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Abstract

The sequentially plasma activated bonding of silicon wafers has been investigated to facilitate
the development of chemical free, room temperature and spontaneous bonding required for

nanostructure integration on the wafer scale. The contact angle of the surface and the electrical
and nanostructural behavior of the interface have been studied. The contact angle measurements
show that the sequentially plasma (reactive ion etching plasma followed by microwave radicals)

treated surfaces offer highly reactive and hydrophilic surfaces. These highly reactive surfaces
allow spontaneous integration at the nanometer scale without any chemicals, external pressure
or heating. Electrical characteristics show that the current transportation across the nanobonded
interface is dependent on the plasma parameters. High resolution transmission electron
microscopy results confirm nanometer scale bonding which is needed for the integration of
nanostructures. The findings can be applied in spontaneous integration of nanostructures such

as nanowires/nanotubes/quantum dots on the wafer scale.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Wafer bonding refers to the process of joining clean and
mirror-polished smooth (rms surface roughness less than
0.5 nm) surfaces. It is one of the key process steps
in the fabrication of silicon-on-insulator (SOI) substrates,
in three-dimensional integration of microelectromechanical
systems (MEMS), and in the fabrication of optoelectronic and
photonic devices [1]. Recently, wafer bonding has gained
remarkable attention for creating nanoscale devices such as
carbon nanotube (CNT) based MEMS (i.e. microcoolers) [2]
and ordered templates to realize self-assembly of molecules,
nanowires (NWs) or quantum dots (QDs) [3, 4]. To
bond these nanostructures (i.e., CNTs, NWs, QDs), current
wafer bonding methods utilize wet chemical processes, high
temperature annealing steps and external forces to achieve
high bonding strength. A number of studies on integration of
nanostructures have been reported using diffusion, adhesive,
chemical, ultrasonic vibrational force, thermocompression and
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electrothermal bonding methods [5-9]. The issues in these
methods are: (1) high bonding temperature and external
force may not be suitable for bonding nanostructures due to
their delicate nature, (2) adhesive bonding results in reduced
current transport and reduced mechanical stability, (3) the wet
chemical processes before bonding may not be applicable for
bonding chemically sensitive delicate materials with substrates
that contain metals. In addition, the high temperature annealing
steps after bonding can modify the doping profile, and generate
large threading and misfit dislocations in heterogeneously
bonded nanostructures that have different thermal expansion
coefficients and a large lattice mismatch [10].

To address all the above issues, we have developed a
bonding process called sequential plasma activated bonding
(SPAB). This bonding method does not require any wet
chemicals, intermediate adhesives, external forces and
annealing steps to achieve high bonding strength [11] even
for the integration of dissimilar materials with large lattice
mismatch. For sequential activation, the surfaces are treated
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using oxygen (O;) reactive ion etching (RIE) plasma followed
by nitrogen (N;) microwave (MW) radicals. This treatment
is called surface activation, which removes contaminants
(i.e. hydrocarbon and metal ions from tweezers), native oxides
(i.e. SiO; in the case of silicon (Si)), and particles from the
surfaces. The treatment leads to the formation of new hydroxyl
(OH™) groups on the treated surface, making the surface easier
to wet with water; thus the treatment makes it a hydrophilic
surface. The higher the degree of hydrophilicity, the easier
it is to do bonding at room temperature [1]. This results in
spontaneous bonding at low temperature, which is required
for nanostructure integration. The bonding strength achieved
through SPAB without post-bonding annealing is equivalent
to the bulk fracture strength of the mating wafers [11, 12].
The high bonding strength achieved through SPAB allows
thinning down one of the bonded wafers to an ultrathin
film a few nanometers thick. This thin film can be used
to fabricate nanofilters for trapping biological species, such
as yeast cells and bacteria [13]. It has been reported that
Si NW bridges can be grown between two vertical silicon
sidewalls [14]. Nanoscale bonding between the nanofilters and
the Si NW bridges allows creating nanoscale sensing devices
for biomedical applications.

