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We developed improved wafer-bonding techniques for dissimilar materialsin order to
introduce an InP-based light emitter into a GaAs-based three-dimensional (3D) photonic
crystal (PC). Observation of the GaAs/InGaAsP-bonding interface by scanning acoustic
microscopy revealed that debonding occurred at approximately 300°C due to the differing
thermal expansion coefficients of GaAsand InP. We calculated thermal stressusing a 2D
finite-element method and found that it could be reduced by thinning the InP substrate.
These results were used to successfully develop a 3D PC incorporating a multiple quan-
tum-well light-emitting structure and artificial defects. Photoluminescence measurements
revealed that spontaneous emission within the PC region was reduced due to the complete
photonic band gap, while strong emission due to the defect state was observed only within
the defect region. These results are important steps towards the realization of novel light-
sources, such as zero-threshold lasers, using 3D PCs.

Photonic crystals (PCs), which are artificial structuresin which periodic refractive-
index variation is created, have recently attracted much interest.*-® PCs exhibit a photonic
band gap (PBG) region in which the propagation and emission of electromagnetic wavesis
prohibited for all wave vectors within the PBG. With the aid of artificially introduced
defects and/or light emitters, such crystals are becoming powerful tools for the complete
control of photons. Although remarkable progress has been made with two-dimensional
(2D) PCs,“7 there isincreasing interest in 3D PCs231839 because they exhibit aPBG in
all three spatial dimensions so that complete control of light is expected. For example,
suppression and/or enhancement of spontaneous emission have been investigated from the
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initial stagesin PC research.Y) In order to realize such physically interesting phenomena,
severa requirements need to be satisfied. First, the construction of 3D PCswith acomplete
PBG in the optical communications wavelength region is necessary. Secondly, the
introduction of both an efficient light-emitting layer and artificial defects at arbitrary
positions within the crystal are also important for the development of applications. Third
and finally, the crystal needs to be electrically conducting, which is crucial for the
realization of optoelectronic devices. There are various methods for fabricating 3D PCs,
such as the self-assembled growth of colloidal crystals,?>? an Si-based crystal utilizing
layer-by-layer growth,®*?% a 2D periodic structure stacked by micromanipulation under
scanning electron microscopy (SEM) observation®® and laser-writing techniques.?*2
However, it is difficult for these methods to simultaneously satisfy the three key require-
ments listed above. In 1994, we proposed an original fabrication method based on the
precise alignment and wafer fusion of 2D periodic structures constructed by electron-beam
(EB) lithography, followed by reactive ion etching.® In 2000, we developed 3D PCswith
a complete PBG in the 1.55 um wave length region,® which satisfied the first of the
requirements listed above. The requirement that the introduction of artificial defects can
also be satisfied as the development method is based upon the stacking of 2D structures so
that an artificial defect can be arbitrarily introduced by simply changing the pattern that is
drawn by EB lithography for a specific layer. The final requirement has already been
successfully implemented using this approach, as demonstrated by the operation of aroom-
temperature current-injected 2D PC laser constructed by the wafer-fusion technique.®*-39

The remaining issue is the introduction of a light-emitting material, which might be
satisfied by the incorporation of an InGaAsP multiple quantum well (MQW) layer into the
GaAs-based 3D PC. However, wafer fusion of dissimilar materials, such as GaAsand InP,
isdifficult dueto the differencein the thermal expansion coefficients of these materias. To
overcome this problem, we have successfully developed an improved technique for the
wafer fusion of dissimilar materials,®® which has recently led to the demonstration of
controlled light emissionina3D PC.¢? |n the current paper, we describe the introduction
of an InP-based light-emitter into a GaAs-based 3D PC using the improved wafer-fusion
technique and present a basic optical characterization of this light-emitting device.

