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Direct wafer-bonded InP–GaAs structures were studied by cross-sectional observations using a
field-emission scanning-electron microscope �FESEM� and by infrared-absorbance spectra using a
Fourier-transform infrared spectroscopy. FESEM observations demonstrate that the interfaces of
560 and 580 °C bonded InP–GaAs structures are smooth and uninterrupted, while interfacial gaps
appear for the samples bonded at 620 and 680 °C. However, large dimensional areas of bonding
interfaces cannot be observed by FESEM because its inspection size is limited to microregions.
Experimental results show that infrared-absorbance measurements can be an effective method for
quality examination of bonded InP–GaAs structures. By soaking wax into poorly bonded interfaces
and using its absorption characteristics at 3.383, 3.426, and 3.509 �m, interfacial gaps are indirectly
measured by infrared spectra. Absorbance-intensity mappings at absorption peaks were used to
image poorly bonded areas. Thus the interface quality of the whole wafer-bonded sample can be
seen clearly. Nonuniform pressure applied over the sample during annealing step accounts for
poorly bonded interfaces. Using the improved fixture, uniformly bonded InP–GaAs structures that
do not have interfacial gaps were obtained. © 2005 American Vacuum Society.

�DOI: 10.1116/1.2102968�
I. INTRODUCTION

High-quality III-V materials have been successfully
grown by molecular-beam epitaxy and metalorganic
chemical-vapor deposition, which improves the performance
of device structures. The device performance, however, is
eventually limited by the intrinsic material properties. Differ-
ent materials have their unique optical and electrical proper-
ties. Thus, structures consisting of two different materials are
expected to exhibit high device performance. But these struc-
tures are generally hard to fabricate by epitaxial growth
methods due to lattice mismatch. In recent years direct
wafer-bonding �or wafer-fusion� technologies used in Si-
based structures1,2 have been successfully developed for
III-V compound semiconductor assembly.3–6 Edge-emitting
lasers,7 vertical-cavity surface-emitting laser structures,8 de-
tector structures,9 vertical coupler structures,10 and
monolithic-material integration by nonplanar wafer
bonding,11 have been successfully fabricated by this tech-
nique and show superior device performance. Although a
scale of 1 cm�1 cm wafer bonding is enough for experi-
mental studies, industrial applications require large-scale wa-
fer bonding. However, the uniformity of the bonding inter-
face is still a problem. Recently, whole InP and GaAs
substrates have been uniformly bonded without mechanical
pressure by the atomic-hydrogen surface cleaning and low-
temperature bonding method,12 which is expected to be an
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alternative method for industrial applications. But this
method requires very clean surfaces for bonding and should
be carried out under an ultrahigh vacuum �UHV� ��5
�10−11 Torr� background. The bonding of InP–GaAs epitax-
ial layers and electrical characteristics of bonded structures
has not yet been demonstrated. Detecting and improving the
quality and uniformity of high-temperature bonded large-
scale structures remain important.

Transmission-electron microscope �TEM� observations5,13

and electrical characteristics6,14 of wafer-bonded InP–GaAs
structures have been extensively studied. However, these
methods are inconvenient for checking the quality of the
bonded interface. TEM can only check microregions. Al-
though electrical characterizations can show the interface
quality to a certain degree, the preparation of samples is
inconvenient. Furthermore, the bonding temperature, pres-
sure, and annealing time all have an effect on electrical prop-
erties of bonded structures. The quality criterion of electrical
measurement is indefinite. Other methods such as electron-
beam induced-current �EBIC� maps15 and cathodolumines-
cence �CL�16 images have been used in defect detection for
relatively large dimensional bonded structures. These meth-
ods give direct views of interfaces. But they require the fab-
rication of special structures. For instance, contact electrodes
of bonded structures are required for EBIC measurement and
bonded samples need InGaAsP layers as luminescence-
exciting mediums in CL imaging.

For this article, we directly bonded InP–GaAs structures

at different temperatures. Their interfaces were checked by
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2352 Lao, Wu, and Li: Observations of interfaces in direct wafer-bonded structures 2352
field-emission scanning-electron microscope �FESEM�. To
effectively detect poorly bonded areas �containing interfacial
cavities�, InP–GaAs structures were processed with molten
wax. By soaking wax into poorly bonded interfaces, the ab-
sorption intensity at 3.383, 3.426, and 3.509 �m of transi-
tions characteristic of the wax reflect the interface bonding
quality. It was found that the proportion of poorly bonded
areas in the samples bonded at higher temperatures was
greater than those bonded at lower temperatures, which is
attributed to the nonuniform pressure applied to wafers dur-
ing the bonding processes. By improving the fixture, uni-
formly bonded InP–GaAs structures with the absence of in-
terfacial gaps were obtained.