As previously mentioned, the bonded interface properties
largely depend on surface hydrophilicity before bonding [1].
However, there are no reported results currently on sequentially
plasma activated surface hydrophilicity, which ultimately
determines the spontaneous bonding strength. In addition,
the bonded structures may go through post-bonding annealing
steps in real applications, such as in Smart Cut® technology
to transfer thin layers [15], which may change the interfacial
morphology.  Furthermore, current transport across the
bonded interface is a major concern for nanoscale device
design, especially for near-surface interfaces [16]. Although
a significant number of reports have been aimed at the
electrical characterization of only O, RIE plasma activated
and chemically activated Si/Si bonded interfaces [17-19],
no reports have been published yet on the electrical
characterization of sequentially plasma activated Si/Si bonded
interfaces. This characterization of the bonded interface
provides a scientific basis for integration of nanostructures
on whole wafers [20] that is required for mass production of
nanoscale devices.

This paper reports the following:

(1) An in-depth analysis of hydrophilicity of Si wafers using
contact angle measurements to figure out how sequential
plasma activates surfaces for spontaneous bonding at the
nanometer scale.

(2) An extensive investigation of electrical conductivity of
the nanobonded interface using direct current—voltage (/—
V) measurements with different plasma parameters and
annealing temperatures

(3) A demonstration of the nanobonded interfaces after
annealing at different temperatures using high resolution
transmission electron microscopy (HRTEM) and electron
energy loss spectroscopy (EELS).
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Figure 1. Hybrid plasma bonding system.

2. Experiments

2.1. Specimens

Commercially available Czochralski (CZ) grown one-side-
polished 4 in p-type (100) oriented Si wafers were used for
experiments. The thicknesses of the wafers were 525 £25 um
and the resistivity was between 0.1 and 100 € cm.

2.2. The hybrid plasma bonding system and activation
procedure

The surface activation and wafer bonding were accomplished
using a wafer level hybrid plasma bonding (HPB) system,
which was developed based on the sequential plasma activation
and anodic bonding techniques, as shown in figure 1. It
consists of plasma activation and anodic bonding chambers. In
the sequential plasma activation process, the wafer surfaces are
sequentially activated by a radio frequency (RF) reactive ion
etching (RIE) plasma with high bombardment energy followed
by microwave (MW) plasma of neutral radicals with high
reactivity. The RIE plasma removes contaminations from the
surface by a physical sputtering mechanism, whereas the MW
neutral radical creates chemically unstable wafer surfaces. The
plasma activation chamber is separated into top and bottom
compartments by means of an ion trapping metallic plate.
Using the ion trapping metallic plate, neutral radicals are
produced at the bottom compartment. The bottom and top sides
of the chamber were used to generate RIE and MW plasma
from O, and N, gases, respectively. For the experiments
presented here, only the plasma activation chamber was used.
The anodic bonding chamber is only required to perform the
anodic bonding of wafers. Details of the sequential plasma
activation system can be found elsewhere [11].

The wafer surfaces were activated by a sequential plasma
activation process in the plasma activation chamber at a low
vacuum. To activate the wafers, the as received wafers
were placed into the plasma activation chamber. Then, the
wafers were activated using O, RIE plasma at a frequency of
13.56 MHz. The O, plasma parameters include an oxygen
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flow rate of 50 sccm, RF power varied from 100 to 400 W,
chamber pressure varied from 40 to 250 Pa, and the plasma
treatment time varied from 5 to 300 s. Lastly, the RIE plasma
treated wafers were further processed using electrically neutral
ions from N, MW radical plasma generated at a frequency of
2.45 GHz. The MW radical parameters include a nitrogen flow
rate of 50 sccm, power 2000 W, chamber pressure 100 Pa, and
plasma treatment time 30 s. With these plasma parameters, the
bias voltage at the substrate electrode varied between —35 and
—185V.

