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ABSTRACT

A multilayer stack of bonded GaAs wafers, each layer rotated 180° from the adjacent one, has been proposed for
quasi-phase-matched second harmonic generation. Current bonding technology, however, often leads to unacceptable
optical losses and, therefore, poor device performance. In this study, three sources of optical losses were investigated: (i)
interfacial defects between the wafers, (i) bulk defects within the wafers, and (iii) decomposition at the exposed outer
surfaces. Surface losses due to incongruent evaporation were easily eliminated by repolishing the outer surfaces.
However, to minimize the losses from interfacial and bulk defects, it was necessary to investigate the relationship between
these defects and the processing parameters. It was found that an increase in temperature and/or time led to a decrease
in interfacial defects, but an increase in bulk and surface defects. Optimized processing conditions were developed
which permit the preparation of stacks containing over 50 layers of (100) GaAs wafers, and about 40 layers of (110)
GaAs wafers. Optical losses as low as 0.1 to 0.3 % per interface (at 5.3 and 10.6 um) were observed for the (110) ori-

ented multilayer structures.

Introduction

There is a need for mid-infrared (MIR) high-power
coherent sources, especially in the 3 to 5 pm region where
atmospheric windows permit remote sensing and military
countermeasures. These sources can be provided by non-
linear frequency conversion of existing lasers. However,
currently available infrared (IR) nonlinear crystals such as
AgGaS,, AgGaSe,, and ZnGeP, are limited by low surface
damage thresholds, and challenging growth technologies.
In contrast to these materials, GaAs has a large nonlinear
coefficient, good MIR transmission, high thermal conduc-
tivity, and a high optical damage threshold. Moreover,
GaAs crystal growth technology is well developed and high
quality wafers are widely available. However, its use in non-
linear optical applications has been limited because GaAs, a
cubic crystal, cannot be birefringently phase-matched.

An alternative to birefringent phase-matching is quasi-
phase-matching,' where a periodic modulation of the non-
linear susceptibility compensates for the phase velocity
mismatch between the interacting waves. Air-spaced
stacks of GaAs plates at Brewster’s angle have been used,’
but optical losses at the air-GaAs interfaces proved to be
excessive. To minimize these air-interfacial losses, Gordon
et al.’® proposed forming a periodic structure free of air-
GaAs interfaces by a high temperature diffusion bonding
process. For quasi-phase-matched second harmonic gen-
eration (QPM SHG) of a high power CO, laser in which a
second harmonic at 5.3 um is generated from a fundamen-
tal at 10.6 wm, their calculations showed that a stack of
approximately 50 or more (110)-oriented GaAs layers with
optical losses of less than 0.2% per layer would be
required for efficient frequency conversion. The principal
goal of this research, therefore, has been to develop a
bonding process capable of producing a stack of this size
having low optical losses.

Background.—Wafer bonding, sometimes known as
wafer fusion or diffusion bonding, has been used as an
alternative to heteroepitaxy in electronic and optoelec-
tronic devices. While most work has been done with sili-
con,' III-V semiconductors have been studied for two-
layer optoelectronic devices.®® In our program, we have
built on these earlier two-layer results with the intent of
producing a bulk periodic GaAs structure (a periodically
twinned crystal) which cannot easily be generated by bulk
crystal growth techniques. :

The most significant problems encountered were excess
optical losses caused by interfacial defects between the

wafers and bulk defects within individual wafers.
Interfacial defects were found to comsist essentially of
voids and inclusions, caused by natural topographical
irregularities (atomic scale surface roughness and/or long-
range surface waviness), surface contamination (GaAs
and/or other types of particles and surface oxides), and
solvent residues or trapped gases between the wafers. The
causes of bulk and surface defects are more complicated
and it is well known from the extensive literature in the
field that these include dislocations, impurities, vacancies,
interstitials, precipitates, and antisite defects. Arsenic
antisite defects (arsenic on gallium sites Asg,) and clusters
of other defects are generally known as EL2 (a deep donor
in GaAs),” the concentration of which increases with
arsenic concentration in the crystal.® At typical bonding
temperatures, the evaporation rate of arsenic from the sur-
face is higher than that of gallium (about 2.5 times at
827°C),® which decreases the arsenic (and thus the EL2)
concentration and converts the outer surface from semi-
insulating to p-type. This conversion effect was thought to
be a major factor responsible for the decrease in the trans-
mittance of GaAs single wafers."

In this research, the origins of scattering and absorption
losses were investigated through a systematic study of
bonding mechanisms and procedures, coupled with exten-
sive materials and optical characterization.

