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An infrared grey-field polariscope (IR-GFP) was developed as a new tool to reliably
detect small defects at bonded interfaces and to distinguish between trapped interfacial
defects. The IR-GFP improves upon infrared transmission (IRT) imaging by measuring
the stress-fields associated with defects. The IR-GFP was validated using anodically
bonded glass-silicon samples followed by imaging interface defects in fusion bonded
silicon wafer pairs. Defect maps collected using the IR-GFP were contrasted with defect
maps collected using conventional IRT imaging, showing that the |R-GFP has improved
defect resolution. In addition, because the |R-GFP measures the defect stressfield, it can
distinguish between trapped gas and trapped particle defects. Furthermore, by imaging the
residual stress signature associated with defects, the IR-GFP can detect defects smaller
than the wavelength of the transmitted near IR (1.1 micron). Finaly, utilizing the residual
stress signature associated with trapped gas defects, the IR-GFP was used to track the
evolution of time-dependent gas bubbles during annealing of fusion-bonded wafer pairs.

1. Introduction

Wafer bonding processes are susceptible to two key defects at the bonded interface: (i)
trapped gases and (ii) contaminant particles.® It is well understood that both defects
generate alocal debond that affects the mechanical integrity of the device. However, each
defect also generates a local stress state with a magnitude depending on the bonding
method, defect dimensions, defect type, and internal gas pressure. Gasses may by trapped
by initiation of multiple bond fronts at several locations along the interface, or by local
dimensional mismatch.®® Most commercial bonders have mitigated these problems by
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bonding under vacuum conditions and by utilizing special fixtures designed to initiate a
single bond front from acentral contact point. Y et, even with such careit has proven nearly
impossible to eliminate al trapped gas defects at the bonded interface.

If trapped gas bubbles can be located early in the fabrication process, it may be possible
to sort wafers prior to further processing in order to improve processyields. Traditiona
infrared transmission (IRT) imaging is diffraction limited and, in many cases, falls short of
the resolution limits imposed by the industry trend toward further miniaturization. Itis
known that IRT imaging cannot detect many of the smallest defects that appear at bonded
interfaces, yet no existing inspection technology can present results as rapidly.® In this
paper, we discuss the application of a recently developed automated, infrared grey-field
polariscope as a rapid tool for locating trapped gas bubbles with improved resolution
compared to IRT imaging. A similar study focusing on particle contamination is presented
in a separate paper.®

In addition to the need for early detection of gas bubbles at bonded interfaces, thereis
the challenge of understanding how these defects evolve throughout the bonding process.
The traditional fusion bonding process generally consists of three steps. 1) wafer surface
preparation, 2) initial bonding at room temperature, and 3) annealing to increase bond
strength. Several researchers have reported that wafer pairs that appear defect free after the
second step may develop bubbles early in the third step, and these defects may eventually
disappear after long annealing times. These defects are often called “time-dependent
bubbles.” Shimbo et al.® first reported this phenomenon using infrared transmission
inspection and proposed that the voids that formed during annealing at 500°C were
attributed to water released from the interface. The voids disappeared when samples were
annealed at temperatures above 1000°C, which Shimbo et al. attributed to an increased
surface oxidation rate. Abe et al.® speculated that vaporized water caused bubble forma-
tion and is the gas trapped in the bubbles, while Mitani et al.(” suggested the presence of
hydrocarbons is necessary to nucleate bubbles and that hydrogen from trapped water
contributes to the further growth of these bubbles. However, Mack et al.® found gasses
trapped in cavitiesto consist mostly of H,, H,O, and N,, with only occasional trace amounts
of hydrocarbons. Ayoén et al.® recently carried out an experimental characterization of
these bubbles using IRT imaging and transmission electron microscopy. While the exact
mechanism for bubble formation and growth during annealing is not generally agreed
upon, it is apparent that high trapped pressures may occur.® Theresulting residual stresses
can be large enough to cause failure of the substrate wafers.®

It is important to note that in each of these investigations, the authors appear to
determine that the interface was “ defect free” prior to annealing on the basis of the results
of wafer-scale IRT imaging. However, the limited defect resolution of IRT is further
decreased when inspecting an entire wafer with asingle exposure. It is possible that some
small defects were present, but undetected. For example, the results from one study®
display circular distributions of time dependent bubbles attributed to mechanical spacers.
Three circular spacers hold the wafers apart while they are being contacted at a central
location. While retracting these spacers during bonding, it islikely that contaminants were
left behind, generating localized debonds on the surface. These debonds may be too small
to locate with IRT initially, but would likely provideinitiation sitesfor the trapped gasesto
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accumulate during subsequent annealing.