2.3. Other experiments

After plasma activation, the wafers were taken out of the
chamber, and the contact angle was measured using the sessile
drop method with a deionized (DI) water droplet (9 ul).
The Kruss drop shape analysis system DSA10 was used to
measure the contact angle. A contact angle below 2° cannot
be detected using the equipment. A separate set of wafers
were bonded together using hand applied pressure immediately
after plasma activation, and then investigated using current—
voltage (I-V') measurement, and high resolution transmission
electron microscopy (HRTEM). Highly conductive silver paste
(typical resistivity ~3 x 107>  cm) was used to make contact
electrodes with the bonded wafer for /-V characterization.
Metal electrodes were not chosen because of the possibility
of sintering the electrode metal and silicon at high annealing
temperatures [21]. Before annealing, the silver electrodes were
removed. An HP-4145B Semiconductor Parameter Analyzer
was used for /-V characterization. For the temperature
dependent electrical characterization and HRTEM, the bonded
wafer pieces were annealed following a predefined annealing
profile which will be discussed later. Specimens for HRTEM
were prepared from the bonded pairs by standard procedures
including polishing, dimpling, and ion-milling. To investigate
the elemental composition at the bonded interface, electron
energy loss spectroscopy (EELS) was performed.

3. Results and discussion

3.1. Contact angle measurements

A straightforward way to study surface hydrophilicity is
to measure the contact angle of a drop of water on the
surface. = The lower the contact angle, the higher the
degree of hydrophilicity, resulting in better wettability of the
surface. This is critical for this study since the higher the
surface hydrophilicity, the easier it is to bond between the
surfaces [22]. Figure 2 shows the contact angle (f) of a drop
of DI water on an Si wafer surface. The contact angle is related
to the surface energy of the solid and the surface tension of the
liquid by the Young equation [23], as

VYsg — Vsl — Vig COS,B =0. (1)

The liquid—gas interface energy y, (i.e. surface tension)
and the solid-liquid interface energy ys depend on the liquid
being used. The solid—gas interface energy yy,, also called
the solid surface energy, increases with a decrease in contact

Water drop .

Figure 2. Schematic of a droplet of water on an Si wafer surface and
the contact angle B.

angle. For hydrophilic surfaces, the contact angle usually
remains much less than 45°, and it is usually higher than 45°
for hydrophobic surfaces [15]. Hence, a hydrophilic surface is
easier to bond than a hydrophobic surface.

In order to understand the influence of different plasma
parameters associated with sequential activation on the degree
of hydrophilicity (i.e., surface energy), the contact angle
measurements were carried out with different O, RIE plasma
parameters (e.g., time, power and pressure). Similar
measurements using N, MW radical parameters will be
reported later. Recently the hydrophilicities of Si and Ge
wafer surfaces were investigated after O, and N, RIE plasma
activation [22]. Although the authors [22] recommended wafer
bonding immediately after plasma activation, the contact angle
measurements were done within 2 h after plasma activation. In
this study, the surface hydrophilicity was investigated through
contact angle measurements after three minutes of plasma
activation in order to understand the applicability of SPAB,
especially in bonding and packaging environments where a
few minutes may be required for handling and alignment after
surface activation.

The average measured contact angles at different plasma
processing conditions are listed in table 1. It also includes
the average contact angles of non-activated surface, and
hydrophobic surfaces cleaned with diluted (5%) hydrofluoric
(HF) acid for comparison. The contact angles of the
sequentially activated surface show an increasing trend as
the O, RIE plasma activation time, power and pressure
increase.  This result can be correlated with the surface
roughness, which has been reported to increase with O, RIE
plasma parameters such as activation time and power [24].
Rough surfaces are known to have a higher contact angle
compared to that of smooth surfaces [25]. Hence, increasing
the surface roughness with O, RIE plasma parameters in a
sequential plasma activation process can increase the contact
angle. Furthermore, the physical bombardment process of O,
RIE plasma removes surface species such as contaminations,
carbons, hydrogen, hydroxyl (OH™) groups, and it creates
large numbers of free bonds (dangling bonds) on the surface.
It is well known that the more OH™ groups present on the
surface, the smaller the contact angle. Increasing the plasma
power, pressure, and time enhances the physical bombardment
process of O, RIE and removes surface OH™ groups more
efficiently; thus, this increases the contact angle. It is important
to note that the plasma activation was performed on a silicon
wafer surface that is covered with a few nanolayers of native
oxide. In fact, O, RIE treatment not only removes surface
contaminations, but also produces a plasma induced oxide
layer. However, the thickness of this oxide layer does not make
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Table 1. The average contact angles of a drop of DI wafer on an Si wafer surface with different surface treatment conditions.

