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A B S T R A C T

Bonding mechanism at room temperature (RT) in GaAs/Si heterointerfaces fabricated by surface-activated
bonding (SAB) is examined using cross-sectional scanning transmission electron microscopy combined with low-
temperature focused ion beam and time-of-flight secondary ion mass spectrometry. In the bonding process at RT,
atomic intermixing at the interfaces, presumably due to the transient enhanced diffusion assisted by the point
defects introduced in the surface activation process, is confirmed. The defect-assisted atomic diffusion at the
interfaces, as well as the formation of atomically clean and activated surfaces, would be the key concept of SAB,
by which we can create tough heterointerfaces at RT. Meanwhile, the defects on the activated surfaces would
degrade the interface resistance. The degraded properties can be recovered by an appropriate annealing after the
SAB processes, although the atomistic structure around the heterointerfaces would be modified during the an-
nealing. By controlling SAB and subsequent annealing conditions, we can obtain low-resistance heterointerfaces
via the optimization of the trade-off relationship between the chemical bonding strength and the electronic
properties, determined by the activated surfaces before bonding.

1. Introduction

Surface-activated bonding (SAB), that is a direct wafer bonding
process without additional buffer layers [1], is a promising method to
fabricate tough and steep heterointerfaces at low cost. SAB does not
require annealing processes to obtain sufficient bonding strength, un-
like in the most other direct bonding processes such as hydrophilic,
hydrophobic and plasma-assisted bonding, except for gold-gold hy-
drophilic bonding [2]. This low-temperature process does not induce
thermal damage at the interfaces. In addition, unlike in epitaxial
growth processes, SAB can fabricate any heterointerfaces free from
threading dislocations, even for dissimilar materials with different
crystal structures and lattice constants. Recently, SAB is applied to the
next-generation semiconductors such as diamond [3], SiC [3–7], and
GaN [8–10], as well as to the basic semiconductors such as Si and GaAs
[11–14], towards low-resistance semiconductor-to-semiconductor het-
erointerfaces free from adherent layers. Functional devices with hybrid
structures, such as high-power semiconductor lasers with a low

interface thermal resistance [4] and high-efficiency tandem solar cells
with a low interface electrical resistance [15,16], are so far demon-
strated with this direct bonding method.

Since SAB processes are based on the chemical bonds between two
wafer surfaces obtained using surface activation, the surfaces are re-
quired to be atomically clean and activated, as well as flat and smooth
sufficiently. Therefore, in general SAB processes, wafer surfaces are
activated at low temperatures before bonding by creating dangling
bonds via the irradiation of inert atoms in a high vacuum, and the
surfaces are then bonded by the contact most of the time under pressure
to form strong chemical bonds even for imperfect surfaces. During the
activation process, however, atomic arrangement beneath the irra-
diated surfaces can be modified, depending on the irradiation condi-
tions such as inert atom species with different kinetic energies. This
structural modification would result in the degradation in physical
properties of the interfaces, especially in the electronic properties such
as interface resistances. Therefore, SAB processes have been optimized
empirically the trade-off relationship between the chemical bonding
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strength and physical properties depending on bonded materials. Even
though SAB has been applied for any kinds of materials, the principle of
the trade-off relationship has been controversial due to the difficulty of
analyzing their nonequilibrium heterostructures at an atomistic level.

In the present work, we have examined the atomistic structure of
SAB-fabricated GaAs/Si heterointerfaces towards tandem solar cells,
that can surpass the efficiency milestone of 30% for non-concentrating
terrestrial solar cells free from expensive Ge wafers [17–19]. Nowadays,
InGaP/GaAs//Si hybrid multijunction cells with a high efficiency up to
26% are demonstrated with the SAB method [15,16]. However, the
estimated efficiency is still lower than the theoretical one of 40% [20].
One possible origin of this lower efficiency is the interface resistance of
the order of 10-1 Ωcm2 [14,21], which is rather high in comparison with
III-V/IV heterointerfaces grown epitaxially (of the order of 10-4 Ωcm2)
[22]. The resistance is decreased by annealing at low temperatures
[13,14,23,24], indicating the annihilation of defects at the interfaces. It
is pointed out that defective regions at the interfaces would affect the
electrical properties [23]. Actually, volume of the regions, depending
on inert atom species and activation times [12,25,26], correlates with
the interface resistance [12]. Recently, plane-view transmission elec-
tron microscopy (TEM) with damage-free TEM specimens fabricated by
chemical mechanical polishing (CMP) techniques shows that, As defects
on the activated GaAs surfaces would be an origin of the interface re-
sistance in a SAB-fabricated GaAs/Si heterointerface [27]. We have
therefore examined the atomic arrangement and composition around
similar GaAs/Si heterointerfaces deliberately by cross-sectional scan-
ning TEM (X-STEM) combined with low-temperature focused ion beam
(LT-FIB) technique that can suppress the structural modification during
FIB processes [28]. With an assistance of time-of-flight secondary ion
mass spectrometry (TOF-SIMS), atomic structures involving point de-
fects at the interfaces, determined by the SAB condition, are discussed.