The wafer-fusion technique, which was initially applied to the integration of Si-on-Si
and Si-on-insulator (SOI),53) has been extensively studied for the integration of different
materials. For example, in the 1990s, the technique was applied to the integration of 111-V
materials.®® InP- and GaAs-based structures, such as lasers on Si,®*9 InP-based struc-
tures on GaAs*Y and several others,®>> have also been reported. The most important
advantage wafer-fusion offers is that it enables the construction of highly lattice-mis-
matched heterostructures, without the formation of threading dislocations, whilst retaining
an electrically conductive interface. Although there have been many previous reports on
the wafer fusion of dissimilar materials, there have been few studies of wafer fusion with
precise alignment. In order to realize 3D PCs incorporating light-emitting layers, wafer-
fusion techniques for dissimilar materials must be developed with extremely precise layer
alignment.
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Figure 1(a) shows a schematic of the structure developed in the present work, which has
a stacked stripe or ‘woodpile’ structure.® A light-emitting layer with a similar stripe
geometry is sandwiched between GaAs PC layers, without disturbing the periodicity of the
crystal, so that the structure hasfive layersin total. The period, width and thickness of the
stripes within each layer (including the light-emitting layer) are 0.7, 0.2 and 0.2 um,
respectively. The light-emitting layer incorporates a three-period InGaAsP MQW struc-
ture grown by metallorganic vapor-phase epitaxy (MOVPE). The MQW has been fabri-
cated to have a peak emission wavelength of 1.5 um, which falls within the wavelength
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Fig. 1. Schematic of (a) afive-layer stacked 3D PC incorporating an InGaAsP MQW and (b) the
procedure used to fabricate the 3D PC containing alight-emitting region. (i) The 3D PC is prepared
on a GaAs substrate, while the light-emitting structure is prepared on an InP substrate. Both
structures are aligned precisely. (ii) The wafers are brought into contact and hydrogen bonded. (iii)
The sampleis heated in a hydrogen atmosphere and fused at temperatures of up to 525°C. The InP
substrate is then removed by wet etching. (iv) Steps (i)—iii) are repeated in order to a construct a
multilayer 3D PC device incorporating a MQW light-emitting region.
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range of the complete PBG of the crystal. Figure 1(b) shows the fabrication process before
improvements were made. Figures 1(b(i)) and 1(b(ii)) schematically depict the 3D PC on
a GaAs substrate and the light-emitting layer on its InP substrate before and after fusing.
The layers are pretreated with a buffered HF solution (50% HF : 40% NH,F = 1:6) to
remove a native oxide layer, followed by treatment with an organic alkali to terminate the
surfaces with hydroxyl groups. The two layers are then precisely aligned so that weak
hydrogen bonding occurs between the hydroxyl groups on each surface. This enables safe
handling of the contacted wafer without disturbing the alignment. The layers are then
heated to above 500°C in a hydrogen atmosphere and fused. Figure 1(b(iii)) depicts the
removal of the InP substrate, which is achieved viaamechanical and chemical (35% HCI
: H,O = 1:4) thinning process, resulting in a structure with the light-emitting layer
integrated on top of the GaAs-based 3D PC. We prepared a second 3D PC and fused this
on top of the light-emitting layer (depicted in Fig. 1(b(iv))) by repeating processes Fig.
1(b(i)) and 1(b(ii)), resulting in the structure shown in Fig. 1(a). Theimportant point in this
process is that the two wafers are precisely aligned at room temperature, via hydrogen
bonding, before the heating process strongly bonds the layers together in these exact
positions without disturbing the alignment.

To investigate the influence of thermal stress on the fused interface, we utilized
scanning acoustic microscopy (SAM).®® A scanning acoustic microscope utilizes the
propagation and reflection of acoustic waves at interfaces where a change in acoustic
impedance occurs. The acoustic impedance of a material is defined by multiplying the
density by the velocity of acoustic waves of the material. Because the acoustic impedance
difference between a semiconductor (GaAs or InP) and air is large, it is possible to
nondestructively detect debonding areas where air exists between the wafers. The acoustic
wave freguency used in this work was 110 MHz and the spatial resolution was ~10 um.
Figure 2(a) shows SAM images of the wafers bonded by room-temperature hydrogen
bonding before heating.®® The five white areas at the center of theimage are indicative of
the 3D PC, which corresponds to the structure shown in Fig. 1(a). The other areas have
different stripe widths and pitches, mainly for discharging gases during heating and
alignment, which reflect the contrast of the SAM image. There are no areas of high
reflection, which suggests that at room temperature, uniform bonding occurred across the
whole surface. Note that the white area around the sampleis not indicative of debonding;
this results from an overhang due to a size difference between the upper and lower wafers.
Figure 2(b) shows a SAM image of the same sample after being heated at 525°C for 2 hin
ahydrogen atmosphere under the pressure of 0.3 kgf/cm? to the wafers (these are conven-
tional wafer-fusion conditionsfor GaAs).® It isclear that the white region corresponding
to an area of high reflectance spreads across most of the wafer, suggesting that debonding
occurs during heating. Without SAM observation, the two wafers appear to be strongly
bonded together after heating; however, this is shown not to be the case when the two
wafers separate as the wafer isthinned. This phenomenon is not observed when two wafers
of the same material, such as GaAs, are bonded. These resultsindicate that thermal stress
due to the difference in thermal expansion coefficients makes the bonding interface break
up during the heating procedure. This can be explained by an increase in strain energy due
to thermal stress as the temperature isincreased past the point where it exceeds the surface
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Fig. 2. SAM images of the bonding interface. Five white regions at the center of the image are
indicative of a 3D PC. The other areas have different stripe pitches, which are mainly used for
emitting gas, and for alignment that reflect the contrast of the SAM image. (a) Image of the interface
between the GaA s-based PC and the InP-based light emitter hydrogen-bonded at room temperature.
(b) Image of the interface after heating at 525°C. (¢) SAM image of the GaAs-based PC and the InP-
based light emitter heated at 220°C. (d) SAM image of the GaAs-based PC and the InP-based light
emitter heated at 300°C.

