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The interfacial behavior of the bonded p-GaP/n-GaAs wafers, with activated surfaces, that use an Ar fast atom beam was
investigated. The bonding strength of the interface was 9.8 MPa at room temperature, and the GaP was fractured and remained on
the GaAs following the tensile test. Two amorphous layers with identical thicknesses of 3.5 nm were found across the interface
without annealing. When annealing was executed, the electrical current–voltage characteristics improved and the amorphous
layers diminished across the interface. The amorphous layers adjacent to the GaP across the interface are attributed to the Ga-rich
layer because of the depletion of P.
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The integration of diverse combinations of III–V materials is
required to create high speed/high frequency optoelectronic devices,
such as light emitting diodes1 and emitting lasers2 with vertical cav-
ity surfaces, on a single chip substrate. Epitaxial growth and direct
wafer bonding methods have been developed to integrate III–V ma-
terials. For these integrations, lattice mismatch and coefficient of
thermal expansion #CTE$ are two major issues. For example, the
lattice mismatch between GaP and GaAs is around 3.57%, and the
CTEs for GaP and GaAs are 5.91 ! 10−6 and 6.63 ! 10−6/°C,
respectively.2 As a result, the lattice mismatch caused high density
dislocations between the heteroepitaxial layers fabricated at high
temperatures. Generally, thick buffer layers are used to reduce the
dislocations; however, these are not desirable for optoelectronic de-
vice applications.3,4 Wafer bonding at high temperatures may frac-
ture the bonded interface of the GaP and GaAs because of the dif-
ference in CTE. Heating at high temperatures may not be acceptable
for bonding wafers because other materials, such as metallic layers
and polymer lenses,5 have comparatively low melting points.

A room-temperature wafer bonding called surface activated
bonding #SAB$ has been implemented to bond the GaP and GaAs
wafers. The SAB allows spontaneous bonding without annealing.6-8

In this method, the wafer surfaces are activated by using an argon
fast atom beam #Ar-FAB$, and then the surfaces were bonded in an
ultrahigh vacuum #UHV$. The surface roughness of the activated
surfaces had to be lower than 1 nm !root-mean-square #rms$" to
achieve a spontaneous adhesion between the surfaces.6 During sur-
face activation, crystalline surfaces can change into amorphous lay-
ers because of sputtering and displacement damages. This may af-
fect the characteristic behavior of the bonded interface.7,8 While
direct bonding mechanisms of different combinations of Si, GaAs,
and InP have been reported,9-14 bonding of GaP and GaAs wafers
without heat has not been accomplished yet.1,2,15 Although the SAB
does not require heat to bond, the bonded wafers may go through
annealing steps when fabricating a device. For example, protective
and antireflective layers were created at 425°C on GaP/GaAs
bonded surfaces.2 Therefore, the influences annealing might have on
the electrical, mechanical, and structural behaviors of the GaP/GaAs
bonded wafers may be of great interest. This article investigates the
surface activation, the roughness, and the influences annealing has
on the interface behaviors by analyzing the bonding strength, elec-
trical behavior, and nanostructural characteristics of GaP/GaAs.

Mirror-polished n-GaAs#100$ and p-GaP#100$ #15° off-
orientation$ with dimensions 10 ! 10 ! 0.35 mm and 20 ! 20
! 0.25 mm, respectively, were used. The p-GaP specimen was
transparent. The resistivities of p-GaP and n-GaAs were !2.0–4.9"

! 10−1 and !2.2–2.3" ! 10−3 " cm, respectively. The doping ele-
ments for p-GaP and n-GaAs were Zn and Si, respectively, and the
carrier concentrations were 8 ! 1017 and !1.2–1.3" ! 1018 cm−3,
respectively. The bonding experiments were carried out using a flip-
chip-based SAB equipment, which consisted of a two-load lock, a
process, a transfer, an analysis, and a bonding chamber.6-8 The speci-
mens were cleaned with acetone and ethanol before they were
loaded into the load lock chamber. The specimens were separately
activated using 1.5 keV of Ar-FAB ions with a dose rate of 2.38
! 1014 i/cm2 s in the processing chamber at a pressure of
#10−6 Pa for 180 s. The wafers were bonded in the bonding cham-
ber under an external force of 60 kgf for 60 s. The time that elapsed
from activation to bonding was 23 min.

