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Abstract—A large number of novel devices have been recently
demonstrated using wafer fusion to integrate materials with
different lattice constants. In many cases, devices created using
this technique have shown dramatic improvements over those
which maintain a single lattice constant. We present device results
and characterizations of the fused interface between several
groups of materials.
Index Terms—Detectors, optical fiber communication, semiconductor device bonding, semiconductor device fabrication, semiconductor heterojunctions, semiconductor lasers.

I. INTRODUCTION

I

N EACH material system, nature has dictated a set of
physical properties (i.e., mobility, optical absorption, thermal conductivity, and resistivity). For a given application, the
optimal properties may not reside in a single material, but in
a variety of disparate materials. To this end, high performance
semiconductor-based electronic and optoelectronic device design can be greatly enhanced if we can freely integrate
heterogeneous materials. An effective integration method has
remained a challenge due to lattice constant mismatch between
semiconductor systems. “Monolithic techniques” such as the
epitaxial or pseudomorphic growth of mismatched materials
can result in highly defective layers which degrade or inhibit
device operation.
Recently, there has been exciting progress in the solution
to the problem of matching disparate materials to optimize
device performance: a process termed “wafer fusion”. Fusion
bonding is a special case of direct bonding in which chemical
bonds are established directly between two materials at their
hetero-interface in the absence of an intermediate layer. For
fusion bonding to occur in semiconductors, two oxide-free
(and contaminant-free) crystals are directly bonded and then
annealed to yield a crystalline junction.
Fig. 1 shows the range of wafer applications that have
been currently addressed. In many cases, record performances
have been achieved as a result of using fusion to eliminate
the limitations imposed by lattice matched epitaxy. Moving
clockwise around the chart starting in the upper-left corner,
bonding GaAs–AlAs mirrors to InGaAsP active regions solves
the fundamental limits in InP–InGaAsP mirror reflectivities in
vertical cavity lasers [1]. Deeper quantum wells with strong
optical confinement can be achieved by using AlGaAs as the
outer confining layer for in-plane InGaAsP lasers. The problem
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Fig. 1. Applications of fusing and bonding processes in optoelectronics and
electronics.