2. Experimental methods

GaAs/Si heterointerfaces, and GaAs/GaAs and Si/Si homointerfaces
were fabricated at room temperature (RT) in a high vacuum (below 5×
10-5 Pa), with the rectangular wafers (about 10 mm× 15 mm in size) of
Si-doped n-type (1 0 0) GaAs (with a carrier concentration of 2 × 1016

cm−3) and B-doped (1 0 0) p-Si (2 × 1014 cm−3), under the similar SAB
conditions. The wafers were activated with a beam of inert Ar atoms
(with a current of 1.8 mA at an applied voltage of about 2.0 kV) for
180 s (with the dose of 2 × 1018 atoms/cm2 at the atom energy of
2 keV), with the incident angle of 45°, and they were then pressed for
60 s at 10 MPa for bonding. The activated surfaces might be con-
taminated with a small amount of metallic impurities from the sus-
ceptors, although they were hardly detected around the interfaces
fabricated with an optimum SAB condition by atom probe tomography
of which the detection limit is about 0.01 at.%. In order to examine a
possible distribution of impurity atoms after the SAB processes, some
amount of Fe atoms was intentionally introduced in the surface acti-
vation process, by the irradiation of Ar atoms on the susceptors si-
multaneously with the wafers. The Fe concentration at the surface was
estimated to be the order of a few % by atom probe tomography
techniques [29]. A part of the interfaces was annealed at 400 °C for 60 s
in a nitrogen gas ambient, since the electric resistance of our interfaces
is minimized with this optimum annealing condition [14].

Specimens for X-STEM with GaAs/GaAs [30] and Si/Si [31]
homointerfaces were prepared only by CMP techniques, by which no
irradiation damage would be introduced [30]. Meanwhile, X-STEM
specimens with GaAs/Si heterointerfaces were hardly prepared by
CMP, since the etching rate for Si was more than 10 times higher than
for GaAs. They were therefore prepared by using a focused ion beam
(FIB) system equipped with a high-resolution scanning electron mi-
croscope (SEM) (FEI, Helios NanoLab600i) with Ga+ ions accelerated
at 2–30 kV [32], with a cold stage operated at a low temperature (LT) of
−150 °C (IZUMI-TECH, IZU-TSCS004) to suppress the defect

generation in the FIB processes [28]. SEM revealed the FIB specimens of
uniform thickness across the interface. Structural properties of the in-
terface were determined by high-angle annular dark-field (HAADF) and
energy dispersive x-ray spectroscopy (EDX) under STEM with the in-
cident direction of 〈1 1 0〉, with a JEOL JEM-ARM200F analytical
microscope. By using STEM-EDX, we detected the x-rays due to Fe
atoms localized at bonded interfaces. Even though the peak density of
Fe atoms varies area by area, the full-width at half-maximum (FWHM)
of the Fe distribution was almost the constant value of 1 nm. Even
though the spatial resolution of STEM-EDX would depend on the spe-
cimen thickness via the spread of electron beam, the FWHM was in-
dependent of the specimen thickness. This suggests that the spatial
resolution of our STEM-EDX was less than 1 nm.

To discuss the defect generation at GaAs surfaces in the activation
process, the depth profile of the As/Ga density ratio, as well as the Fe
density, was examined from the activated surfaces by TOF-SIMS, using
a PHI TRIFT V nanoTOF (ULVAC-PHI). An area of 1 × 1 mm2 was
sputtered with a beam of O2

+ ions accelerated at 1 kV (with a current of
100nA) to obtain positive ion depth profile, and areas of 0.1 × 0.1 mm2

in the sputtered area were measured with Bi3++ ions accelerated at
30 kV.