energy of the bonding interface. There are two possible methods for reducing thermal
stresses. Firgt, the fusing temperature could be reduced. However, we have found that the
surface energy of asample heated at low temperaturesis not sufficient for strong bonding.
When the InP substrate is completely removed, the PC structure breaksin the region where
the bonding is weakest. Secondly, an aternative method involves reducing the wafer
thickness before heating, asin Wada and Kamijoh'swork.®? However, this makes wafer
handling and precise alignment difficult. To satisfy the requirement for high bonding
strength without making wafer handling and precise alignment difficult, we investigated a
multistep wafer-fusion technique that utilizes a cycle of heating and thinning.

Initially, it was important to investigate the critical temperature at which debonding
occurs. Figure 2(c) showsa SAM image after heating at 220°C for 60 h under a pressure of
8 kgf/cm?, while Fig. 2(d) isa SAM image of the same sample after heating at 300°C for 60 h
under the same pressure. Clearly, no debonding areais observed in Fig. 2(c), while Fig. 2(d)
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shows debonding initiated at the wafer edge. This indicates that the thermal stresses
exceed the surface energy of the bonding interface so that debonding initiates at about
300°C. Inorder to analyzethisin more detail, a 2D finite-element method (FEM) was used
to calculate the strain energy caused by thermal stress. Figure 3(a) shows the dependence
of strain energy on the temperature.®® A comparison of Fig. 2(d) with Fig. 3(a) suggests
that the surface energy of the sample heated to 220°C can be estimated to lie between 1,000
and 2,000 m¥m2. Thisvalueisin good agreement with the surface energy of ~1,500 mJ/m?
reported for hydrogen bonding between hydroxyl groupsin this temperature range.®® This
indicates that the strain energy during heating should be kept below 2,000 mJ/m? in order
to prevent debonding. Figure 3(b) shows the cal cul ated dependence of strain energy on InP
wafer thicknessfor heating at temperatures of 300°C and 525°C.® It isclear that the strain
energy can be reduced below the critical energy by thinning the InP substrate to below 20 um,
even when the sampleis heated to 525°C. At 300°C, the same effect can be achieved when
the InP substrate is thinned to about 150 um. The calculated results have been confirmed
experimentally.® These results indicate that the structure shown in Fig. 1(a) can be
constructed by a three-step wafer-fusion process. First, the wafers are bonded by low-
temperature (220°C) heating after precise alignment. Secondly, the InP substrate is
thinned below 150 um to reduce thermal stresses before being bonded at 300°C to increase
the bond energy. Third and finally, the InP substrate is thinned below ~1 um by selective
wet etching to further reduce thermal stresses before the sampleis heated to ~525°C to fuse
the wafers firmly.

We utilized this three-step wafer-fusion technique to develop a 3D PC incorporating a
light-emitting layer and artificial defects, as shown in Fig. 4. Two artificial defects of
different sizes, labeled A and B, were formed in the light-emitting layer. Figure 4 includes
aschematic of the regions of the PC around defects A and B, with the insets showing SEM
images of these regions observed from an oblique direction after stacking the lower GaAs
3D PC layers. Defects A and B have areas of 1.6x3.0 and 2.3x3.6 um?, respectively. In
order to evaluate the effect of the PBG and the defects on the spontaneous-emission profile
of the MQW, we also prepared areference area on the same wafer where an identical light-
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Fig. 3. (&) Calculated thermal strain energy as afunction of annealing temperature. (b) Calculated
results for thermal strain energy as a function of wafer thickness for heating at both 525 and 300°C.
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Fig. 4. Schematic of the five-layer stacked 3D PC incorporating the InGaAsP MQW light emitter
and artificial defects. The insets show SEM images, observed from an oblique direction, of defects
A and B after being stacked on top of the two-layer GaAs 3D PC.

emitting layer with the same stripe geometry was sandwiched between unpatterned (flat)
GaAslayers. A comparison of the emission spectra from these two regions allows for an
evaluation of the effects of the PBG. Our previous report® has already demonstrated that
the structure has a complete PBG in the 1.3 to 1.55 um wavelength region.