O, RIE plasma

N, MW radical

Contact
Pressure (Pa) Power (W) Time (s) Pressure (Pa) Power (W) Time (s) angle (deg)
5 314+ 1.1
15 36.8£0.5
30 38.1+0.5
100 300 60 100 2000 30 395403
120 37.7£0.5
300 40.6 £ 0.3
50 34.5+0.7
75 31.5+0.3
100 38.8+0.6
100 200 60 100 2000 30 395403
300 39.5+0.3
400 43.1+£0.5
40 38.5£0.5
60 41.0+1.3
80 300 60 100 2000 30 39.44+0.2
100 39.5+£0.3
120 40.1+£ 1.0
Without activation 33.4+£0.2
HF cleaning (5%) 65.24+04
RCA cleaning (H,O:H,0,:NH4OH = 5:1:1) 99+0.4
Only O, RIE activation (100 Pa, 300 W, 30 s) 43.0+0.4
Only N, MW activation (100 Pa, 2000 W, 30 s) 26.1£2.3

a significant difference in contact angle and hence surface
energy as reported in [22].

When we manipulated with the O, RIE plasma power,
the lowest contact angle that we could achieve was at 75 W.
The plasma power at 50 W was not sufficient to activate
the wafer surfaces, which resulted in a contact angle near to
that of a non-activated surface. It can be concluded from
the above results that lowest contact angles can be achieved
by choosing the lowest possible O, RIE plasma parameters.
However, the plasma parameters have to be high enough to
sufficiently remove surface contaminations and activate the
surface. Our experimental results show that the lowest possible
O, RIE parameters that can sufficiently activate the surface are
5's, 75 W, and 40 Pa. It has been reported that the surface
roughness is less than 0.5 nm at these plasma parameters, and
hence suitable for wafer bonding [26, 27].

To clarify the relative influence of O, RIE plasma and
N, MW radicals, the contact angle measurements were carried
out after treating the wafers with O, RIE plasma and N, MW
radicals separately. The results (table 1) indicate that the
hydrophilicity of a silicon wafer treated with N, MW radical is
better compared to that when it is treated with O, RIE plasma.
The N, MW radicals do not physically bombard the surface.
This is because the N, MW radical is not accelerated by the
DC self-bias voltage. The surface treated only with N, MW
is unstable, resulting in a high deviation in contact angle as
high as about 10% (table 1). The N, MW radical neither
removes surface OH™ groups and other contaminations nor
reduces surface hydrophilicity. The unique behavior of the N;
MW radical can be explained as follows. The N, MW radical
is highly reactive, resulting in silicon oxynitride (SiO,N,) and
Si—N bonds while reacting with oxygen and silicon [28]. These

bonds control the water contact angles that largely depend on
two factors, dispersion y¢ and polar yP components, which
determine the surface energy. The higher the polar contribution
(yP) to the surface energy, the better the wettability of a polar
liquid like water [29]. While the presence of Si—N bonds on
the N, MW radical treated surface leads to a higher polar
contribution, the presence of Si—O bonds on the O, RIE treated
surface results in a lower polar contribution to the surface
energy [30]. Hence, the N, MW radical activated surface
is much more hydrophilic than the O, RIE plasma activated
surface.