Ohmic and nonohmic contacts were made at the center of both
sides to measure the current–voltage !I-V" behavior. For ohmic con-
tacts, electrodes with 8 mm diameters were prepared on one side of
the p-GaP specimen before bonding by depositing Zn followed by
Au at room temperature. Then, the electrodes deposited on the
p-GaP specimen were annealed at 500°C in a vacuum pressure of
4 ! 10−4 Pa for 30 min to make an ohmic contact. The heating rate
was 140°C/min. Sizes of electrodes similar to those of the p-GaP
specimen were prepared on n-GaAs by the deposition of Ge fol-
lowed by Au at room temperature. Then, the n-GaAs specimen was
annealed at 400°C for 60 s with a heating rate of 90°C/min. The
bonded specimens with ohmic electrodes were not annealed. To
avoid heating influence on bonded and annealed specimens resulting
from processing temperatures for ohmic electrodes, the ohmic
electrodes were fabricated before the bonding experiments. For
nonohmic contacts, the bonded wafer was cut into four 4 ! 4 mm
specimens. One specimen was not annealed. The other three speci-
mens were annealed at 200, 400, and 600°C for 1 h in air. The
electrodes with conductive silver paste #2 mm diameter$ for each
specimen were made after bonding and annealing. Because the pro-
cessing temperatures for the fabrication of ohmic contacts for GaAs
and GaP were in between the annealing temperatures used for the
investigation of the interfacial characteristics, we had to prepare
nonohmic contacts after annealing the bonded specimens. This al-
lows avoiding the heating influence on the interfacial behavior re-
sulting from processing temperatures for ohmic electrodes.

Surface activation and surface roughness are two key parameters
in SAB that were investigated using an X-ray photoelectron spec-
troscope #XPS$ and an atomic force microscope #AFM, Seiko In-
struments$, respectively. The XPS spectra on the surfaces were taken
by a Perkin-Elmer XPS using a monochromatic Mg K$ X-ray ra-
diation source at 15 kV and 400 kW. Before surface activation,
strong peaks of carbon and oxygen on both of the specimen surfaces
were observed #Fig. 1$. After 180 s into the surface activation, these
peaks disappeared and activated the surfaces. Figure 1b shows that
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the peak for P decreases with respect to that of the gallium in GaP
after sputtering for 180 s. This indicates depletion of phosphorus in
GaP after sputtering. The depletion of phosphorus is consistent to
that of InP that was detected by a comprehensive XPS analysis.16

Operated in a nonelectrode dynamic mode, the AFM measured the
surface roughness over a scan area of 3 ! 3 %m. Before surface
activation, the rms surface roughness of GaP was 0.19 nm #Fig. 2$.
After surface activation, the value increased to 0.25 nm. Similar rms
surface roughness results of GaAs have been reported in Ref. 17,
which revealed an increase from 0.2 to 0.34 nm, 180 s after surface
activation. Therefore, smooth activated surfaces were prepared to
bond GaP/GaAs at room temperature.

For practical applications, high bonding strength is required to
thin materials using chemical mechanical polishing.2 Without an-
nealing, the estimated average tensile strength of the specimens was
9.8 MPa. The fracture images of GaP and GaAs after the tensile test
of the bonded wafers without heating showed a bulk fracture in GaP
#Fig. 3$. The bulk fractured GaP remained on the GaAs crystal after
the tensile test. Due to the mesa structure of GaAs, the exterior area
of the wafers was not bonded.

The I-V characteristics of the p-GaP/n-GaAs bonded wafers were
measured using a semiconductor parameter analyzer #model no. HP-
4145B$. The p–n junction current density increased as the applied
voltage increased in both the specimens with ohmic and nonohmic
electrodes, as shown in Fig. 4. The electrical current density was
increased as the annealing temperature increased. Different break-
down voltages at different annealing temperatures were observed. In
the forward bias, the threshold voltage with ohmic electrodes was

less than 2 V. The breakdown voltage of the specimen annealed at
600°C increased to 5 V. The higher breakdown voltage is attributed
to the higher voltage drop between the surface of the bonded wafers
and the silver paste electrode. This observed behavior is different
from the ones of the n–n and p–n GaAs interfaces, where a small
portion of the voltage drops at the substrate. Most of the applied
voltage drops across the depletion region at the interface have been
reported.11,14 In this study, the dependence of the breakdown voltage
with annealing temperature was also observed. The reverse bias be-
havior showed that the higher the annealing temperature, the lower
the breakdown voltages. The decrease in breakdown voltage due to
reverse bias results from the annealing-induced change in defects
and doping profiles at the bonded interface. The I-V characteristics
were further investigated by estimating the ideality factor and the
barrier height using the following thermionic emission theory18

I = I0#exp$ qV

nkT
% − 1& '1(

where

Figure 1. #Color online$ XPS spectra for the activated surfaces of #a$ GaAs
and #b$ GaP wafers compared with the nonactivated surfaces. The activation
was done using a 1.5 keV Ar-FAB for 180 s.

Figure 2. #Color online$ AFM images of GaP surfaces #a$ before and #b$
after activation. The activation was done using a 1.5 keV Ar-FAB for 180 s.
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I0 = AT2 exp$−
qVb

kT
% '2(

and

Vb =
kT

q
ln$AT2

I0
% '3(

is the extrapolated value of a current density at a zero voltage, Vb is
the barrier height, A is the Richardson constant, q is the electron
charge, V is the applied voltage, k is the Boltzmann constant, T is
the temperature in kelvin, and n is the ideality factor #assuming that
A = 8 A/cm2 K2 and T is 300 K$.