We detected and compared the photoluminescence (PL) spectra from four regions on
the structure: (i) a PC region away from defects (ii) the region at defect A (iii) the region at
defect B and (iv) areference region without PC. The PL spectra were measured at room
temperature by a micro-PL method. The sample was excited by a continuous wave Ti-
Sapphire laser at awavelength of 900 nm, which corresponds to a pass band of the PC. PL
emission was detected normally from acircular region of diameter ~2 um. Figure 5 shows
the PL intensity from regions (i) to (iii), normalized by the PL intensity from region (iv).
Clearly, the normalized PL intensity of the PC region is below 1 within the PBG wave-
length region. A stripe pattern was also formed in the reference region in order to confirm
that the weakened emission is not due to dry-etching damage or a surface-recombination
effect in the MQW. We confirmed that suppression of spontaneous emission is only
observed in the wavelength region where a complete PBG exists.?? These resultsindicate
that the PL reduction in region (i) is due to the suppression of spontaneous emission as a
result of the PBG effect. In contrast, the PC regions containing defects A and B exhibit a
normalized PL intensity which differs from region (i). PL from region (ii) exhibited a
strong peak at 1.42 um, while emission was suppressed at all other wavelengths. An
emission peak was observed in region (iii) at 1.48 um. Figure 6 shows PL intensity
mapping results from regions (ii) and (iii) for two different detection wavelengths. When
the wavelength corresponded to the peak emission wavelength from defect A, strong
emission was only observed from defect A, while the emission intensity from defect B and
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Fig. 5. Normalized PL intensity of the PC area without defects (black line), and the PC areas with
defects A (blueline) and B (red line).

the PC regions without defects was small, as shown in Fig. 6(a). Conversely, when the
detection wavelength corresponded to the peak emission wavelength from defect B,
emission from defect A became weak, while strong emission was only observed from
defect B, asshown in Fig. 6(b). Here, we must note that the light-emitting layer isformed
all over the measured area, as mentioned above. These results suggest that strong emission
isonly possible from the defect areas at the wavelength within the PBG at which the defect
state exists. Theinsets of Fig. 6 show a magnification of the PL mapping around the defect
areas. The strongly emitting regions are several micrometers wide, which is comparable to
the resolution limit of the micro-PL equipment. These resultsindicate that the defects act
as 3D PC defect cavities. In this structure, the defects are relatively large, being several
micrometersin size, while there are only five stacked layers. Recently, we have devel oped
anine-layer stacked 3D PC structure with alight-emitting layer and much smaller artificial
defects. In this structure, we observed an even stronger reduction in emission intensity
within the PC region without defects and even sharper PL peaks in the defect areas.?
These results constitute important steps towards the realization of novel light sources.

In summary, we investigated the wafer-fusion conditions for different materials in
order to develop a 3D PC incorporating a light-emitting layer. We observed the bonding
interface by SAM and found that debonding occurred at temperatures above 300°C due to
the difference in the thermal expansion coefficients of the materials. We calculated the
strain energy caused by thermal stress and showed that this could be kept below the wafer
surface energy by thinning the substrate, even at elevated temperatures. We also experi-
mentally demonstrated thermal stress reduction, which led to the successful development
of a3D PC incorporating a light-emitting layer and artificial defects. PL measurement
demonstrated that spontaneous emission from the PC region was reduced due to the
complete PBG effect, while strong emission was only observed from defects, due to the
creation of adefect state within the PBG. These results areimportant for the devel opment
of wafer fusion for other materials, such asa GaAsand Si or InP and Si, and represent
important steps towards the reali zation of novel light sources, such as zero-threshold lasers.
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Fig. 6. PL intensity mapping, measured by micro-PL (spatial resolution: ~2 um) at different
detection wavelengths. (a) PL at 1,450 nm corresponds to the peak emission wavelength of defect A.
The inset shows a magnified PL map around defect A. (b) PL at 1,510 nm corresponds to the peak
emission wavelength of defect B. Theinset shows a magnified PL map at defect B.
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