II. EXPERIMENT

The wafers used for bonding were commercial InP and
GaAs substrates. They were cleaved into about 1 cm
�1 cm squares along the �110� direction. First, the sub-
strates were cleaned by isopropanol, acetone, and ethanol
sequentially in an ultrasonic bath, then rinsed by deionized
�DI� water, and finally dried with N2. The InP wafers were
etched in aqueous-based H2SO4+H2O2+H2O �3:1 :1� solu-
tions and the GaAs wafers were etched in aqueous-based
H2SO4+H2O �1:20� solutions for surface oxide removal.
After rinsing in DI water, InP and GaAs wafers were all
dipped into aqueous-based hydrogen fluoride solutions �HF
+H2O=1:10� for surface passivation. In our experiment, the
surface of the InP substrate was hydrophilic and the GaAs
substrate was hydrophobic after being etched by aqueous-
based HF+H2O �1:10� solutions. Finally, they were joined
and put face-to-face with the �110� direction aligned into a
steel fixture. This fixture was placed into a furnace for an-
nealing in a flowing N2 ambient. The bonding pressure and
annealing time were fixed to �5 MPa and 35 min, respec-
tively, while different bonding temperatures �560, 580, 620,
and 680 °C� were used. After bonding, the InP–GaAs struc-
tures were thinned to �120 �m for the InP side and
�150 �m for the GaAs side.

In our experiments, it was interesting that when single InP
�or GaAs� substrates were covered with a thin wax the infra-
red absorption spectra showed three strong absorption peaks
at 3.383, 3.426, and 3.509 �m, while without wax coverage
the substrates were transparent at these characteristic lines.
We utilized these characteristic absorption lines of wax to
characterize the bonded InP–GaAs interfaces. The bonded
InP–GaAs samples were processed with wax by the follow-
ing steps described here. First, the bonded samples were
heated to 100 °C and immersed into molten wax for one
minute. Then they were cleaned using organic solutions �car-
bon tetrachloride, acetone, and ethanol in sequence�. Thus
the surfaces of the bonded InP–GaAs structures were clean
and free of wax, but the wax penetrated into the interfacial
cavities. The infrared-absorbance spectra were measured by
a NICOLET 860 Fourier-transform infrared �FTIR� spectros-
copy. Thinned InP ��150 �m� and GaAs ��150 �m� sub-
strates were used as reference samples for background signal

removal. The cross sections of wafer-bonded InP–GaAs
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structures were observed using a JEOL JSM-6700F field-
emission scanning-electron microscope �FESEM�.

III. RESULTS AND DISSCUSSION

A. FESEM cross-sectional observations of InP–GaAs
bonded structures

Figures 1�a�, 1�b�, 1�c�, and 1�d� are micrographs of
FESEM cross sections for structures bonded at 560, 580,
620, and 680 °C, respectively, in which the cleavage facets
for cross-sectional observations were acquired unintention-
ally. The InP–GaAs interfaces of the 560 and 580 °C bonded
samples as shown in Figs. 1�a� and 1�b� are smooth and
appear to be one material except for some randomly distrib-
uted black spots. These black spots may be interfacial cavi-
ties resulting from voids’ aggregation,17 indium depletion,13

or dislocation networks15 which relax and accommodate lat-
tice mismatch, thermal strain, twist misorientation, and tilt
misfit between the two materials. The bright line on the mi-
crograph of Fig. 1�b� results from a height difference of two
bonded wafers following cleavage. However, poorly bonded
interfaces were observed in samples annealed at 620 and
680 °C. Figures 1�c� and 1�d� show a gap at the interface of
two wafers. This interfacial gap is partly filled with materials
disassociated from two wafers. It seems that the quality of
the bonded InP–GaAs structures annealed at higher tempera-
tures is worse than that of wafers annealed at lower tempera-
tures, which is a paradox in comparison with previous
reports.5,13,17 Poorly bonded areas could be attributed to non-
uniform pressure applied to the InP–GaAs wafers during the
annealing stage. In local low-pressure areas, the joint of the
InP and GaAs surface was not close so that interfacial ele-
ments were decomposed and lost upon the annealing process.
With increasing annealing temperatures, the decomposition
and loss of interfacial materials was possibly enhanced. Thus
in this area dense interfacial cavities were formed under

FIG. 1. FESEM cross sections of the InP–GaAs structures bonded at �a�
560 °C, �b� 580 °C, �c� 620 °C, and �d� 680 °C.
higher annealing temperatures. The nonuniform pressure ef-
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2353 Lao, Wu, and Li: Observations of interfaces in direct wafer-bonded structures 2353
fects and its improvement will be discussed in Sec. III C.
With the infrared-absorbance evaluation, cavities that result
from the nonuniform bonding pressure can be imaged.