of cleaving perpendicular facets in hexagonal crystals can be
solved by fusing to a cubic crystal and removing most of
the hexagonal crystal [2]. Hewlett Packard has used fusing
in light-emitting diodes (LED’s) to replace an absorptive
substrate with a transparent substrate, and also to reduce
the substrate thermal resistance [3]. Bellcore has used fusing
to increase the four-wave mixing power in waveguides for
wavelength-division multiplexing (WDM) applications [4].
Oki and other companies have wafer fused III–V sources
and detectors to Si with the goal of optoelectronic-integrated
circuits (OEIC) [5]. Several groups have used GaAs–AlAs
mirrors to get sharper bandpass features in WDM detectors
[6], [7]. Finally, improved silicon telecommunication APD’s
have been demonstrated by combining the ideal avalanche
characteristics of silicon with the absorption characteristics of
InGaAs to get higher gain bandwidth products, lower noise
and reduced temperature sensitivity [8].
This paper will begin with a brief description of the fusion
process in Section II. Section III will be a description of
various device applications utilizing wafer fusion. The device
results have thus far been dramatically successful, but point out
critical issues that need to be explored. Section IV discusses
some of these issues, as well as the electrical and optical
characterization of wafer fused interfaces.
II. WAFER FUSING: PROCESS DESCRIPTION
The technique of fusion bonding consists of three steps:
surface preparation, placement of the substrates into contact
with each other, and an elevated temperature anneal while
the substrates are maintained in contact under pressure. The
surface preparation steps include removal of oxides and organic contaminants, as well as chemical activation of the
surface for interfacial bonding. Bonding by Van der Waals
forces occurs when two such clean and smooth macroscopic
bodies are placed in contact, while chemical reactions and
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re-crystallization takes place during the elevated temperature
anneal [9].
There are a number of techniques used for surface preparation and placing substrates in intimate contact. Bonding
may be classified as “wet” or “dry.” In wet bonding, the
samples are put together and pressure is applied on them
while the samples are still immersed in an oxide removing or
passivating chemical. In the dry-bonding technique, the oxides
are removed using a suitable chemical, and the samples are
placed in contact after the surfaces have been dried. Surface
oxidation must be prevented when using the latter technique. In
Si bonding, hydrofluoric acid is often used in this application
since it leaves a hydrogen-terminated (hydrophobic) silicon
surface [10]; HF is also known to leave an oxide-free InP
surface [11]. Surface preparation may also be carried out in
an environment with reduced oxygen partial pressure. In both
wet and dry bonding, it is necessary to allow the chemicals
adsorbed at the surface to escape before the bonding occurs.
One way of achieving this is to etch “escape channels” into
the substrate. This technique has been successfully used in a
number of InP–GaAs fusion experiments [12], and in silicon
direct bonding [13]. If the surface is not patterned, the trapped
liquids and gases produce large scale bubbles (size 100 m)
[14], and a large density of microscopic voids or oxide islands
(size 1 m). After channel etching and cleaning, the surface
preparation typically consists of sequential oxidation and oxide
removal steps. The surface may be oxidized by oxygen plasma,
UV-ozone oxidation [15], or wet chemical oxidation (hydrogen
peroxide), while the oxide removal may be achieved using
various acids and bases [16]–[18]. After the samples are placed
into contact, they are subjected to an annealing step at an
elevated temperature so that a crystalline junction is formed.
The process of fusion bonding of GaAs and InP (or other
Ga–In–As–P materials) is not fully understood, but is believed
to rely on the proximity annealing [19] of InP with a GaAs
cap. As phosphorus desorbs from the InP surface and fills
the gaps in the fused junction, indium diffuses laterally and
fills the voids, ultimately reacting with the phosphorus to form
an InGaAsP alloy [20], [21]. Phosphorus and indium are the
primary mobile species during fusion bonding of GaAs and
InP [12]. The pressure maintained on the two wafers to be
bonded helps to even out the surface nonuniformities.
The fusion anneal of GaAs–InP junctions is performed
under pressure and elevated temperature in specially designed
fixtures. The sample sizes used in experiments vary from
less than 1 cm to full 2 wafers [22], [23]. The fusion
pressure reported in the literature varies over a wide range,
from relatively small pressures of 3 kPa [17], [18], 30 kPa
[24], 100 kPa [25], to 3 MPa [12], [20], [22], [26]. The key
factor in the effective application of the force on the samples
is its uniformity. The fusion temperatures for GaAs–InP fusion
range between 550 C–650 C, with peak temperatures usually
held for less than 30 min. Higher pressures should result in
the ability to carry out lower temperature fusing.
The most common substrate orientation used for fusion
bonding is (001), but many other combinations have been
explored [17]. In particular, the smooth surface morphology of
epitaxially grown layers is critical for successful fusing. This

Fig. 2. X-ray diffraction spectra of two samples consisting of three compressively strained InGaAsP QW’s with unstrained InGaAsP barriers. One sample
is grown on a 2 -off (100) InP substrate whereas the other one is grown on
a 0.2 -off substrate.