3. Results and discussions

3.1. As-bonded GaAs/Si heterointerfaces

Distribution of As defects and Fe atoms beneath an activated GaAs
surface, just before bonding, is examined by TOF-SIMS (Fig. 1). The As/
Ga ratio is 0.8 on the surface. It increases with increasing the depth
from the surface, and reaches to 1.0 at the depth of 3 nm. This result
indicates the introduction of As vacancies beneath the surface, as re-
ported in SAB-fabricated GaAs/GaAs interfaces [27]. Meanwhile, the
ratio is above 1.0 in the depth range of 3–7 nm, suggesting that As
interstitials would be introduced in the deeper region. Those results can
be explained that Frenkel-type defects (i.e., vacancy-interstitial pairs)
on the As sites are introduced due to knock-on effects under the irra-
diation of Ar atoms for surface activation. Besides, Fe atoms would
locate just on the activated surface and they do not penetrate the sur-
face so much.

Even though Ar atoms would remain in the activated surfaces [12],
they are scarcely observed in our experiments. The distribution of Ar
atoms in the surfaces can be simulated with the SRIM software [33],
and the density of the residual Ar atoms would peak at the depth of
3 nm. The simulation also suggests the introduction of vacancies of
which density is the maximum at the depth of 1.5 nm. Those results are
consistent with the TOF-SIMS result shown in Fig. 1.

Meanwhile, distribution of point defects beneath an activated Si
surface is hardly examined by TOF-SIMS, because the surface is easily
oxidized after the surface activation process. It is known that the sur-
face would be amorphized during the activation process [13,25–27].
Since Fe atoms are immobile in amorphous Si at RT [34], Fe impurities

Fig. 1. Depth profile of the As/Ga ratio and Fe density in GaAs after the surface
activation process, obtained by TOF-SIMS.
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would locate just on the surface, as on the activated GaAs surfaces.
Also, SRIM calculations suggest that vacancies are introduced by the Ar
atom irradiation by which the density of residual Ar atoms would peak
at the depth of 4 nm, and the density of Si vacancies would be the
maximum at the depth of 2 nm.

Fig. 2(a) shows a HAADF-STEM image of an as-bonded GaAs/Si
heterointerface. EDS in the LT-FIB specimen reproduces a steep het-
erointerface (Fig. 2(b)), unlike in the specimens fabricated by the
conventional FIB operated at RT (see Fig. S1 in the supplementary
materials (SM)). The density gradients for Si, Ga, and As atoms at the
interface in the LT-FIB specimen (about 20% nm−1) are much larger
than those in the RT-FIB specimen fabricated in our experiments (about
9% nm−1). Those gradients indicate a slight atomic intermixing across
the interface in the bonding process. It is therefore difficult to de-
termine the exact location of the interface with the density profiles. We
hypothesize that the Fe density is the maximum just on the interface
(the broken line in Fig. 2(b)), because Fe atoms would locate on the
activated surfaces before bonding. Under the hypothesis, the density
profiles for Ga and Si atoms can be fitted well with an error function of
the distance x from the expected interface, C0erfc[x/(2L)] (the dotted
curves in Fig. 2(b)), which is the solution of the one-dimensional dif-
fusion equation for a diffusion constant L and for a semi-infinite source
with a constant density of 2C0 at x > 0 [35]. The density profile for As
atoms is not explained with the simple diffusion model, and it is dis-
cussed later.

In the GaAs wafer adjacent to a GaAs/Si interface, no amorphous
layer is introduced, and lattice fringes are observed even in the vicinity
of the interface (Fig. 2(a)). Vacancy agglomerates about 1 nm in size
can be observed as dark dots nearby the interface. The ratio between
the As density and the Ga one, As/Ga, is below 1.0 down to the depth of
2 nm from the interface, and it is above 1.0 in the depth range of
2–6 nm (Fig. 2(b)), due to Frenkel-type defects on the As sites (Fig. 1).
Similar properties are obtained in SAB-fabricated GaAs/GaAs interfaces

in damage-free STEM specimens (see Figs. S2(a) and (b) in the SM).
Therefore, the GaAs wafer adjacent to an interface would not be da-
maged severely in the LT-FIB process [28]. Meanwhile, atomic migra-
tion would take place due to recombination effects in the process [28].
While the diffusion length of Fe atoms LFe in the bonding process can be
estimated to be 0.7 nm, as the FWHM of the density profile for excess Fe
atoms in GaAs [35], this value is slightly larger in comparison with the
damage-free GaAs/GaAs interfaces in a specimen fabricated without
FIB (see Fig. S2(b) in the SM). The upper limit of the diffusion length of
Si atoms LSi in the bonding process is estimated to be 0.8 nm by fitting
the density profile for Si atoms with an error function, and the esti-
mated value is close to the full-width at half maximum (FWHM) of the
density profile for excess Si atoms in GaAs. Assuming that the T-de-
pendence of the diffusion constant reported at high temperatures for Si
[36] and that for Fe [37] are conserved even at low temperatures, both
LSi and LFe in the bonding process are expected to be the order of 10-10