The recently introduced infrared grey-field polariscope (IR-GFP) is an instrument for
rapidly measuring in-plane shear stressesin thin silicon and other semiconductor materi-
als.®9 Thistool has been used by the authors to locate trapped particles in adhesively,
anodically® and fusion-®honded devices. In each case, the IR-GFP located defects that
were too small to detect by IRT imaging. Furthermore, these defects were successfully
located in bonded pairs fabricated with both double-side-polished and single-side-polished
wafers. Inadhesively bonded devices, the IR-GFP was abl e to distinguish between trapped
particles and gas bubbles because each defect generated significantly different residual
stress signaturesin the silicon substrates. Even though the IRT signatures of trapped gasses
and particles appeared similar, there was no |R-GFP stress signature associated with the
gasses trapped completely in the adhesive layer. However, gas bubbles trapped in
anodically and fusion-bonded devices are expected to generate significant residual stresses.
In this paper, we show that the IR-GFP is capable of locating trapped gas bubbles at the
interface of bonded silicon devices which were not apparent using IRT imaging and that it
is also capable of differentiating these bubbles from trapped particles. We further show
that thistool can track the evolution of debonds during annealing stages of fusion-bonded
silicon wafers.

2. Imaging Defects

2.1 Current imaging technologies

Infrared transmission imaging is the most common method of inspecting bonded
silicon devices. Other techniques, such as scanning acoustic microscopy and X-ray
topography have been implemented in the past, but have important limitations for many
common applications.*? A conventional IRT system, schematically illustrated in Fig.
1(a), has two basic components; 1) an infrared light source, and 2) an infrared detector.’
Depending upon the target material and the material thickness, a significant portion of the
projected IR light is transmitted, but partial reflections are encountered at each air-silicon
interface. Assuch, in regionswhere trapped gas, particles or dimensional mismatch cause
local debonds, a portion of the light is doubly reflected by these internal surfaces,
generating an interference pattern known as Newton's rings, Fig. 2. By counting the
number of Newton’s rings at the location of each defect, it is possible to determine the
height of the debond. Defectswith an opening displacement less than half theilluminating
wavelength of light, approximately 0.55 um for near IR, will not generate a full set of
Newton’s rings. Debonds thinner than 0.28 wm will cause less than half a set of ringsto
form, precluding the use of Newton’s rings to detect these defects. In some cases, it is
possible to qualitatively locate these thin debonds by carefully measuring the shift in
optical density caused by the interference. Such defects are considered subfringe because
the interference is not capable of producing asingle Fizeau fringe. Two subfringe defects
can be seen directly to the right of the Newton’ sring defect in Fig. 2.

IRT islimited by the operator’s ability to resolve distinct fringes and the minimum
wavelength of light that can be transmitted. Also, identical Newton’s rings form around
both trapped particles and gas bubbles making them impossible to differentiate. Further-

Detectors can be anything from an expensive military-grade InGaAs near-IR CCD camera to a
traditional Vidicon detector to modern affordable silicon CCD cameras.
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more, it is often difficult to determine the full extent of the debond region because the
optical density change associated with a defect gradually decaysto zero as the optical path
length decreases. In other words, the edge of the last Newton’ s ring does not coincide with
the edge of the debond. When bonding single side polished wafers, the rough outer surface
isknown to greatly decrease the signal-to-noiseratiosin IRT imaging.*? Finally, afaint
four-lobed “blooming” pattern is sometimes detected in the IRT images collected using the
current embodiment of the IR-GFP with asilicon CCD. This problem has been resolved by
utilizing cameras optimized for NIR. Although this pattern is distracting, it does not hinder
detection of Newton’s ring as shown in Fig. 2.