may in turn dictate growth on substrates slightly misoriented
from (001). We have found this to be true in MOCVD growth
of InP-based materials for fusing. The MOCVD growths
employ trimethylindium (TMI), trimethylgallium (TMG), tertiarybutylarsine (TBA) and tertiarybutylphosphine (TBP), using growth temperatures ranging from 610 C–650 C, at
either atmospheric pressure or 350 torr. More details about
the growth conditions can be found in reference [19]. Teardrop-like hillock defects can result in the grown material,
resulting from preferential nucleation on the screw dislocations
emerging at the surface of the crystal. A misorientation of
the crystal surface with respect to the exact (100) orientation
creates monoatomic steps that are also preferential adsorption
sites, making it possible for the growth to proceed without
the formation of hillock defects. However, too high a misorientation can give rise to step bunching, also creating surface
roughness. The optimum misorientation will produce smooth
surface morphology; this depends on growth parameters that
influence the diffusion length of the atomic species at the
surface: temperature, growth rate and V–III ratio [27]. We
chose a misorientation of 0.2 . Fig. 2 shows the X-ray diffraction spectra of two samples consisting of three compressively
strained InGaAsP QW’s with unstrained InGaAsP barriers.
One sample is grown on a 2 off substrate whereas the other
one is grown on a 0.2 off substrate. The comparison of
the two spectra clearly show that the crystallographic quality
of the 2 -off sample is not as good as that of the 0.2
sample. Moreover, the full-width at half-maximum (FWHM)
of the photoluminescence (PL) peak of the 2 -off sample is
larger (about double) than that of the 0.2 off sample. This
results from the rougher surface of the former sample, with
attendant thickness variations that increase the widths of the
luminescence peaks.
The number of dangling bonds and quality of the fused
interface directly influences the electrical characteristics [21].
In order to achieve a near-perfect crystal continuation, the
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two substrates should be enantiomorphic.1 Since zinc-blend
crystals have S4 point-group symmetry, the two substrates (A
and B) to be fused must be aligned in such a way that cleaved
(011) planes of substrate A are perpendicular to cleaved (011)
planes of substrate B. This substrate orientation is called “inphase” bonding [18]. If the two (001) cleavage planes of the
two substrates are kept parallel in the alignment, then we have
“antiphase” bonding [18]. Recently, a form of a compliant
substrate has been investigated using bonding of twisted
thin GaAs epitaxial layers [17]. This compliant substrate
promises to transcend the lattice matching requirement and
enables growing epitaxial layers on top of nonlattice matched
substrates.
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Fig. 3. Comparison of the reflectivity that can be achieved with different
quarter-wave mirror stacks.

III. DEVICE REALIZATIONS OF WAFER FUSION
A. Vertical-Cavity Lasers and Resonant Cavity Photodetectors
Wafer fusion has had an important impact in developing
long wavelength surface normal devices, such as verticalcavity lasers (VCL’s) and resonant cavity photodetectors.
VCL’s are potentially important sources for fiber optic communications. They offer high modulation bandwidths at lowbias currents as well as ease in testing and packaging. Recent
work in nonwafer-fused GaAs-based VCL’s has shown record
power conversion efficiency as well as record low-threshold
currents (57% and 40 A, respectively) [28], [29]. Lasers
which emit at wavelengths between 850–980 nm do not
match up well with the minima in dispersion and loss of
standard optical fibers. To effectively use VCL’s for fiberoptic communications, sources with wavelengths near 1.3
and 1.5 m must be fabricated. This was initially found
to be a difficult task since the lattice-matched InP–InGaAsP
mirror materials had reflectivities and thermal conductivities
too poor to achieve room temperature CW operation. Wafer
fusion allows the integration of InP-based active regions with
high reflectivity GaAs–AlAs based mirrors to achieve high
performance operation.
Fig. 3 shows the theoretical reflectivity as a function of the
number of mirror periods, for two types of epitaxial DBR
mirrors available for long wavelength devices. The maximum
reflectivity is limited by absorptive losses in the mirrors.
The InP–InGaAsP-based mirrors, with lower differences in
the indices of refraction, have a larger optical penetration
depth and thus lower maximum reflectivity. High-performance
operation of a VCL requires mirror reflectivities well above
99%. High-mirror reflectivities also reduce the necessary gain
for lasing, which in turn permits higher temperature operation.
The first room temperature CW operation of any longwavelength VCL over 980 nm, was demonstrated by Babic
et al., using two wafer fused GaAs–Al(Ga)As mirrors along
with an InP–InGaAsP 1.55 m based active region [30]. The
threshold and quantum efficiency of that laser was limited
by optical scattering from the mesa sidewalls. A significant
improvement in all characteristics can be achieved with the
addition of an AlAs oxidation layer, which can be used to
1 Enantiomorph: either of a pair of chemical compounds or crystal whose
molecular structures have mirror image relationship to each other.

