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Analysis of a wafer bonded Ge/Si heterojunction by transmission electron

microscopy
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A wafer-bonded Ge/Si heterojunction was observed using transmission electron microscopy to
analyze its crystallographic properties and to reveal atomic profiles at the interface by energy
dispersive x-ray spectroscopy. There was a 2 nm thick transition layer at the heterojunction, where
an aligned lattice image from Si to Ge together with a disordered lattice image could be observed.
In the Si layer close to the interface, islandlike modified regions were observed to exist, where a
large amount of Ge was detected. Oxygen was also detected accumulated at the interface. © 2007
American Institute of Physics. [DOI: 10.1063/1.2795797]

Ge photodetectors fabricated on Si substrates have re-
cently attracted much attention in Si-based photonic inte-
grated circuits."? Ge crystals have been epitaxially grown on
Si or SiO,. It is difficult, however, to obtain high quality Ge
with sufficient thickness because of the large difference in
the lattice constants of Ge and Si. Wafer bonding, or in other
words, wafer fusion, is a very easy method for preparing
atomically bonded heterojunctions between different
materials.”

Avalanche photodiodes with a wafer bonded InGaAs/Si
heterojunction have been proposed to have low multiplica-
tion noise properties.7’8 Following this idea, we have pro-
posed a Ge/Si heterojunction photodiode formed by wafer
bonding.g'10 In these heterojunction photodiodes, the hetero-
junction interface properties are very important to determine
the device performance, since the devices are operated under
a reverse bias voltage, where a very small amount of elec-
tronic current flows across the heterointerface. Therefore,
heterojunction properties, such as abruptness and uniformity
of the interface, and the existence of interface states caused
by dislocations, defects, and foreign atoms, may determine
device performance. Very few previous reports have dis-
cussed direct observations of the heterojunction by transmis-
sion electron microscopy (TEM).**

In this paper, we describe the results of TEM observa-
tions of a Ge/Si heterojunction formed by wet wafer bond-
ing. Together with energy dispersive X-ray spectroscopy
(EDX), crystallographic properties and Si-, Ge-, and O-atom
distributions in the region close to the heterointerface are
clarified.

The Ge/Si heterojunctions used in this experiment were
formed by wet wafer bonding.9 After cleaning the Ge and Si
surfaces by degreasing using organic solvents and removing
oxidized layers using a HF solution, both surfaces became
hydrophilic by dipping the Si wafer into a solution of
H,SO,4:H,0,:H,0 and the Ge wafer into a solution of
HCI:H,O. The two wafers were then brought into contact
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with each other in pure water. This sample was then annealed
at 880 °C for 90 min in a hydrogen atmosphere of 50 Pa
with a pressure of 4 X 107 Pa between the two wafers.

The p-Si layer used in this work was epitaxially grown
on an Sb-doped n*-Si substrate. The resistivity of B-doped p
Si is 1.02 ) cm with a nominal thickness of 0.95 um. Ge is
a bulk crystal with 4 ) cm resistivity and 400 pwm thickness.
Surface orientations of both wafers are (100)+1.0°. The
sizes of Si- and Ge-wafers were 5X5 and 6 X6 mm?, re-
spectively.

Ge/Si heterojunction photodiodes with mesa structure
were fabricated using the wafer bonded Ge/ Si.” The fabrica-
tion process, which includes polishing and mesa etching, re-
vealed that the percentage of the bonded area is supposed to
be almost 100% for bonded wafers. Photocurrent depen-
dence on the reverse bias voltage for three photodiodes at a
wavelength of 1.55 um are shown in Fig. 1. The photocur-
rent of a commercially available InGaAs/InP avalanche pho-
todiode is also shown for comparison. The incident optical
powers for each diode are different. The photocurrent begins
to increase at a bias voltage at which the depletion layer
reaches the heterointerface. When a higher bias voltage is
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FIG. 1. Photocurrents of three different Ge/Si photodiodes as a function of

reverse bias voltage at 1.55 um. For comparison, the photocurrent of a
commercially available InGaAs/InP avalanche photodiode is shown.
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FIG. 2. A bright field TEM photograph of a Ge/Si heterojunction and
selected-area diffraction patterns from different positions indicated by
circles.

applied to expand the depletion layer into the Ge layer or the
InGaAs layer, the photocurrent saturates. The behavior of the
rising photocurrent is considered to be related to the proper-
ties of the heterointerface boundary. In contrast to the case of
the InGaAs/InP photodiode having a very sharp photocur-
rent change, gradual increase with steps in photocurrents can
be seen for the Ge/Si photodiodes. This indicates that the
interface is not uniform in the heterojunction area and/or a
kind of transition layer exists between Si and Ge. The quality
of the Ge/Si heterojunction, such as crystallographic transi-
tion, existence of dangling bonds, and interface states, may
affect device performance, especially for the photocurrent
properties.

We directly observed the Ge/Si heterointerface using
TEM. Figure 2 shows a bright field TEM photograph of a
Ge/Si heterointerface, observed from the [110] direction of
Si, and selected-area diffraction (SAD) patterns for the posi-
tions indicated by circles. The lower bright region is Si in the
TEM photograph. The upper dark region is Ge, whose [110]
direction is tilted about 0.2° from the [110] Si crystal axis. In
the TEM photograph, we can observe islandlike, slightly-
dark regions in the Si side with several tens of nanometers
thick, as measured from the interface, and 100—200 nm long
along the interface. We hereafter refer to these as modified
regions.