Experimental

Sample preparation.—The devices fabricated in this
study were not suitable for practical SHG devices. They
require (110)-oriented wafers with tightly controlled
thickness equal to the optical coherent length of the specif-
ic nonlinear optical interaction of interest, (e.g., 106 pm for
first-order or 318 wm for third-order doubling of a 10.6 pm
CO, laser®). Because we were interested in developing an
effective GaAs bonding process, readily available wafers
in standard thicknesses were chosen. Undoped semi-insu-
lating (100) and (110) GaAs wafers, from Atramet Inc.,
polished on both sides were used in this study. Wafers were
3 in. in diameter, had etch pit densities less than 10° em™,
and thicknesses of 630 wum for the (100)-oriented wafers
and 500 um for the (110)-oriented wafers. To assure that
p-type conversion was minimized, the resistivities of these
wafers (~10° Q-cm) were guaranteed by the vendor to be
stable after annealing at 850°C in either an arsenic over-
pressure or under a plasma-enhanced chemical vapor
deposition (PECVD) Si,;N, cap for 0.5 h.
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The atomic scale surface roughness of these as-received
wafers (over a 5 X 5 um) area was measured using atomic
force microscopy (AFM). Surfaces were very smooth with
a typical peak-to-valley distance of only 1 nm. The surface
waviness (long range flatness) in a 1 X 1 cm area was
measured with a profilometer (Dektak IIA). The center of
each wafer was generally much flatter than the periphery
(edge), as expected. The peak-to-valley waviness at the
center of a GaAs wafer was < 100 nm, while that around
the periphery was =300 nm.

Wafers were diced into 9 X 9 mm samples with a dia-
mond saw, then solvent-cleaned in a class 100 clean room
using a series of deionized water, boiling trichlorethane 1-
1-1 (TCA), boiling acetone, and boiling isopropyl baths.
(No effort was made to remove the surface oxide layer by
chemical etching.) Finally, the specimens were dried in a
stream of nitrogen gas. For these studies, only samples
from the flatter central portions of the wafers were used.

Heat-treatment/bonding procedures.—The cleaned
GaAs samples were stacked in an inert refractory sample
holder made of high purity graphite with molybdenum
structural components. Bonding was carried out in a
lamp-heated furnace (shown in Fig. 1) to permit rapid
thermal cycling. A transparent atmosphere control quartz
tube (chamber), which could be sealed and backfilled with
H, and N, at pressures from 10~* Torr to 1 atm, was used to
prevent oxidation of the GaAs stacks during heat-treat-
ment. The compressive load on the GaAs sample could be
adjusted to as high as 30 kg/em® with a spring-loaded
screw at the end of the sample holder. For large multilay-
er stacks, 52 wafers of (100) GaAs and 39 wafers of (110)
GaAs, a differential thermal expansion fixture, Fig. 2
(containing stainless steel, molybdenum, and graphite),
was used because the spring-loaded fixture could not
accommodate such large specimens. These tall GaAs
stacks were clamped at room temperature with only a
minimal applied compressive load. On heating to the pro-
cessing temperature, the compressive stress on the GaAs
stack increased due to differential thermal expansion
between the various materials making up the sample hold-
er. The actual compressive stresses achieved with the dif-
ferential thermal expansion fixture could not be deter-
mined by calculation because both the GaAs and the
holder underwent plastic deformation at some tempera-
ture during the process cycle.

Figure 3 illustrates a typical GaAs bonding cycle. It
included three-steps: preheating, bonding, and cooling. In
the first step, the chamber was evacuated to 15 mTorr at
room temperature, then backfilled with ultrahigh pure H,
to 50 Torr. The GaAs samples were then heated to 600°C,
at a rate of 20°C/min (without applying a compressive
load, but with repeated evacuation and backfilling). The
compressive load (typically 10 kg/cm?) was then applied,
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Fig. 1. Radiation furnace used for GaAs bonding.
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Fig. 2. Differential thermal expansion fixture for clamping multi-
layer GaAs stacks in the bonding furnace.

and the chamber was backfilled with a gas mixture of H,
and N, up to 760 Torr (1 atm). Under a flowing gas mix-
ture of H, (60 cm®/min) and N, (1,000 cm’/min) in a purge
mode, any additional heating was continued (at the rate of
30°C/min) until the desired bonding temperature was
reached. After a period of 2 to 20 h, the furnace was
cooled at the rate of 10°C/min. The compressive load was
released at 600°C and the furnace power turned off. This
process sequence was found to minimize the amount of
optical scattering at the interfaces caused by interface
contamination, and it led to reasonably good optical
transmittance.

A few bonding experiments were also carried out at
temperatures below 600°C.