Fig. 4. Schematic structure of double-fused laterally oxidized 1.55-m VCL
operating to 64 C CW.

form a dielectric aperture to confine the current, and provide
improved confinement of the optical mode, away from the
rough-etched sidewalls of the VCL pillars [1]. This structure
is shown in Fig. 4.
The addition of a dielectric aperture allowed CW operation
up to 64 C and pulsed operation up to 100 C. Further device
improvements should soon allow for CW operation up to the
85 C necessary for commercial applications. These waferfused 1.55- m VCL’s have recently been used in transmission
experiments, with data rates as high as 2.5 Gb/s over 200 km
of optical fiber [31].
Any surface normal device that requires a high reflectivity DBR mirror along with an InP active region can take
advantage of the wafer fusion of GaAs to InP. Resonant
cavity photodetectors have a narrow absorption bandwidth
which is determined by the finesse of the cavity in which the
absorption layer is placed. High-reflectivity mirrors are needed
to achieve a narrow absorption line. Such devices have been
fabricated, yielding a record 94% quantum efficiency with a
14-nm absorption bandwidth [7].
B. Long-Wavelength, In-Plane Lasers
Wafer fusion has clearly been a critical factor in the realization of long-wavelength surface emitting lasers. The benefits of
this process also extend to in-plane lasers operating at 1.55 m.
Long wavelength in-plane lasers behave quite differently from
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Fig. 6. Optical confinement comparison for a three quantum-well active
region with InP and AlGaAs cladding layers.
Fig. 5. Proposed structure for improved performance of 1.55-m in-plane
lasers.

their 980-nm InGaAs–AlGaAs counterparts. The characteristic
of 980-nm lasers is 200 K [32], [33]
temperature, or
while the To values for 1.55 m lasers are in the range of
40–70 K [34], [35]. In addition, the 1.55- m lasers cannot
be modulated as quickly nor work at as high an operating
temperature as the 980-nm lasers [32], [36]–[38]. In the last
decade much effort has been expended to better understand
this discrepancy. Historically, Auger nonradiative recombination has been designated as the principal cause of the poor
temperature performance [39], but recent work highlights the
role of poor electron confinement in the GaInAsP–InP material
system [40]–[42]. We have carried out detailed theoretical
modeling to analyze the relative magnitude of these effects.
Our results suggest that, while Auger effects do indeed limit
device performance, a two-fold increase in To can be achieved
through a reduction in the amount of carrier overflow [43].
This would also lead to an increase in the maximum operating
temperature and mitigate the decrease in the slope efficiency
of the laser.
Working with lattice-matched (to InP) 1.55- m materials
alone, the enhanced electron confinement can only be achieved
with an ensuing severe reduction in the optical overlap of the
lasing mode. Wafer fusion allows us to engineer increased
electron confinement, without compromising optical confinement. We propose the improved in-plane laser structure shown
in Fig. 5, where Al Ga As forms the cladding layer, rather
than the more conventional, lattice-matched InP or InAlAs
material. With the lower index of refraction of the AlGaAs
[44], the optical confinement of the laser can be kept high
while the electron confinement is also increased. This is shown
in Fig. 6 for a three quantum-well active region.
The theoretical improvement in high temperature performance is significant, as shown in Fig. 7. Here, we calculate
the characteristic temperature as a function of the Auger
coefficient. The elimination of carrier overflow by fusing to
GaAlAs layers results in significantly higher , even if the
Auger coefficient is large. Performance comparable to GaAs
may eventually be possible.
These wafer-fused in-plane lasers may be more sensitive
to the fused interface than the wafer-fused VCL’s discussed

(a)

(b)

Fig. 7. Comparison of T0 when carrier overflow is present or eliminated by
fusing for (a) three and (b) six quantum wells.

