mass transport and accumulation, as well as energy minimi-
zation. However, Ge showed a much smaller �111� facet
length, which may be due to a higher surface diffusivity of
Ge. In the dry-etched small trenches, �113� and �111� were
found together, but �111� gradually disappeared as the
growth continued. Minimizing the high-energy interface area
between Ge and SiO2 appears to be more critical in deter-
mining faceting morphology in small trenches. The growth
of �001� having a higher growth rate began upon coalescence
at the coalesced area of the �113� facets over the oxide side-
wall. Thus, the total thickness of the overgrown Ge layer was
closely related to the width of the sidewall.
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