Immediately after plasma activation, silicon wafer
surfaces are terminated by large numbers of dangling bonds,
and they can react with the surrounding environment, such
as water, impurity components, or with other dangling bonds.
To clarify the ageing process of the surface, a droplet of DI
water was placed on an Si wafer surface and the contact angles
were measured after every 3 s. Figure 3 depicts the contact
angles as a function of exposure time in air after sequential
activation compared with O, RIE plasma activation, N, MW
radical activation, diluted (5%) HF cleaning, and the contact
angles of the non-activated surface. For sequential activation
the O, RIE parameters were 300 W, 100 Pa and 15 s and
the N, MW parameters were 2000 W, 100 Pa and 30 s. The
plasma parameters for only O, RIE and only N; MW activation
are given in table 1. The measurement errors associated with
this experiment were £10%. While the contact angle of HF
cleaned and without activated wafer surface slowly decreased
over time, the contact angle of the plasma activated surfaces
decreased rapidly over time. The contact angle for the N,
MW treated surface went below the detection limit within
176 s. The rate of change of the contact angle refers to
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Figure 3. Contact angles of a droplet of DI water on an Si wafer
surface. Contact angles were measured every 3 s starting from three
minutes after plasma activation.

surface reactivity. This indicates that the N, MW radical
treated surface is highly reactive. The highly reactive nature
of N, MW radicals turns the sequentially activated surfaces
into high reactive surfaces, in contrast to the HF treated surface
and the non-activated surface. On the other hand, the contact
angles of O, RIE treated surfaces were higher than those of N,
MW treated surfaces and sequentially activated surfaces. The
contact angles of sequentially plasma activated surfaces were
less than those of O, RIE plasma treated surfaces but greater
than those of N, MW radical activated surfaces throughout the
elapsed time. As mentioned previously, O, RIE is required
to remove surface contaminations and N, MW is required to
create a highly reactive surface. Hence, both plasmas are
essential to activate the surface for bonding. The decrease
of the contact angle (i.e., increase in surface energy) over
the storage time may be correlated with the increase of the
bonding strength over the storage time. It has been reported
that the bonding energy of sequentially plasma activated Si/Si
interfaces significantly increases from ~0.05 to 2.3 Jm™
after storage at RT for 24 h [31]. Increasing the elapsed
time generates stronger bonds between the sequentially treated
surfaces as a result of SiO, N, or Si—N. A similar mechanism in
the reduction of the contact angle of the sequentially activated
surface left in the air also explains the increase in surface
energy due to SiO;N,, or Si—N structures.

3.2. Electrical characterization of bonded interfaces

3.2.1. The influence of the plasma exposure time. The
influence of the plasma processing parameters on the electrical
characteristics of the bonded interface was investigated using
I-V measurements. Figure 4 shows the /-V curves of
the p-Si/p-Si bonded interface with different O, RIE plasma
exposure times measured at RT. It has been reported [5] that
sequential plasma activated wafers form covalent bonds across
the bonded interface 24 h after bonding. Hence, the /-V
measurements were done 24 h after bonding. After 24 h, no

significant change in /-V characteristics with storage time was
found. From figure 4 it is evident that the electrical resistance
increased as the O, RIE plasma activation time increased. The
slow turn on of the forward and reverse bias currents indicates
that a thin barrier layer is present at the bonded interface [32].
The experimental measurement of the oxide thickness on the
0O, RIE plasma activated silicon surfaces showed that the
initial high oxide growth rate saturated at around 60 A after
approximately 100 s of plasma activation [33]. This result
can be directly correlated with the electrical behavior shown
in figure 4. It is seen that the positive bias current saturates
after approximately 100 s of plasma activation time.