Sample geometry.—Three types of GaAs structures were
used for process optimization: (i) single GaAs wafers, (ii)
simple two-layer stacks, and (i#) two-layer stacks with
artificial interfacial voids. The single GaAs wafers were
processed under identical thermal conditions and were
used to separate the bulk and surface effects, from the
interfacial effects. The study of samples containing artifi-
cial voids followed the approach described in Ref. 11. It
involved the creation of controlled voids in one wafer sur-
face by etching photolithographically generated patterns
with a solution of H,SO,, H,0,, and H,0, and then bonding
it to an unpatterned wafer. Using this approach, we were
able to vary the void depth and therefore simulate the
interfacial defects which are caused by natural topo-
graphical irregularities on the wafer surface.

From these experiments on one- and two-layer samples
an optimized process was developed. This process was
then used to bond multilayer stacks [a 52-layer stack of
(100) GaAs wafers and a 39-layer stack of (110) GaAs
wafers].

Characterization.—The transmittance of individual
wafers and multilayer structures was measured by means
of Fourier transform infrared (FTIR) spectroscopy (BIO-
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Fig. 3. The typical GaAs bonding cycle used in this experiment.
The ﬂeaﬁng rate was 30°C/min and :Ze cooling rate 10°C/min.
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RAD FTS-40) with a beam size of 4+ mm diam. The electri-
cal behavior was determined from four-point probe. hot
probe. and Hall effect measurements. The samples con-
taining artificial voids at the wafer interface were charac-
terized by infrared (IR) transmission optical microscopy
and the interfaces were analyzed by high resolution trans-
mission electron microscopy (HRTEM) (CM20 Philips).

Results and Discussion

Bulk and surface defects in single GaAs wafers.—Figure 4
shows the transmittance of single GaAs wafers heat-treat-
ed for 2 h at temperatures between 350 and 950°C. When
compared with an unprocessed GaAs wafer, the optical
losses are seen to increase when processing temperatures
exceed 850°C at the two wavelengths of interest for SHG.
Since there is no interface in single-wafer experiments,
these losses must have been caused by bulk and surface
defects. The electrical properties also changed when the
processing temperatures exceeded 850°C. Undoped semi-
insulating wafers converted to p-type and their sheet
resistance decreased at progressively higher temperatures.
This increase in free carrier concentration is thought to be
the major cause of the optical losses (free carrier absorp-
tion) seen in the two-layer stacks at temperatures over
850°C (Fig. 5). Since the loss of arsenic is the major cause
of p-type conversion, we have found that thermal degra-
dation can be significantly reduced by replacing the con-
ventional porous graphite holder with nonporous pyrolyt-
ic graphite.'

It was also found that the optical transmission and sheet
resistance increased with processing time. At 850°C, the
sheet resistance decreased from 1 X 10° to 5 X 10% Q/[], as
the bonding time was increased from 2 to 11 h. However,
the optical transmission and sheet resistance could be
restored to their preprocessing levels after 2 um of each
surface was removed by polishing.

Surface polishing also affected the optical and electrical
properties of single GaAs wafers processed at 950°C for 2 h.
The optical transmission and sheet resistance were meas-
ured before and after 5 and 9 um had been removed from
each surface. The optical transmission increased when the
surface layer was removed. When 9 um was polished away,
the transmission spectra became closer to that of the
unprocessed single wafers. On the other hand, while the
sheet resistance increased from 10 /(7 (surface layer
intact) to 5 X 10% Q/(J (with 5 pm surface removed) and to
10° /00 (with 9 um surface removed), the sheet resistance
did not recover its original value (10° Q/0J).
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Fig. 4. Transmittance of single GaAs-(IOO) wafers processed
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Fig. 5. Transmittance of two-layer bonded GaAs (100} wafers

processed under a static 10 kg/cm? load for 2 h at different tem-
peratures ranging from 350 to 950°C.

The observed degradation in optical transmission (ther-
mal conversion) was found to depend both on the manu-
facturing processing history of the as received commercial
GaAs wafers and on the processing conditions used. Using
a similar process, Zheng et al."® found that transmittance
decreased at temperatures as low as 700°C. In this study,
the wafers were stable to 850°C. The GaAs wafers used in
both our research and Ref. 13 were undoped, semi-insulat-
ing material purchased from the same vender, but they
came from different boules. This variability led to the
necessity of developing a tighter set of specifications, (the
high-temperature stability of the wafer resistivity) for
qualifying commercial wafers for this QPM application.