nm at RT. This suggests a transient enhanced diffusion due to the point
defects introduced in the surface activation process, as observed in
implanted GaAs wafers [38]. The distribution range of As vacancies
beneath the activated surfaces is decreased by about 1 nm in the
bonding process, indeed (see Figs. 1, 2(b) and S2 in the SM).

In the Si wafer adjacent to a GaAs/Si interface, an amorphous layer
of a few nm thick is formed (Fig. 2(a)), similar to SAB-fabricated Si/Si
interfaces (see Fig. S3(a) in the SM) [13,25–27]. The LFe in the boning
process, estimated to be 0.8 nm as the FWHM of the density profile for
excess Fe atoms in Si [35], is the same as the LFe in damage-free Si/Si
interfaces (see Fig. S3(b) in the SM), since recombination effects would
be ignored in Si [28]. The diffusion length of Ga atoms LGa in the
bonding process can be estimated to be 0.8 nm by fitting the density
profile for Ga atoms with an error function, as well as with the FWHM
of the density profile for excess Ga atoms in Si (Fig. 2(b)). Meanwhile,
the density profile for As atoms is not fitted with an error function, since
the As density beneath the activated GaAs surface before bonding is not
constant (Fig. 1). We hypothesize that the FWHM of the density profile
for excess As atoms in Si approximates the diffusion length of As atoms
LAs in the bonding process. Under the hypothesis, LAs is estimated to be
0.8 nm. Interestingly, Fe, Ga, and As atoms in Si have the same diffusion
length of 0.8 nm in the bonding process. Considering the diffusion
constants at high temperatures in Si for Ga [39] and As [40], as well as
the diffusivity in Si for Fe atoms [30], those atoms should be immobile
at RT. Those results can be explained with a transient enhancement
model that the diffusion lengths of those impurities are dominated by
the diffusivity of the point defects assisting the impurity diffusion, like a
transient enhanced diffusion in Si [41].

Fig. 2(b) also shows the total sum of densities for all kinds of atoms
across the interface. The density far from the interface is 8/(0.565)3

nm−3 in the GaAs side, while it is 8/(0.543)3 nm−3 in the Si side. The
density varies gradually at the interface, and an intermediate layer of
4–5 nm thick having gradient composition is formed. One possible
explanation is that this layer would be formed such that lattice mis-
match between GaAs and Si does not result in a highly defective in-
terface with a high energy; i.e., it would act as a buffer layer that can
reduce the elastic energy around the interface. However, by using a
direct bonding method using atomically-flat surfaces formed thermally
without the surface activation process, GaAs/Si heterointerfaces free
from an apparent gradient layer can be formed at RT [42]. This suggests
that the main origin of the formation of a gradient layer is not to
minimize the interface energy. Another possible explanation is that a
gradient layer can be formed due to the influence of the roughness on
the activated surfaces. In order to maximize the chemical bonds at the
interface, atoms would diffuse so as to fill the rough bonding interface
during the bonding process. In this case, atomic diffusion would take
place within a surface region of which thickness is the order of the peak
to valley on the activated surfaces, as observed in Fig. 2. In either case,
the atomic diffusion at the interface, presumably assisted by the point
defects introduced in the surface activation process, would be a key

Fig. 2. (a) HAADF-STEM of an as-bonded GaAs/Si interface. (b) Density profiles
across the interface for As (the green curve), Ga (red), Si (orange), Fe (blue),
and all kinds of atoms (grey), obtained by energy dispersive x-ray spectroscopy
(EDX). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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concept of SAB, by which we can fabricate tough heterointerfaces at
low temperature. The key concept of SAB is finally the activation itself
which is not only needed to remove the surface oxides and to create the
dangling bonds but also to enhance the atomic diffusivity.