Other common bond inspection techniques include X-ray topography (XRT) and
scanning acoustic microscopy (SAM).® The typical spatial resolution of XRT is on the
order 2—20 um, while the spatial resolution of SAM is on the order of 10 um. As such,
these techniques are well suited for detecting small interface defects. These techniques
suffer, however, from being significantly more expensive, time consuming and operator
intensive. For example, several hours are needed to inspect an entire four-inch bonded
wafer pair by XRT.® Although SAM is more rapid than XRT, it is significantly slower
than IRT because a single data point is collected at each scan location compared with the
full-field data collected using the array-based detectors typical of IRT (e.g., 320x320 or
480%x640). Even though XRT and SAM provide improved resolution, their speed, cost, and
potential incompatibility with cleanroom processing®? generally restrict these techniques
from being amenable to distributed in-line inspection.

2.2 Infrared photoelasticity

To overcome the limitations of infrared transmission imaging, an infrared grey-field
polariscope was developed and utilized in this study. This tool is an extension of the
visible-light grey-field polariscope, which has proven to be successful in measuring
residual shear stresses in a host of glass applications.*® A grey-field polariscope is best
described as a fusion between a circular and a plane polariscope, Fig. 1(b). A circularly
polarized light projector is built by placing a condenser lens, a polarizer, and a quarter-
wave plate between the infrared light source and the sample. A simple linear polarizer is

Infrared Camera Defective Bonded Device Infrared Lamp
~J
é /@

Infrared Camera Defective Bonded Device Infrared Lamp
f 3
4 H
R
/ =
4 i

b) / Quarter-
Lens
Wave plate
Polarizer & Rotating Mount Polarizer

Fig. 1. Standard instrument layout. (a) infrared transmission imaging (b) infrared grey-field
polariscope.
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Fig. 2. IRT image of bonded wafer device, showing Newton’ sring pattern associated with interfacial
defect.

placed in front of anear-IR silicon CCD cameraasin a plane polariscope; however, in this
implementation, the polarizer is mounted in arotating stage. These modifications trans-
form the infrared transmission apparatus into an infrared polariscope that is highly
sensitiveto very small changesin residual stressstate. A detailed description of the visible
light embodiment of the device is contained in ref. 14, while the implementation using
infrared wavelengths is described in ref. 10.

A bonded sample is placed between the circularly polarized illuminator and the
analyzer. In the absence of stress in the bonded sample, the transmitted light retainsits
circular polarization. Stress induced birefringence in the silicon sample will alter the
polarization of the light. The component of light propagating along the slow axisis
retarded by aphaselag, A, with respect to light propagating aong the fast axis of the sample
as given by

1 (0.-0,) )

where d is the material thickness, A is the wavelength of light, C is the stress optic
coefficient of the material, and o, and o, are the first and second principal stresses. In
regions where defects are trapped at the bond interface, residual stresses are present and the
transmitted light becomes elliptically polarized in proportion to the magnitude of the stress.
Elliptically polarized light that is analyzed with a rotating polarizer will produce a
sinusoidally varying light intensity at the camera. The amplitude and phase of this sine
wave are determined and the magnitude of the in-plane shear stress and direction of the
principal stresses are quantified. With this algorithm, the IR-GFP will only capture
sinusoidally varying light intensity that isin phase with the rotating polarizer. Assuch, the
“blooming” pattern is not as prevalent in the IR-GFP stress images captured simulta-
neously with the IRT images. By employing signal processing outlined in ref. 10 and eg.
(1), the IR-GFP calculates the (o,—0y) component of stress. A full field residual stress
image can be collected in approximately 10 s. IRT images are simultaneously captured by
averaging the total light intensity reaching the camera over a full revolution of the
polarizer.



322 Sensors and Materials, Vol. 17, No. 6 (2005)

3. Locating Defects Generated During Initial Bonding

3.1 Anodically bonded glass-silicon samples

Initial experiments were conducted on anodically bonded glass-silicon samples to
enable light microscopy through the glass layer. The silicon substrates were fabricated
from 525-um-thick, P-doped (100) silicon wafers. Square 20 mm dice were released from
the wafer with an inductively coupled plasma deep reactive ion etching (ICP-DRIE) tool.
In some of these dice, cavities and channels were simultaneously etched to a depth of
approximately 100 um for a separate investigation. Pyrex #7740 wafers measuring 525
um thick were diced for the glass half of the anodically bonded couple. Both substrates
were rinsed with acetone and isopropy! alcohol then dried with nitrogen prior to bonding,
but rigorous cleaning was intentionally not performed. Many of the defectsidentified here
could have been eliminated with additional RCA cleaning; however, for thisinvestigation,
the wide range of defect initiation sites left on the surfaces was used to explore the
capabilities of the device. Substrates were anodically bonded in an EVG501 wafer
bonding system, where the sample stack was heated to 450°C in a 5x10~ mbar vacuum.
The electrode applies 80 N of clamping force to the sample stack and a500 V potential for
5min.