earlier. In this case, the lasing mode will interact more
heavily with the fused interface: contamination, doping spikes,
dislocations, and other irregularities at this interface could
provide additional scattering losses for the laser. The structure
shown in Fig. 8 was used to assess the extent of those losses.
The active region consists of four 55-Å GaInAsP quantum
wells with a compressive strain of 0.7%. These quantum wells
are separated by 10 nm barriers of lattice-matched GaInAsP
with a bandgap of 1.25 m; this composition of GaInAsP
also serves as the waveguide material. The total waveguide
thickness is 300 nm, with a 500-Å p-InP layer cap layer. This
active region was grown by MOCVD under conditions similar
to those discussed earlier. The cladding layer was grown by
MBE and consisted of a 50 nm p-GaAs layer for fusion,
a 1.5- m Al Ga As cladding layer, and a 1500 Å p GaAs contact layer. The fusion conditions were a pressure of
approximately 2.5 MPa, a fusion temperature of 630 C, and
a fusion time of 30 min. For comparison purposes, a piece
of the active region had 2 m of p-InP regrown to make a
laser structure with InP cladding. In addition, this structure
was taken through the same temperature cycle as the fusion
structure. These structures were processed into broad-area
devices (50- m stripes) using standard procedures.
Preliminary results for the structure indicate a higher threshold for the fused laser of approximately 1600 A/cm while
the reference structure is lower at 610 A/cm . In addition, the
slope efficiency in the fusion case is smaller suggesting that
high internal losses are the cause of the increase in threshold
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Fig. 8. Test structure for the effect of wafer fusion on 1.55-m in-plane
lasers.

current. For the reference case, the internal efficiency was
73% with internal losses of 20 cm . Temperature dependent
measurements were performed for both cases, resulting in
59 K for the reference structure, and
29.1
K for the fusion structure. From the reference structure’s
results, we believe that there are an additional 40 cm
of
loss in the fusion structure which would be consistent with
values. Work is currently underway to identify
the lower
the cause of these additional losses. One encouraging result
is that the quantum efficiency of the fused laser is constant
at high temperatures, and does not show the high-temperature
reduction common in InP lasers.
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Fig. 9. Structure of SHIP detector after fabrication. The InGaAs absorption
layer is 0.7-m thick and the Si multiplication layer is 0.6-m thick.

Fig. 10. Bandwidth versus gain for a SHIP detector modulated with a 1.3
m laser. Points indicate experimental data, line represents theory.

C. Avalanche Photodetectors
Wafer fusion has also had an impact in the field of avalanche
photodetectors (APD’s). APD’s are designed to first convert
absorbed light into an electrical signal, then amplify this
signal through avalanche multiplication. To construct a fast,
efficient APD one must choose materials with high optical
absorption coefficients and high speed, low noise amplification
characteristics. In the near infrared, important to optical communications, the obvious choice for an absorber is InGaAs.
For avalanche multiplication, Si is the semiconductor of choice
due to the large disparity in its electron and hole ionization
coefficients, which leads to desired low-noise, high-speed
amplification.
Efforts to integrate InGaAs with Si through epitaxial growth
have resulted in hetero-interfaces with large numbers of threading dislocations due to the lattice mismatch between the
semiconductors. These threading dislocations produce large
dark currents in fabricated PIN photodetectors [45] and cause
premature breakdown in these type of devices and prevent
them from being biased to the voltages necessary for avalanche
multiplication.
The silicon hetero-interface photodetector (SHIP) [46] has
been created by wafer fusing a Si substrate to epitaxial InGaAs
layers grown lattice matched to InP. The fusion is done in a
H atmosphere at a temperature of 650 C, near the growth
temperature of the InGaAs. SEM scans of the fused interface
indicate that the lattice mismatch between the two materials