The total density depletes at the interface, indicating the introduc-
tion of vacancies. Since the density profile for Ga atoms can be ex-
plained with a simple diffusion model for a uniform semi-finite source,
Ga vacancies beneath the activated GaAs surfaces would be negligible,
as observed in SAB-fabricated GaAs/GaAs interfaces (see Fig. S2(b) in
the SM). Similarly, the density of Si vacancies beneath the activated Si
surfaces can be negligible, although a small amount of Si vacancies
would be introduced (see Fig. S3(c) in the SM). Therefore, the density
depletion is mainly due to As vacancies beneath the activated GaAs
surfaces shown in Fig. 1.

3.2. 400 °C annealed GaAs/Si heterointerfaces

When an activated GaAs surface is annealed at 400 °C, the As/Ga
ratio is almost 1.0 at any depths from the surface (Fig. 3), except for the
outermost surface [43], by TOF-SIMS. Comparing the TOF-SIMS data of
as-bonded and 400 °C annealed surfaces, we hypothesize that As va-
cancies disappear due to the recombination with As interstitials via
their migration at 400 °C. In other words, Frenkel-type defects on the As
sites can be annihilated at this temperature. This annihilation would be
correlated with the depletion of the density of interface states by 400 °C
annealing [24].

Fig. 4(a) shows a HAADF-STEM image of a GaAs/Si heterointerface
after 400 °C annealing. Parts of amorphous Si are recrystallized during
the annealing, and the thickness of the amorphous layer is decreased.
The ratio between the As density and the Ga one, As/Ga, is almost 1.0 in
the GaAs side (Fig. 4(b)), due to the annihilation of Frenkel-type defects
on the As sites (Fig. 3). Although the atomic intermixing across the
interface would proceed in the annealing process, the excess Si atoms in
GaAs and the excess Ga and As atoms in Si do not increase so much
(Fig. 4(b)). Most excess atoms are confined in a narrow region nearby
the interface, and their densities seem to be saturated. This result can be
explained with a transient enhancement model that excess atoms can
diffuse nearby the interface at which point defects are introduced, while
they are immobile in a lack of the defects by annealing. Similarly, in the
annealing process, Fe atoms do not exhibit apparent diffusion around
the heterointerface (Fig. 4(b)) [44], as well as around GaAs/GaAs (see
Fig. S2(d) in the SM) and Si/Si (see Fig. S3(e) in the SM) interfaces. It is
also speculated that, the residual Ar atoms, locating at the interstitial
sites as Fe impurities, could be stable during the low temperature an-
nealing. The mechanical strength of the interface, correlated with the
thickness of the gradient layer, would be optimized by controlling the
SAB condition.

The total density across the interface shows that most vacancies are
annihilated by 400 °C annealing (grey curve in Fig. 4(b)). They would
locate on the As site in GaAs, since the As/Ga ratio is recovered to 1.0
by the annealing as observed in Figs. 3 and 4(b), as well as in SAB-

fabricated GaAs/GaAs interfaces (see Fig. S2(d) in the SM). Also, small
amount of the annihilated vacancies would locate in Si, as observed in
SAB-fabricated Si/Si interfaces (see Fig. S3(f) in the SM). This structural
change would result in the reduction of the interface resistance [14].
The resistances for SAB-fabricated GaAs/Si (10-1 Ωcm2) [14] and GaAs/
GaAs (101 Ωcm2) [26] interfaces are much higher in comparison with
the Si/Si interfaces fabricated with similar SAB conditions (10-3 Ωcm2)
[23]. Also, impurity atoms such as Fe and Ar atoms can degrade the
electronic properties via the introduction of defect levels. They would
not, however, correlate with the recovery of the electronic properties by
400 °C annealing, since their density and distribution seem to be un-
changed during the annealing process. Therefore, the resistance of SAB-
fabricated GaAs/Si interfaces would be originated mainly from the As
defects.

4. Conclusion

Atomic intermixing at the SAB-fabricated GaAs/Si heterointerfaces,
presumably via the transient enhanced diffusion assisted by the point
defects introduced in the surface activation process, is confirmed in the
bonding process at RT. The defect-assisted atomic diffusion, as well as
the formation of atomically clean and activated surfaces, would be the
key concept of SAB, by which we can fabricate tough heterointerfaces
of dissimilar materials at RT. On the other hand, those defects, espe-
cially Frenkel-defects on the As sites, can degrade the interface re-
sistance. Therefore, we need to optimize the trade-off relationship be-
tween the chemical bonding strength and the interface resistance,
determined by the activated surfaces before bonding, by controlling
SAB conditions.
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