3.1.1 Resultsfor double-side-polished Slicon Wafer

Asaresult of the minimal cleaning procedure, several anodically bonded samples had
large defect populations. Figures 3(a) and 3(b) show typical IRT and IR-GFP images of an
anodically bonded glass-silicon sandwich, populated with both particle-supported and gas-
supported debonds along the interface. The typical residual stress signature associated
with trapped particlesis highlighted by the arrow labeled as‘a,* where a“bow-tie” pattern
is centered over the particle.® A radially symmetric stress pattern is generated by this
defect geometry. This stress pattern appears as a four-lobed “bow-tie” geometry with
alternating regions of positive (black) and negative (white) shear in the stress images
generated by the IR-GFP. This pattern is analogous to the dark-field photoelastic patterns
collected during glass indentation™® as discussed in ref. 16. Theresidual stress signature
associated with particle defects arises from a combined contact and bending stress field that
displays alargeresidual stress pattern at the central portion of the defect, which decays as
Ur.® Trapped-particle stress fields will generally involve a superposition of two signa-
tures, as the opening force of the trapped particle will create both a contact stressfield and
a loaded-plate stress field at the bond front. However, both stress fields are often not
distinguishable when the debond radiusis smaller than the extent of the contact stressfield.

The IR-GFP signature associated with the other interfacial defects shows a stress
concentration at the bond front with little to no measurable residual stress within the
debond region itself (for example, see arrow ‘b’ in Fig. 3). This pattern matches the
elasticity solution for acircularly clamped plate with a distributed pressure, which provides
agood model for atrapped bas bubble. There are distinct differences between the two
defects. oneis characterized by a contact stressfield, the other by a pressurized-plate stress
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field, allowing distinction between defect types in bonded devices. Several other optical
density variations are noted in the IRT image (such as arrow ‘¢’) that are due to surface
contamination. The presence of these defects on the outer surface does not generate a
residual stress and does not confound the | R-GFP shear stress images.

Though many of the larger gas bubble defects are readily seen using IRT imaging (Fig.
3(a)), none of these defects has a significant enough opening displacement to create afull
set of Newton’srings. More importantly, there are several locations (highlighted by the
horizontal black arrows in Fig. 3(b)) where the localized residual stress state measured
using the IR-GFP has no counterpart in the IRT images. Figure 3(c) shows the same
sample inspected through the glass side at twice the magnification using visible light
microscopy. Thisimage verifiesthat the three defect locations indicated by the horizontal
black arrows are debond regions that are not supported by trapped particles. The most
important result from inspection of anodically bonded samplesisthat there is aone-to-one
correspondence between the residua stress patterns located using the IR-GFP and trapped-
particle/gas defects observed using visible light microscopy. Furthermore, as with trapped
particles, the IR-GFP is again capable of detecting defects that are smaller than those

(©

Fig. 3. Anodically bonded sample with trapped gas bubbles. () IRT image and (b) shear stress
image from IR-GFP; (c) visible-light reflection microscopy.
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detected by IRT imaging.

The minimum defect resolution has not yet been quantified at this point in the
development of the IR-GFP. With this technique, debonds are detected by sensing the
residual stress generated by the defects, so the resolution of this system depends on the
magnitude of thisstress. As such, the minimum defect size will depend on several material
and processing properties. For example, it will be easier to locate smaller particles when
using bonding techniques with higher bond energies and stiffer substrates (and stiffer
particles), because this combination will lead to high contact stresses. In addition, the
detection limit is also strongly dependent upon the stress optic coefficient of the material
inspected. Larger values of C will generate more retardation for the same level of stress,
allowing detection of smaller defects. Asaminimum debond size has not been sought and
these samples were not inspected by either SAM or XRT, it is difficult to compare these
techniques. However, IR-GFP imaging can |locate debonds measuring less than 10 um at
5-10x lower magnification than required by IRT imaging.t® Assuch, it is anticipated that
the IR-GFP will have aresolution similar to those of SAM and XRT, while collecting data
at significantly higher rates.