The upper SAD pattern is for Ge and the lower one is for
Si. The SAD patterns from Ge and Si far from the interface
show very clear diffraction patterns for a diamond structure
through the [110] direction. At the Ge/Si heterointerface,
however, as shown in the middle SAD pattern, we can see
double spots corresponding to both the Ge and Si crystals.
This means that there is the possibility of the existence of
mixed crystals of separate Ge and Si crystals, as well as GeSi
compounds.

High-resolution TEM photographs in the vicinity of the
heterointerface are shown in Fig. 3. In Figs. 3(a) and 3(b),
the interface is seen as a white band with a thickness of about
2 nm. Also, in the Si side, islandlike dark regions (modified
regions) are clearly observed. In the modified region, we can
see crystal images, as shown in Figs. 3(b) and 3(c); however,
some parts of the crystal array are disordered. In another
part, we observe dislocations along the [111] direction. This
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FIG. 3. High-resolution TEM photographs for a Ge/Si heterojunction.

is caused by the relaxation of the large difference in the
lattice constants of Ge and Si.

An enlarged photograph near the heterointerface is
shown in Fig. 3(c). The lattice image for both Si and Ge can
be observed. Note that both crystals are aligned in the same
direction of [110]. This result is slightly surprising because
the crystallographic directions of both wafers are not pre-
cisely aligned when making contact in the bonding process.
Both crystallographic directions were automatically aligned
in the (110) surface at an angle smaller than 1°. Also in Fig.
3(c), we can see the continuously aligned lattice from the Si
crystal to the Ge crystal in some parts, even though the lat-
tice lines are slightly tilted. In other parts, however, disor-
dered lattice (amorphouslike) images can be observed. From
these TEM lattice images, any kinds of dislocation are not
observed in the region far from the heterointerface. The
stress caused by the large lattice mismatch (about 4%) be-
tween Si and Ge is considered to be relaxed by the mixing of
Ge and Si in the vicinity of the heterointerface within several
tens of nanometers.

Figure 4 shows the distributions of Ge, Si, and O atoms
across the heterointerface (line scanning), revealed by EDX.
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FIG. 4. Ge, Si, and O atom distributions in the lines shown by A-B (b) and
C-D (c) shown in the TEM photograph (a).

In Fig. 4(b), the distributions of these atoms are shown at the
positions indicated by the circles A-B in the TEM photo-
graph (a), wherein the modified dark region is not observed
in the Si. The distribution of Ge atoms and Si atoms is rather
sharply changed at the heterointerface. Figure 4(c) shows the
profile of the same atoms at the positions of C-D, where the
modified dark region exists in Si. In this region, a large
amount of Ge atoms were detected, with a relative lack of Si
atoms. This means that Ge enters the Si layer to a thickness
of about 40 nm, and that the modified regions are mixed with
Ge and Si. Two-dimensional mapping also shows that Ge
distributes in the modified regions. Note that an accumula-
tion of O atoms with about 10 at. % at the heterointerface
can be seen in both distributions of (b) and (c).

According to the explanation for the mechanism of wa-
fer bonding between hydrophilic surfaces,’ the hydroxyl
group on the surface contributes to the bonding of wafers by
hydrogen bonds when the wafers are in contact. The hydro-
gen and oxygen in the hydroxyl group are removed from the
surfaces and diffuse through the substrates during the anneal-
ing. The diffusion constants of hydrogen and oxygen in Si
and Ge'"'? are sufficiently large to have a diffusion length of
several micrometers by annealing at 880 °C for 90 min. The
observed O accumulation at the heterointerface, as shown in
Fig. 4, is caused by the binding of O with Si and Ge to form
oxidized compounds, during dipping in water before the con-
tact of wafers, and/or during the annealing. The lattice image
in Fig. 3 indicates that the atomic lines are randomized at the
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interface by the existence of such compounds.

The reported diffusion constant of Ge in Si is on the
order of 107'® cm?/s at 880 °C." This means that the calcu-
lated diffusion length for 90 min annealing is several nanom-
eters. However, the modified region thickness observed in
the Si layer at the heterointerface is about 40 nm. The trans-
port of Ge into Si is partially caused by surface/interface
diffusion with a diffusion constant larger than that of the
volume diffusion due to the tensile stress existing in the Si,
resulting in the intermixing of Ge and Si to relax the stress.
In contrast, the Si diffusion constant in Ge is on the order of
10713 cm?/ s,12 which is much higher than that of Ge in Si.
As a result, a very small amount of Si could be observed in
the Ge layer.

In conclusion, we directly observed a wafer-bonded
Ge/Si heterojunction by transmission electron microscopy
and energy dispersive x-ray spectroscopy. In high resolution
TEM images, the transition layer between Si and Ge was
observed with a thickness of 2 nm, where the O atoms accu-
mulated. Atomically aligned parts and disordered parts were
seen at the heterointerface. With a thickness of 40 nm from
the heterointerface, a modified region was seen in the Si
layer wherein a large amount of Ge was detected. This thick-
ness of Ge penetration cannot be explained by simple diffu-
sion. These crystallographic results need to be compared
with the electrical properties of the Ge/Si heterojunction for
future work.

The authors would like to thank M. Kumon for his con-
tribution to the wafer bonding technique, and S. Mizuno and
H. Takahata at NTT-AT for their TEM observation efforts.
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