is accommodated by edge dislocations that remain at the
junction and do not propagate through either semiconductor.
To determine the effects of this hetero-interface on optical
loss and carrier transport, a careful study was done using a
PIN structure with undoped Si and InGaAs fused together
[47]. No loss in quantum efficiency was measured compared
to InGaAs on InP PIN’s of similar thicknesses. This indicates
the InGaAs–Si fused interface causes no optical loss and does
not act as a carrier transport barrier in the detectors.
SHIP APD’s were designed with doping schemes similar to
existing separate avalanche and multiplication region (SAM)
APD’s. The electric field was kept low in the absorbing
InGaAs layer and high in the multiplication layer of the silicon.
Photocurrent gains of over 100 have been measured for SHIP’s
with thick multiplication regions, and SHIP’s with thinner
regions have demonstrated the highest gain-bandwidth-product
(315 GHz) for a near-infrared APD measured to date [8], more
than double the achievable gain-bandwidth of InGaAs–InP
APD’s. Fig. 9 shows the structure of a SHIP APD and Fig. 10
shows its bandwidth as a function of photocurrent gain.
IV. THE WAFER FUSED INTERFACE
A. Introduction
The discussions of Section III have highlighted the power
of the wafer fusion process in enabling device optimization
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through integration of heterogeneous materials. Despite these
successes in device fabrication, there remain improvements
that can be made in the fused structures, and much is still not
understood about the basic mechanism of fusing itself. More
complete characterization will allow us to understand how
electrically and optically transmissive we can make the fused
interface, how wide a latitude in processing parameter space
exists for reliable fusing, and what long term reliability issues
exist for fused devices. In addition, we need to understand
what limitations exist to fusing: can we integrate any sets of
disparate materials? The sections below discuss some aspects
of our initial characterization of the fusing process and the
fused interface.
B. Electrical Characterization
The electrical characteristics of fused junctions have been
made primarily through current versus voltage ( – ) measurements made across the fused junctions. Several parameters
are known to influence the character of the junctions. The
cleanliness of the surfaces before bonding, namely, trapping
of contaminants at the junctions, will have an adverse effect
on the conduction of carriers. In the absence of surface contamination, another parameter that can influence the electrical
properties is the exact matching of the bonds at fused junctions.
Since the main reason for GaAs–InP fusion bonding is to
transcend the lattice matching requirement, exact bond-forbond matching of [100] substrates is not possible to realize,
but bonding off-axis cut substrates may help reduce the number
of dangling bonds and dislocations.
The bonding of off-axis substrates has been investigated for
GaInP on GaAs [48] and has revealed that small deviations
from on-axis bonding result in dramatic increases in junction
resistance. GaAs–InP bonding between different substrate orientations also results in reduced junction conductivity [27].
Since the surfaces of different III–V compound semiconductors have different oxidation properties and terminations,
certain surface preparations and procedures may produce different results on different materials. A good example is that
of [011] GaP–[001] InGaP in which there is a large difference
in the – characteristics between in-phase and antiphase
bonding [48] whereas for [001] GaAs on [001] InP, the
difference is hardly noticeable [17].
The electrical characteristics of fused junctions critically
depend on the presence of potential barriers arising from
discontinuous energy-band lineups and interface charge. Theoretical considerations predict a staggered band lineup between
strained GaAs–InP with the GaAs valence band several hundred millielectronvolts above that of InP [20]. However,
no agreement between theoretical and experimental values
of band offset has yet been reported. Potential barriers at
fused junctions also originate from thin oxide layers or a
high concentration of surface charge introduced by surface
contamination before bonding. Oxygen has been found to be
the major contaminant, in addition to high concentrations of
carbon and hydrogen at the fused surface. The SIMS profile
of a fused GaAs–InP epilayer shown in Fig. 11 does indeed
reveal the presence of oxygen at the interface. This may

Fig. 11. SIMS profile of a fused GaAs–InP epilayer.

be a result of our sample preparation procedures, resulting
in high O incorporation at the surface. Although the oxide
is nominally removed prior to sample transfer to the fusing
fixture, a 1-nm-thick native may nevertheless form before
the onset of the fusing process itself. Surface oxide layers
and charge affect both electron and hole flow, but because of
the lower electron effective mass this has a greater impact
on the holes. For this reason, n-n-junctions are expected
to perform better than p-p-junctions. Furthermore, minority
carrier recombination at the junction has not been investigated,
to date. Most devices employ fused junctions in regions with
only majority carrier flow. It is not yet clear to what extent
the dopant species and its diffusion across the fused junction
can improve the electrical characteristics.
C. Optical Characterization
In spite of evidence of organic contaminants, misfit dislocations, and higher than ideal voltage drops across the fused
junctions, wafer fused technology has enabled the realization
of high quality interfaces for optoelectronic design. In order to
assess the extent over which the highly dislocated and contaminated interface impacts the optical quality of the surrounding
material, multiple-quantum-well (MQW) photoluminescence
(PL) studies were performed. The premise of such experiments
is simple; the MQW structure acts as a depth resolved probe
to compare the luminescence efficiency of the material in the
interface region before and after fusion.
Lattice matched InGaAs and GaAs quantum wells of varying widths were therefore strategically grown on InP and
GaAs substrates by MOCVD and MBE, respectively, to probe
the optical quality of the epilayer region before and after
wafer fusion; the structures are shown in Fig. 12. A reference
quantum well was grown deep in each epilayer to facilitate
accurate normalization, 4160 Å from the surface in the InP
sample and 6200 Å from the surface in the GaAs sample.
The location of these reference quantum wells should be far
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(a)
(a)