B. Infrared-absorbance evaluation of interfaces of
InP–GaAs bonded structures

The schematic diagram of the arrangement for the
infrared-absorbance spectra measurements is shown in Fig.
2. Assuming that dA, dI, dB and �A, �I, �B are the thicknesses
and absorption coefficients of InP, interlayer, and GaAs, re-
spectively, for bonding structures, and dA0, dB0 are the thick-
nesses of the InP substrate and GaAs substrate for back-
ground measurements, then

IS = I0e−�IdI−��AdA+�BdB�, �1�

IB = I0e−��AdA0+�BdB0�. �2�

Thus

IS = IBe−��A�dA−dA0�+�B�dB−dB0�� · e−�IdI. �3�

The absorbance is defined as follows:

A = − log10�IS/IB� = C + log10
e · �IdI, �4�

where

C = ��A�dA − dA0� + �B�dB − dB0��log10
e . �5�

In our experiment, the infrared spectra were measured in the
wavelength range from 1.0 to 4.0 �m. Thus InP and GaAs
substrates do not have strong light absorption bands in this
region because the band gaps at room temperature for these
two materials are 1.34 and 1.42 eV. Figure 3 shows the ab-
sorbance spectra of the InP+GaAs substrate and wax. The
intensity fluctuation between 2.6 and 2.8 �m is due to the
absorption of carbon dioxide and water vapor in the atmo-
sphere because the FTIR measurements were carried out in
atmospheric ambient.

The typical absorbance spectra of the wax-processed InP–
GaAs bonded samples are shown in Figs. 4�a� and 4�b�, re-
spectively. We can see that absorption peaks at 3.383, 3.426,
and 3.509 �m appear in both spectra of 560 and 680 °C
bonded samples. These peaks tell us that a certain material
appears at the InP–GaAs interface indicating the poorly
bonded area. In addition, spectra with the absence of these

FIG. 2. Schematic diagram of FTIR measurement of �a� the InP–GaAs
bonded structures, in which an interlayer at interface is assumed, and �b� the
InP+GaAs background samples.
absorption peaks were observed as well. Thus, the InP–GaAs
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structures were nonuniformly bonded. We ascribe this result
to the nonuniform pressure during annealing step which will
be explained later.

As it is known that the band gap absorption wavelength of
the binary compound InAs at room temperature is at about
3.5 �m as well. To exclude the absorption at 3.5 �m being
due to InAs material at the interface, a low-temperature ab-
sorbance spectrum for the 560 °C bonded samples was mea-
sured. When the temperature is lowered to 250 K, the band
gap wavelength of InAs should have a blueshift. However,
no blueshift of absorption peaks was observed in the spec-
trum taken at 250 K, as shown in Fig. 4�c�. So the product
generated by III-V elements of the interfacial InP and GaAs
during annealing step does not obviously contribute to the
absorption characteristic of the interface in Figs. 4�a� and
4�b�. Further, we compared absorption spectra measured be-
fore and after soaking wax to the poorly bonded samples. It
was found that after wax soakage of the poorly bonded
samples strong absorption peaks at 3.383, 3.426, and
3.509 �m were present, while prior to wax soakage no ab-
sorption peaks were observed. Further studies showed the
intensity of the absorption is proportional to the wax content
in the interface. Therefore the wax in the interface can be
used as an infrared-absorbance detecting medium.

Because the thicknesses of InP and GaAs substrates of
wafer-bonded and background samples are nearly equal,
from Eqs. �4� and �5� it can be seen the constant C can be
ignored. Thus the absorbance intensity at peaks �3.383,
3.426, and 3.509 �m� defines the dimension of interfacial
cavities, i.e., the interface quality of wafer bonding which
will be shown in the next section.

By measuring absorbance spectra at different areas �posi-
tions�, we can check the bonding uniformity of the interface.
Figures 4�a� and 4�b� show the six-area spectra of InP–GaAs
structures bonded at 560 and 680 °C, respectively. It can be
seen that the poorly bonded areas for the higher-temperature
annealed sample are larger than those for the lower-
temperature annealed sample.18 This result is consistent with

FIG. 3. Absorbance spectra of the InP+GaAs substrate and wax.
the FESEM cross-sectional observation of the poorly bonded
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2354 Lao, Wu, and Li: Observations of interfaces in direct wafer-bonded structures 2354
areas in both samples annealed at high- and low-temperature
as shown in Fig. 1. The reason is that with the increase of
annealing temperatures, the decomposition and loss of inter-
facial materials were possibly enhanced.