In many cases, trapped-gas defects also contain particles within their boundaries.
Figures 4(a)—4(c) show several such defects along the left side of the image. As noted
earlier, if these particles support aload in these defects, a concentrated “ bow-tie” signature
will befound. Debonds supported only by trapped gasses will not display this concentrated
stress. However, some defects may be supported by a combination of particle contact and
gas pressure. These defects can be found by afaint bow-tie pattern surrounded by a strong
stress field at the bond front, or a bow-tie pattern that is not located at the center of a
debond. A small defect at the lower left corner of the image shows two particles within the
defect, one which has afaint contact stressfield (black arrow), the other which shows no
stress (white arrow), indicating that thislatter particleisfreely floating within the defect. A
strong stress concentration surrounds these particles at the bond front, indicating that
although one particle carries some load, there is significant support from trapped gas
pressure. Another defect near the center of the left side shows atrapped particle which is
not centered within the debond region (topmost arrow). The stress magnitude of the bow-
tie pattern is similar to the bond front stress, indicating the particle is carrying significant
load, but becauseit is not centered, it is expected that significant gas pressure is present as
well. Previously, the only method of determining if this type of defect was particle
supported was to place the sample in a pressure chamber and monitor the change in the
fringe order of Newton’ srings as the external pressure was varied.®*”

Finally, the large defect near the top left of Fig. 4 illustrates the difficulty in measuring
the full extents of trapped-gas defects. As mentioned previously, the edge of the last
detectable Newton’s ring in the IRT images does not correspond the full extent of the
debond region. The defect opening displacement field transitions from a maximum at the
center to zero at the defect boundary, creating a gradual shift in optical intensity for a
subfringe defect. Asaresult, the bond front location is not easily discernable with IRT
imaging. For debonds that are perfectly circular, a closed form analytical solution can be
used to approximate the debond radius as long as one can accurately measure the height of
the debond and the edge of the last Newton’s ring.®® However, many of the debond
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regions shown in these images are not circular. A further complication with this technique
is found in the large debond region on the left side of Fig. 4(a), which displays very
symmetric Newton's rings whereas Fig. 4(c) shows that the actual debond front is not
nearly as symmetric. As Fig. 4(b) shows, IR-GFP imaging can more accurately locate
trapped defect boundaries by locating the circumferential region of highest stressfield.

3.1.2 Resultsfor single-side-polished wafers

A series of anodically bonded samples utilizing P-doped (100) single-side-polished
silicon substrates, 525 um thick, were fabricated with the same Pyrex substrates described
previously. The polished surface of silicon was utilized for bonding purposes. Figure 5(a)
showsatypical IRT image of arepresentative sample, with alargeregion of sightly darker
optical density near the lower right corner. A full set of Newton’s rings does not form,
indicating that even though the in-plane extents of this debond are nearly identical to the
large defect in Fig. 4(a), the opening displacement isless. Two other regionswith achange
in optical density are visible above this large defect, but they are quite difficult to discern
from the background contrast associated with wafer roughness. The rough surface pattern

T -

@ (b)
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Fig. 4. Anodically bonded sample populated with trapped gas bubbles and particles. (a) IRT image
and (b) shear stressimage from IR-GFP; (c) visible-light reflection microscopy image. The square
features visible in these images are due to windows etched in the silicon die for a separate
investigation.
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confounds the images in Fig. 5(a) compared with the relatively clean image in Fig. 4(a),
illustrating the difficulty in locating defects when the outer surface is not polished. By
viewing only the IRT image, the remainder of this bonded sample would be deemed defect
free.

The shear stressimage in Fig. 5(b), however, shows multiple trapped gas bubble and
particle signatures distributed throughout the entire image. Imaging by visible-light
microscopy, Fig. 5(c), confirms that each of the signatures identified using the IR-GFP
corresponds to an interfacial defect. The large debond appears to be only slightly
supported by atrapped particle near its center, asthereis only avery modest contact stress
signature in the IR-GFP image. Compared with the double-side-polished wafers, it is
difficult to differentiate between trapped particle and trapped gas defects in Fig. 5(b),
although it is possible when viewing thisimage in alarger format.