Other factors which are known to affect optical trans-
mission include: (i) the plastic deformation of GaAs under
a fixed compressive load (increase with temperature'*)
which can introduce optical distortions through a strain
birefringence mechanism, and (i?) the inward diffusion of
mobile impurities from the wafer surfaces. Since the dif-
fusion constant of carbon (a shallow acceptor in GaAs) is
very small,'® the graphite holder is expected to have little
effect on optical loss. On the other hand, iron from the
stainless steel components could affect optical transmis-
sion, even though iron itself was not in direct contact with
the GaAs. Defects such as these would be expected to have
a deleterious effect on the optical properties and possibly
be responsible for the slight optical absorption detected
even after the defective As-depleted surfaces (surface
defects) had been polished away.

Twoslayer bonding.—Figure 5 shows the transmittance
of simple two-layer GaAs stacks bonded at temperatures
between 350 and 950°C for 2 h. We found that GaAs does
not bond at temperatures below 300°C. A more or less con-
tinuous increase in optical transmission was expected
with increasing bonding temperature, since mass trans-
port (diffusion, vapor transport, etc.) increases with tem-
perature. However, at both 5.3 and 10.6 um wavelengths,
two maximums in optical transmittance were observed at
bonding temperatures of 410 and 850°C, and a pronounced
drop was observed at intermediate temperatures. TEM
analysis of these specimens revealed that two different
mechanisms were involved. At 410°C, GaAs does not bond
directly to itself, but via an amorphous oxide layer, as
shown in Fig. 6. The presence of this oxide layer is not sur-
prising, since the native surface oxides were not removed
in the cleaning process. When processed at 850°C, GaAs
was found to be bonded directly to itself, as shown ih Fig. 7.
This behavior is consistent with GaAs IC processing tech-
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Fig. 6. Cross-sectional high resolution TEM of GaAs (100} inter-
face bonded at 410°C, showing oxide layer at interface.

nology in which it is well known that native oxides on
GaAs volatilize at temperatures around 500°C.*

In related studies, Hjort et al.”” bonded (100) GaAs
wafers between 400 and 900°C without an applied com-
pressive load and characterized them by IR image and
interface fracture energy measurement. They also found
that GaAs could be successfully bonded at temperatures
around 410°C due to oxide at the interface, but as the
bonding temperatures increased, the fraction of well-
bonded areas (measured by “IR image” method) de-
creased. We believe the observed decrease in the fraction
of well-bonded areas in their experiments was the result of
deterioration of the oxide bonding layer due to volatiliza-
tion of the native surface oxide. In contrast to our studies,
in which optical transmission of bonded layers began to
increase at temperature over 600°C, the fraction of well-
bonded areas in the Hjort et al. samples did not. The major
difference in the processing used in these two studies is
that in our case, the samples were under a compressive
load. We found that bonding (as measured by optical
transmission) improved with applied compressive load in
the 1 to 30 kg/em® range at a bonding temperature of
850°C. In other words, the higher the pressure on the two-
layer stacks, the better the optical transmission.

Two-layer bonding with artificial interfacial voids.—
Figure 8 shows IR transmission optical micrographs for
two wafers containing 700 A deep artificial voids that
were bonded at 870 and 910°C for 2 h. The light features
seen in the void area of Fig. 8b correspond to bonded areas
created by the nucleation of crystallites and mass trans-
port within the void space. The nature of the bonding in
these regions was verified using HRTEM, like that shown
in Fig. 7. No other phases were found at the bonded inter-
faces, and only a few atomic layers were disrupted. Even
though a native oxide layer is likely to have formed on the
wafer surfaces before they were loaded into the furnace,

GaAs

Interface

Fig. 7. Cross-sectional high resolution TEM of GaAs (100) inter-
face bonded at 850°C, showing intimate contact between GaAs
plates with no intervening oxide layer.

(100) b33 e

» bonded region

k Funbonded region

(a) (b)

100 pm

Fig. 8. IR fransmission opfical microscope images of interfacial
voids (originally 700 A deep) on GaAs {100) wafers after bonded
at femperatures of (a) 870 and (b} 910°C for 2 h.

the results from the previous section indicate that com-
plete reduction/volatilization should have occurred under
these bonding conditions, and, in fact, no oxygen was
detected in the interface region by EDAX analysis.

The bonding fraction, as determined by estimating the
light versus dark areas on the IR transmission micro-
graphs, was found to increase with temperature, consis-
tent with the fact that mass transport increases with tem-
perature.’®* We found that the detectable bonding fraction
was affected by the void depth. Bonding (or recrystalliza-
tion) was not detected in 700 A deep voids until the
process temperatures reached 910°C, as shown in Fig. 8.
However, it was detected in 100 A deep voids at tempera-
tures around 850°C, as shown in Fig. 9. The fraction also
increased slowly with time, as expected from the kinetic
nature of the process. These experiments showed that the
bonding fraction in GaAs wafers depends strongly on the
magnitude of the height of the surface irregularities at the
wafer interfaces as well as temperature and time. Similar
conclusions were drawn by Rodel and Glaeser' during
bonding studies of sapphire wafers.