The electrical resistance at an arbitrarily chosen voltage
of 4 V for 30 s of plasma activation time was calculated
to be 778.4 k. This high resistance is attributed to the
presence of plasma induced charges and extra energy states at
the bonded interface and at the band gap of the semiconductor,
respectively. This was confirmed with the nonlinear /-V
characteristics in figure 4. The presence of charges at the Si/Si
bonded interface was also confirmed by a transient current
response to a step voltage [34]. It has been reported that
the O, RIE plasma activation can increase the fixed oxide
charge by 2.9 x 10 cm™2 and the interface trap density
to 7.2 x 10 cm™2eV~! [35]. These oxide charges form
a depletion region surrounding the bonded interface. The
fixed oxide charges and interface traps generate extra energy
states at the forbidden energy gap; which increase the barrier
height at the bonded interface. This energy barrier hinders
the flow of the majority carriers at the conduction band of the
semiconductor, and thus results in high electrical resistance.
Since the barrier height follows the same trend as the oxide
thickness across the bonded interface [33], the oxide thickness
has a dominant role in increasing the interface resistance.

For p-type silicon, positive charges form at the bonded
interface that is balanced by negatively charged ionized
acceptor atoms at the depletion region. A schematic energy
band diagram of p-Si/p-Si is shown in figure 5. For lower
doping (<10'7 cm™3) concentration, the current transport
is dominated by the thermionic emission current. Using
the thermionic emission model, the current density can be
expressed as [36, 37]

J = A*T?exp <—q—Vb) [exp (q_Vz) — exp (_(]_Vl)j|
kT nkT nkT
and V=Vi+V,

@)
where A* is the effective Richardson constant, 7 the
temperature, g the electronic charge, k the Boltzmann constant,
Vi, the barrier height and n the ideality factor. V is the total
applied bias, which is distributed over the interface with V;
and V, components as shown in figure 5. The barrier height
can be determined from the /-V characteristics in the forward
direction with V > 3kT/q,

kT AT?
Vo= —1In|— (3)
q Jo

where Jy is the extrapolated value of the current density
at zero voltage. Assuming A* = 114 Acm 2 K2 and
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Figure 4. (a) Current—voltage characteristics of the bonded interface as a function of O, RIE plasma activation time. (b) Barrier height as a

function of O, RIE plasma exposure time.
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Figure 5. Schematic energy band diagram of a p-Si/p-Si bonded structure with (a) zero bias, (b) applied bias.

T = 300 K, the barrier height was determined and it is
plotted in figure 4(b). The barrier height increased with the
increase of the O, RIE plasma time. The slope of the barrier
height from 30 to 120 s is higher than it is from 120 to
300 s. The barrier height at 300 s almost looks saturated.
The increase in barrier height with the increase in O, RIE
plasma time can be attributed to the increase in oxide thickness
at the bonded interface [33]. The calculated barrier height
of the bonded interface is higher than that of the chemically
activated hydrophilic bonded interface [17]. This is attributed
to the contact resistance between silver paste and silicon,
and the plasma induced crystalline defects and interface fixed
charges [38]. In fact, this additional contribution to the barrier
height can be neglected for this comparative study. From the
above results, it can be concluded that the current transport
across the bonded interface can be controlled by a proper
choice of the O, RIE plasma activation time.

3.2.2.  The influence of the post-bonding annealing. The
analysis of the electrical characteristics of the bonded interface
upon post-bonding annealing allows us to further understand
the defects and interface states and charges. It has been
reported that the density of the interface states changes with
the lateral positions of the bonded pair [17]. To avoid this
issue, a single bonded pair with 10 x 10 mm? dimension
was used for the /-V measurement at different temperatures

(b)

instead of four different bonded pairs. The /—V characteristics
of the bonded pair were measured at room temperature without
annealing and this was followed by annealed measurements at
200, 400, and 600 °C, respectively. At each temperature step,
the electrodes were removed before annealing. Each time an
annealing process was completed, the specimen was cooled
and the /-V curves were measured accordingly. The ramping
rate was kept constant at 200°C h™!, and the bonded pair was
annealed for 4 h in air at all three temperature steps. For the
sequential activation, the wafer surfaces were processed by
a 200 W O, RIE plasma for 60 s at 100 Pa, and then they
were subsequently processed by 2000 W N, MW radical for
30 s at 100 Pa. Figure 6(a) shows the /-V characteristics of
the sequentially plasma activated p-Si/p-Si bonded interface
before and after annealing at 200, 400, and 600°C for 4 h
in air. The /-V measurements were repeated three times and
the average values are given in figure 6(a). The measurement
errors associated with this experiment were £10%. The
barrier height shown in figure 6(b) at the bonded interface was
estimated using equation (3). The I-V characteristics show
that the current density reduces remarkably after annealing at
200°C. The subsequent annealing steps at 400 and 600°C
enhance the current density. The interfacial behavior can be
explained with the discrepant behavior of charges and trap
densities at different temperatures.