3.2 Fusion bonded Slicon-Silicon samples

Following visible-light confirmation of the characteristic defect signatures using the
IR-GFP, silicon-silicon wafers were fabricated and imaged. The bonding surface was
prepared using modified RCA-1 and standard RCA-2 cleaning procedures.9 Waferswere
placed in the modified RCA-1 solution (100 ml DI: 10 ml H,O,: 1 ml NH,OH) on a hot
plateat 73°C for 15 min and the solution was then subjected to an ultrasonic bath for 5 min.
Next, the wafers were immersed for 15 min in a standard RCA-2 clean solution heated to
73°C. The wafers were then carefully rinsed with DI several times and blow dried with
filtered nitrogen.

A wafer was placed in the EV G501 bond chuck with three thin spacers “flags’ placed
around the outer periphery. A second wafer was aligned to the first with the wafer flats.
The substrates were then pressed together in the middle and the spacers removed to force
bond initiation from the center of the sample. Bonding was carried out at room temperature
and atmospheric pressure in a class 100 cleanroom. After bonding, each wafer pair was
inspected using both IRT and the IR-GFP. A few bonded wafer pairs were then anneal ed
in aquartz tube furnace and inspected at regular intervals to track time-dependent evolution
of interfacial defects. These experiments were also carried out using both single-side- and
double-side-polished wafers.

3.2.1 Resultsfor double side polished wafers

InFig. 6(a), IRT imaging of atypical fusion-bonded sample reveals two small defects,
indicated by the black arrows. These trapped defects are too small to be located with wafer-
scale IRT imaging, but can be detected at this magnification level, even though the opening
profiles are too thin to produce a set of Newton’srings. In dramatic contrast, the shear
stressimage in Fig. 6(b) shows that this sample is densely populated with multiple defects.
Several trapped particle and gas defects can be discerned across the entireimage. Aswith
the anodically bonded samples, the residual stress field associated with the defects allows
ready differentiation between the trapped particles (black arrows), trapped-gas defects
(white arrows), and artificially introduced surface contamination (outlined arrows). Both
of the trapped-particle locations exhibit the signature “bow-tie” patternsidentified earlier,
and the trapped-gas defects show their associated ringlike signature. The topmost particle
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(a)

©
Fig. 5. Anodically bonded sample using single-side-polished silicon wafer. Trapped particles and

gas bubbles are visible. (a) IRT image and (b) shear stress image from IR-GFP; (c) visible-light
reflection microscopy image.

(a) o

Fig. 6. IR-GFP images of double-side-polished fusion bonded-wafers; (a) IRT image, (b) shear
stressimage (from ref. 4).
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isjust large enough to be located in Fig. 6(a), while it would be difficult to reliably locate
the lower defect by IRT imaging. Notice how similar this defect appearsin the IRT image
to that indicated by the outlined arrow, which is due to surface contamination introduced on
the outer wafer surface. The IR-GFP can easily discern these defects because surface
contamination does not induce residual stressin the bonded pair. The trapped gas bubble
located by the lower white arrow can be discerned in the IRT image with significant eye
strain, while it was not possible to detect the topmost bubble by IRT imaging. However, al
of these defects are easily discerned in the IR-GFP shear stressimage and many more that
aretoo small to identify by IRT imaging. Most of the defects located in thisimage are a
result of trapped gas bubbles asindicated by the lack of a stress concentration at the center
of the defects.

In all fusion-bonded pairs, a great many microscal e defects were found throughout the
interface. Figure 7 shows images of aregion that would be deemed defectfree using IRT
imaging. When imaging the stress patterns using the IR-GFP, however, it is easily seen
that this sampleis densely populated with defects. In this particular case, al of the defects
inthisfield of view are of the trapped-gas type, and measure anywhere from 300 um to less
than 50 umin diameter. It is not uncommon for the ratio of debond radius to height to be
on the order of 10% indicating that these small debonds would not generate a measurable
interference pattern using IRT imaging. As such, the defects detected by the IR-GFP are
much smaller than the dimensional threshold of IRT detection. A small optical density
shift is noted at the center at Fig. 7(a), which is due to an intentionally introduced particle
on the outer surface of the bonded pair. Asin Figs. 3(b) and 6(b), this surface contamina-
tion does not generate aresidual stress pattern in Fig. 7(b) and is thus rejected by the IR-
GFP.