Figure 4b shows the ideality factor and the barrier height for the
ohmic and nonohmic electrodes. The estimated value for the ideality
factor with ohmic electrodes was 8. The high ideality factor of GaP/
GaAs may be attributed to a prolonged activation as well as to a
high carrier concentration.16,17,19 In contrast to ohmic electrodes, the
ideality factor with nonohmic electrodes was higher. The higher ide-
ality factor of the nonohmic electrode compared with that of the
ohmic electrodes reflects the potential drop between the electrode

and the substrate surface. The barrier heights and ideality factors
were dependent on the types of electrodes. The ideality factor of the
specimen with nonohmic contacts shrinks with the increase in an-
nealing temperature. While the barrier height for the ohmic elec-
trode was 0.57 eV, it was 0.75 eV for the nonohmic electrodes. The
barrier heights for the nonohmic electrodes were decreased as the
annealing temperature increased. The decrease in barrier height with
the increase in temperature indicates a decrease in the interface de-
fect states, which act as recombination centers for traps. The high
ideality factor and the temperature-dependent barrier height can fur-
ther be explained by the nanostructure of the bonded interface, as
discussed below.

Figure 5 shows the nanostructure of the bonded GaP/GaAs inter-
faces. Without annealing, two amorphous layers with equal thick-
nesses of 3.5 nm were observed at the interface. It has been reported
that the Ar atom implantation generates surface damage during ac-
tivation, resulting in an amorphous layer at the interface.6 The exis-
tence of amorphous layers across the bonded interface prohibits
fracturing due to CTE mismatch while heating. Relative to the other
direct wafer bonding interfaces, our interface had little to no voids.14

Because it was relatively bonded in a UHV, there were no oxides
across the bonded interface in contrast to the presence of amorphous

Figure 3. #Color online$ Fracture images of #a$ GaP and #b$ GaAs surfaces
after tensile pulling test of the GaP/GaAs bonded specimen.

Figure 4. #Color online$ #a$ Current density and #b$ ideality factor and
barrier height of the p-GaP/n-GaAs interface with ohmic electrodes com-
pared with nonohmic electrodes as a function of annealing temperatures. The
specimen with ohmic contacts was not annealed.
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oxide layers at the n–n GaAs bonded interface using the hydrophilic
bonding method.11,14 The thickness of the amorphous layers adja-
cent to the GaP side was reduced from 3.5 to 3.0 nm upon annealing
at 200°C. When the annealing temperatures were increased to 400
and 600°C, the amorphous layers diminished. Thus, the reduced
amorphous layer thickness upon annealing is responsible for the
observed improved I-V characteristics. This implicates fewer barri-
ers for tunneling electron current. Therefore, the interfacial amor-
phous layers control the current transport of p-GaP/n-GaAs.

The production of amorphous layers as well as defect states in-
duced by the Ar-FAB was simulated using SRIM version 2008.04.
Figure 6 shows a comparative study of the Ar ions distributed in
GaAs and GaP. The simulation parameters used were Ar atoms at
1.5 keV with an incident angle of 45° from the source with respect
to the surface. The projected range of GaP and GaAs was 29 and 25
Å, respectively. The displacement threshold energy for GaAs is
higher than that of GaP. While the same amount of energy is re-
quired to displace Ga and As atoms in GaAs, less energy is needed
to displace P in GaP. As a result, this depletes the P atoms in GaP.
This depletion is also reported when GaP and InP are treated with a
1.5 keV Ar-FAB and a 3 keV Ar ion.16,20 Therefore, the amorphous
layers adjacent to GaP across the interface are attributed to the Ga-
rich layer due to the depletion of P.

In conclusion, p-GaP and n-GaAs wafers were bonded at room
temperature by the SAB method, and the influence of thermal cycles
on the characteristic behavior of the bonded interface was demon-
strated. The bonding strength was 9.8 MPa measured by the tensile
pulling test. Two amorphous layers with identical thicknesses of 3.5
nm were found across the interface without annealing. Annealing
improved the electrical I-V characteristics and reduced the amor-
phous layers across the interface. The amorphous layer adjacent to

Figure 5. Nanostructure of GaP/GaAs bonded interfaces #a$ before anneal-
ing and after annealing at #b$ 200, #c$ 400, and #d$ 600°C. Annealing dimin-
ishes amorphous layers.

Figure 6. Distribution of Ar ions in terms
of #a$ vacancies per angstrom length per
ion, #b$ density of atoms over fluence, and
#c$ recoil energy in electron volt per ang-
strom per ion as a function of depth in
GaAs and GaP.
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GaP across the interface is attributed to the Ga-rich layer due to the
depletion of P. This room-temperature bonding not only applies to
devices that cannot withstand higher temperatures, but also im-
proves the performance of devices that may be exposed at higher
temperatures during the fabrication process flow.
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