As previously mentioned, the plasma induced charges
as well as the OH™ groups and the incomplete nitridation
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Figure 6. (a) Current—voltage characteristics of a sequentially plasma activated p-Si/p-Si bonded interface at RT and after annealing at 200,
400 and 600 °C for 4 h in air. (b) Barrier height as a function of post-bonding annealing temperature.

reactions between nitrogen plasma and silicon can be attributed
to the highest current density without annealing.  This
incomplete nitridation acts as trapping centers.

Annealing at 200 °C, we observed that some of the OH™
groups diffuse from the interface, expand into the bulk silicon,
and increase the number of traps at the interface. The increased
number of traps reduce the interface current density, resulting
in increased barrier height at 200°C. Further annealing at
400 and 600°C, we observed that the OH™ desorbed from
the bulk silicon, which decreased the barrier height [40]. The
barrier height estimation in figure 6(b) is somewhat higher than
the actual value due to the contact resistance between silver
paste and silicon. However, for this comparative study, this
additional contribution can be ignored. It is worth mentioning
that since nitrogen atoms are not accelerated by dc bias, they
cannot penetrate the silicon lattice and act as a dopant. On the
other hand, oxygen atoms are accelerated by dc bias and hence
can reside in a shallow surface layer (1-2 nm) and act as a
dopant [39].

3.3. Nano-interface observation

To clarify the observed electrical behavior of the interface
before and after annealing, we performed HRTEM of the
bonded specimens. Four 2 x 2 mm? specimens were
used. The first specimen did not go through any annealing
steps. The three remaining specimens were each heated at
an annealing temperature of 200°C, followed by the two
remaining specimens at 400 °C and the last specimen at 600 °C
annealing. At all three temperatures the specimens were
annealed for 4 h in air with a ramping rate of 200°C h~'.
With each point of temperature increase, one new specimen
was removed for observation. For the sequential activation,
the wafer surfaces were processed using the parameters
utilized for the experiments as shown in figure 6. Figure 7
shows the HRTEM images of p-Si/p-Si sequential plasma
activated bonded interfaces. The HRTEM images show the
presence of an intermediate amorphous layer at the bonded
interface. The specimen which did not undergo annealing
has an interface amorphous layer thickness of ~4.8 nm. The
HRTEM images show that the amorphous layer thickness

remains constant at ~4.8 nm after annealing at 200 and 400 °C.
However, the specimen annealed at 600 °C has an amorphous
layer of ~13 nm thickness. While the amorphous layer
remained constant up to 400 °C, the interface current density
significantly reduced (figure 6(a)) after annealing at 200 °C.
Then the current density increased at 400 and 600 °C, but the
amorphous layers thickness increased at 600 °C. Therefore,
no relationship was found between the amorphous layer
thickness and the I-V characteristics (figure 6(a)) of the
bonded interfaces at different annealing temperatures.