(b)
Fig. 12.

MQW structures for PL studies.
(b)

enough from the subsequently fused interface to ensure that
their photoluminescence is not affected by the fusing process.
The InP MQW sample was fused to a 1000-Å-thick GaAs
epilayer grown by MBE; the GaAs MQW sample was fused
to a 3000-Å thick InP epilayer grown by MOCVD. PL data
was taken at 10 K with a 514-nm Argon 5W laser at an optical
power of 5 mW. Our current analysis employs three PL data
sets: PL of the “as grown” material to provide a baseline, after
fusion upon removal of the fused epilayer by wet etching, and
finally after temperature cycling the MQW substrate under
the fusing conditions as described in Section II to decouple
the effects of the temperature cycling employed in the fusion
process from the effects of fusion itself.
The resulting PL spectra are shown in Fig. 13. Fig. 13(a)
shows the raw PL data taken on the InGaAs–InP MQW
sample, including the baseline (“as grown”), the temperature
cycled, and the fused spectra. The three spectra have not been
normalized to a particular quantum well but are based on absolute measured luminescence based on the same laser power.
We see no appreciable decrease in luminescence efficiency of
the quantum wells as close as 500 Å from the fused interface.
The same is true for the GaAs MQW structure as seen in
Fig. 13(b). However, in this case, we have normalized to a
reference peak at 7960 nm and demonstrated what appears
to be an increase in the luminescence efficiency of all the
quantum wells, venturing as close as 350 Å to the fused
interface. We currently attribute this increase in luminescence
intensity to the fused junction acting as a gettering source for

Fig. 13. PL data, before and after fusing for (a) InGaAs MQW’s and (b)
GaAs MQW’s.

Fig. 14. Wavelength shifts of InGaAs MQW’s after fusing and after temperature cycling.

defects, a process much akin to the gettering of defects at any
strained interface.
PL data on peak position, in addition to peak intensity, provides information on the subtle effects of strain and materials
interaction. While there are no peak shifts, within measurement
error, after the fusing or temperature-cycling process for the
GaAs MQW samples, there are slight shifts in the InP-based
samples. This is perhaps consistent with the presumed greater
mobility of the In; while temperature cycling alone produces
a blue shift in all quantum-well peaks, shown in Fig. 14,
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the actual fusing process introduces a competing redshift
increasing pronounced for those quantum wells closest to the
fused interface. More work is required to fully decouple the
effects of strain, strain relaxation, compositional intermixing,
and defect passivation introduced through the fusing process.
Nevertheless, these initial low temperature PL measurements
provide an optimistic prognosis for the optical quality of the
fused interface, and the material immediately adjacent to that
interface.
V. CONCLUSION
Fusing frees the device designer from the constraints of
lattice matched growth or critical thicknesses of strained layers. Although heteroepitaxy results in threading dislocations,
fusing dissimilar lattice constant materials results in interfaces
with edge dislocations instead of threading dislocations. The
device results to date show dramatic improvements in telecommunication VCSEL’s, in telecommunication APD’s, and in
visible LED’s. Expansion of these techniques to II–VI and IV
materials will be very interesting in the next few years. These
techniques are ideal for optoelectronic integration and for new
devices that have not yet been considered.
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