<110>

<110>

(b)

100 pm

Fig. 9. IR fransmission optical micro?ruph of artificiol voids (orig-
inally 100 A deith) in GoAs {100) waters bonded at 850°C for: (a)
2.5and (b) 7.5 h.
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Multilayer bonding.—The interfacial, bulk. and surface
defect studies described above clearly showed that higher
temperatures and longer times led to an increase in the
bonding fraction (i.e.. a decrease in interfacial defects),
but they also led to an increase in the density of surface
and bulk defects. Figure 4 shows that the transmittance of
a single GaAs wafer, heat-treated at 850°C for 2 h was,
within experimental error (1%), the same as that of an
unprocessed GaAs wafer. For these wafers, the optical
losses due to bulk and surface defects introduced by pro-
cessing at 850°C were very small. At the same time, the
study of interfacial defects using two-wafer stacks showed
that the bonding fraction on a flat surface with 100 A deep
voids was reasonably high at a temperature of 850°C
(Fig. 9). It can also be seen from Fig. 5 that the trans-
mittance of two-layer stacks free of artificial voids is high
at 850°C. For this reason, a temperature of 850°C was
selected as the best temperature for bonding multilayer
stacks for nonlinear optical devices.

A 52 layer (100)-oriented stack, of 630 um thick wafers,
was bonded at 850°C, for 0.5 h (a somewhat shorter inter-
val than used in the two-layer studies). The average opti-
cal losses per layer were 0.9% at 5.3 pm and 0.5% at 10.6
pm. Following these experiments, a stack of 39 (110)-ori-
ented wafers, each 500 wm thick, was bonded under the
same conditions. The average optical losses per layer were
even lower, 0.1 - 0.3% at both 5.3 and 10.6 wm, as shown in
Fig. 10. The reduced in optical losses in the 39 layer stack
may have come from the reduction of wafer thickness
(shorter absorption pathlength), from 630 to 500 wm, and/or
the different properties (mechanical, physical, and chemical)
of the different wafer surface orientations, (100) versus (110).

The optical losses achieved in these studies are consid-
ered low enough for practical devices, and we believe con-
tinued experiments with custom-fabricated GaAs wafers
prepared to the thickness required for specific optical
interactions are warranted. Such studies are currently
under way.

Conclusions

An investigation of the relationship between bonding
conditions (temperature, time, and pressure) and optical
loss (resulting from bulk, interfacial, and surface defects),
has led to the development of a simple, effective process
for preparing periodic GaAs structures useful in quasi-
phase-matched second harmonic generation applications.
It was found that bulk optical losses caused by plastic
deformation, can be minimized by applying a more uni-
form and limited pressure to the wafer stacks during
bonding. It was also found that interfacial defects, in the
form of inclusions and voids can be minimized by improv-
ing wafer cleanliness, smoothness, and bonding condi-
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Fig. 10. Observed iransmittance of (a) an unprocessed single
GaAs wafer, and (b} a 39 layer stack of {110) bonded GaAs wafers
at three different positions. C

tions. In the case of interfacial voids. (which are inevitable
because atomically smooth wafers are not available), these
can be significantly reduced by (i) increasing the compres-
sive pressure at a given bonding temperature or (ii)
increasing the bonding temperature and time. If the pres-
sure is too high, however, plastic deformation results and
bulk optical losses will increase. When the temperature
and time at temperature are increased, bulk defects and
surface evaporation also increase to produce higher losses.
The problem associated with evaporation from the exter-
nal surfaces during bonding (caused by arsenic depletion
resulting from incongruent evaporation) can be easily
eliminated by repolishing after heat treatment.

The process developed in this study involves the use of a
relatively uniform pressure and moderately high tempera-
tures (850°C) to produce optimal results. Using this proce-
dure it was possible to fabricate optical stacks of (110)-
oriented wafers in which the optical losses were low
enough for practical nonlinear optical devices.

For QPM SHG of the 10.6 um CO, laser, the first and
third order coherence lengths are 106 and 318 pm, respec-
tively.® We anticipate that stacks fabricated from wafers of
these thicknesses will exhibit even lower bulk optical
absorption losses due to their reduced optical path
lengths. Additional reductions in optical losses are also
expected through fine-tuning of the processing param-
eters, and through the use of postannealing processing
under arsenic overpressures.
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