The abrupt change in the amorphous layer at 600 °C can
be correlated with the abrupt change in void density observed
from IR transmission images [40]. It has been reported that
the void density of the sequentially plasma activated p-Si/p-
Si bonded interface does not change with annealing up to
400 °C. The void density significantly increases after annealing
at 600 °C [40]. At 600 °C, two concurrent phenomena: (1) the
breaking of SiO,N, and (2) viscous flow of H, gas generated
from adsorbed H,O from bulk silicon, are responsible for the
sudden increase in amorphous layer thickness. The following
two reactions occur at 600°C that increase the interfacial
silicon oxide layers [40]:

SiO,N, — SiO, + N,

These reactions produce nitrogen and hydrogen gases
at the bonded interface.  Since the amount of nitrogen
was reported to be negligible on the sequentially treated
surface [24], viscous flow of hydrogen gas may have had
a dominant role as regards the increased thickness of the
amorphous layers. The additional contribution to the increased
thickness can be attributed to the diffusion of oxygen
interstitials from bulk silicon to the interface because of the
high concentration of oxygen interstitials in CZ silicon [41].
To investigate the influence of annealing ambient, a pair of
bonded specimens was annealed in air and an inert gas like N,.
From IR transmission images, it was revealed that the abrupt
change in void density and hence the oxide thickness at 600 °C
is not influenced by the annealing ambient, but by the absorbed
interface species [42].
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Figure 7. HRTEM images of p-Si/p-Si sequential plasma activated bonded interfaces of (a) the specimen without annealing, (b) the specimen
annealed at 200 °C, (c) the specimen annealed at 400 °C, (d) the specimen annealed at 600 °C.

3.4. Compositions at the nano-interface

To investigate the elemental composition at the bonded
interface, high angle annular dark-field (HAADF) scanning
TEM (STEM), and electron energy loss spectroscopy (EELS)
were performed with the specimen shown in figure 7(d). The
EELS experiment was performed using a field-emission TEM
(JEOL 2100F, Cs = 0.50 mm) in conjunction with a Gatan
Enfina 1000 spectrometer, operating at 200 kV. The energy
resolution was about 1.0 eV. Typical probe conditions for
EELS used in this work consisted of a 1.0 nm diameter probe
in the TEM condition and a ~0.3 nm diameter probe with a
convergence semi-angle of 14 mrad in the STEM condition.
Core loss EELS spectra of N K, Si L,3, and O K were
recorded.

Figure 8 shows (a) the STEM image of the bonded
interface, (b) the EELS for detection of elements at the
interface. The STEM image shows an ~13 nm interfacial
amorphous layer at the bonded interface. From the EELS
spectra, no nitrogen was detected at the bonded interface.
Both the Si L, 3 edges at 125-175 eV and the O K edges at
540-560 eV were observed at amorphous oxide layers of the
interface. A further analysis of the Si L, 3 of amorphous Si
oxide compared with Si and SiO, provides the characteristic
behavior of amorphous layers at the interface. Figure 8(b)
shows the Si L, 3 edges from the interfacial amorphous oxide

layer compared with the standard Si and SiO,. The Si L, 3
edges from the amorphous layer were identical to those of the
standard SiO, at the bonded interface. This implies that SiO,
is present at the interface. This is because of the annealing of
the specimen at 200, 400 and 600 °C for 4 h at each step in air.

4. Conclusions

Sequential plasma activated bonding (SPAB) of silicon wafers
has been studied to facilitate the spontaneous bonding required
for nanostructure integration on the wafer scale.  The
sequential activation offers highly reactive and hydrophilic
surfaces compared to those of non-activated and hydrofluoric
acid treated surfaces due to the high reactivity of N, MW
radicals. The /-V measurements show that the current
transport across the nanobonded interface can be improved
by decreasing the O, RIE activation time. HRTEM images
confirm the nanometer scale bonding of the mating wafers
with an interface amorphous layer thickness of 4.8 nm. EELS
results reveal the presence of SiO, at the nanobonded interface.
Our investigations show that the proper choice of plasma
parameters can offer a highly reactive surface associated with
improved current transport which is required for spontaneous
integration of nanostructures at room temperature. Further
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Figure 8. (a) STEM image of the bonded interface of the specimen shown in figure 7(d); (b) compositional distribution along the red line

shown in (a) by the EELS analysis.

research is ongoing, to realize the spontaneous integration of
nanostructures on the wafer scale.
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