As an example of application, FTIR absorbance spectra
were used to examine interface quality of the bonded struc-
tures with InP- and GaAs-based epitaxial layers. An InP-
based structure and a GaAs-based structure were directly
bonded following the above method. The InP-based structure

FIG. 4. Absorbance spectra. �a� 560 °C bonded structure. �b� 680 °C bonded
structure. �c� 560 °C bonded structure measured at 295 and 250 K
respectively.
is a 35-period InP/ InGaAsP distributed Bragg reflector

J. Vac. Sci. Technol. B, Vol. 23, No. 6, Nov/Dec 2005
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�DBR� followed by a P type-intrinsic-N type active layer.
The GaAs-based structure is a 35-period AlGaAs/GaAs
DBR. Before FTIR measurement, this wafer-bonded struc-
ture was processed with molten wax as well. Figure 5 shows
the absorbance spectra at two different areas labeled 1 and 2.
The spectrum 1 has no absorption peaks. However, three
peaks around 3.426 �m appear in the absorbance spectrum
2. The redshift of the stop band �high-reflectivity region from
1.23 to 1.35 �m� of the spectrum 2 with respect of the spec-
trum 1 also indicates the increase of its cavity length. After
chemically removing the InP substrate by aqueous-based
HCl+H3PO4 �3:1� solutions, we found that the InP-based
thin film in area 2 is bubbly and easily broken. Thus infrared-
absorbance methods distinguish well-bonded areas which are
candidates for device before fabrication.

C. Uniformity characterization of InP–GaAs bonded
structures

To characterize interface quality of wafer-bonded InP-
GaAs structures in direct view, absorbance intensity map-
pings �AIMs� were performed by FTIR measurements over
different positions of bonded samples. By Eq. �4�, if the
wavelength for AIMs is selected at absorbance peaks �such
as 3.426 �m�, AIMs will characterize the thickness distribu-
tion of the interfacial gap that was filled with wax. Figure
6�a� shows the 3.426 �m AIM of the 560 °C bonded InP–
GaAs structure. The dark color represents the higher absorp-
tion areas. The areas to the left of the dashed line have ab-
sorption peaks and thus gaps exist at the interface. Assuming
maximum absorption occurs near x=0, we deduce that the
dimension of these gaps gradually increases from the dashed
line to the leftmost. This was verified by our FESEM obser-
vations. After cleavage along y=4.5 mm, the cross sections
of this sample were observed by FESEM as shown in Figs.
6�b�, 6�c�, and 6�d� which are corresponding to areas 1, 2,
and 3, respectively. The area 1 has a 20 nm-thick interfacial

FIG. 5. Two-area absorbance spectra of the InP-based DBR followed by the
PIN structure directly bonded to the GaAs-based DBR. The inset is the
magnification image of the frame.
gap. The interface at area 3 is smooth and uninterrupted.
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Thus the AIM in Fig. 6�a� is consistent with FESEM obser-
vations. Although the gap in area 2 is only 10 nm thick, the
characteristic absorption of the wax in the gaps at the inter-
face still makes it visible in the infrared spectra. This indi-
cates that the wax-soaking technique is highly sensitive and
nanoscale dimension of interface gaps could be detected.

From the observations of FESEM and AIM image shown
in Fig. 6, it is reasonable to conclude that the nonuniformly
bonded interface of the InP–GaAs structures could be caused
by the nonuniformity of bonding pressure applied in the an-
nealing step. However, it is experimentally difficult to detect
pressure distribution during annealing process. To improve
the bonding quality, we made a new bonding fixture which is
focused on the improvement of pressure uniformity. By us-
ing this fixture, an InP–GaAs structure was directly bonded
at 620 °C and no absorption peaks around 3.426 �m were
observed as shown in Fig. 7. Standard deviation of
absorbance-intensity data for the mapping in Fig. 7 is 0.048,
while the standard deviation of data in Fig. 6�a� is 0.73. The
improvement of pressure uniformity not only eliminates in-
terfacial gaps but also extensively increases the interface uni-
formity of wafer-bonded InP–GaAs structures.

IV. CONCLUSIONS

In summary, we have directly bonded InP–GaAs struc-
tures under different temperatures. FESEM observations can-

FIG. 6. �a� 3.426 �m AIM of the InP–GaAs structure bonded at 560 °C by th
1, �c� area 2, and �d� area 3.
not inspect the interfaces of entire bonded samples because

JVST B - Microelectronics and Nanometer Structures
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its inspection size is limited to microregions. With the aid of
wax soaking into poorly bonded interfaces, interfacial gaps
have been detected by infrared-absorbance spectra. Nanos-
cale dimension of interface gaps can be detected using this
method. AIMs at absorption peaks of wax were used to im-
age poorly bonded areas. Thus the interface quality of the
whole wafer-bonded sample can be seen clearly. Nonuniform
pressure applied over the sample during annealing step ac-
counts for poorly bonded interfaces. By improving the uni-

improved fixture in which three areas are labeled. Cross sections of �b� area

FIG. 7. 3.426 �m AIM of the InP–GaAs structure bonded at 620 °C by the
e un
improved fixture.
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formity of pressure, uniformly bonded InP–GaAs structures
that do not have interfacial gaps were obtained.
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