While bonding these samples, wafer spacing “flags” were utilized with a central
contacting point to initiate a single bond front from the middle of the sample. However,
these images show that despite the lack of macroscale trapped gasses, gasses are indeed
trapped on asmaller scale. This phenomenon may be attributed to the nanoscal e surface
waviness previously discussed in the literature.®® Even though a single bond front is
initiated at a central location, this small-scale roughness may locally generate multiple
bond fronts, trapping gasses on asmaller length scale. Dueto its pixel resolution, wafer-
level IRT imaging could not possibly locate these microbubbles. Therefore, previous
investigations into time-dependent bubbles initiation may have been unable to detect an
important mechanism responsible for initiating these defects.

3.2.2 Resultsfor single-side-polished wafers

In a separate experiment, two single-side-polished silicon substrates were bonded on
the polished faces, presenting the most difficult inspection task for IRT imaging. Figure
8(a) showsaregion of the samplewith alarge set of Newton’ srings defects aswell asafew
other smaller trapped defects. As noted previously,™ in nearly all Newton’s rings that
would be visible with wafer-scale IRT imaging, multiple small particles are trapped in
close proximity, resulting in asingle very large debond area. Thisis nicely shown in the
IR-GFP image, Fig. 8(b), where four particles (noted by black arrows) are contained within
the large defect. The IR-GFP detects these particles by the presence of the unique contact



Sensors and Materials, Vol. 17, No. 6 (2005) 329

stress signature. As shown by the white arrows in both images, very small trapped gas
bubbles are identified by the IR-GFP that can only be retrospectively located in the IRT
image by finding the slight optical intensity shift that isvisible at higher magnifications. It
is also apparent from Fig. 8 that as the in-plane extents of the trapped bubbles become
smaller, they become much more difficult to detect in Fig. 8(a), yet they are clearly located
inFig. 8(b). Without a priori location of these defects from the IR-GFP image, it would be
nearly impossible to detect these trapped gas bubblesin the IRT image.

4. Tracking Defect Evolution during Anneling of Fusion-Bonded Samples

The bonded sample shown in Fig. 7 was placed in aquartz tube furnace at 500°C while
flowing 5 standard liters per minute (SLM) of nitrogen. The annealing process was
interrupted after 0.5, 1.0, 2.5, 5, 10, 20, 40, 60, and 80 h to inspect the defect population
using the IR-GFP. Inspection times lasted anywhere from 30 min to 2 h. The sample was
inspected at two locations, although images from only one location will be discussed in

@ (b)

Fig. 7. IR-GFPimagesfrom ‘defect free’ area of double-side-polished fusion-bonded wafers; (a)
IRT image, (b) shear stressimage.

Fig. 8. IR-GFPimagesof fusion-bonded single-side-polished wafersrevea alarge defect surrounded
by several smaller trapped bubbles; (a) IRT image, (b) shear stressimage.
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detail. Although alignment fixtures were used to |ocate the wafer flats, the sample was not
placed in the identical position for each image. The total misalignment between each
image is estimated to be approximately 0.5 mm or lessin both in-plane directions.

Figures 9(a)—9(f) show the evolution of trapped-gas defects using IRT imaging, while
Figs. 9(A)—9(F) show corresponding locations using |R-GFP imaging. Prior to annealing,
the IRT image (Fig. 9(a)) suggests that this bonded wafer pair is defect free, while the IR-
GFP image (Fig. 9(A)) again shows several trapped gas bubbles that measure approxi-
mately 100-500 um in diameter. After annealing the sample for 30 min, distinct morpho-
logical changesin the defect distribution are detected by the IR-GFP, Fig. 9(B). Thesize
and number of trapped gas bubbles increased noticeably from Fig. 9(A)' as well as the
residua stress magnitude (all images are presented on the same stress scale). The lower left
portion of Fig. 9(B) shows a unique interaction between the bubbles, indicating the onset of
bubble coalescence. Figure 9(b) does not display the marked changes detected by the shear
stress images of the IR-GFP, although some distributed bubbles, not large enough to
produce afull set of Newton’srings, are faintly visible in thisimage. After an additional
half hour of annealing, the IRT imagein Fig. 9(c) again appears the same, while the stress
pattern imaging shows even more interaction among defectsin the lower left corner. After
2.5 h of annealing large bubbles have formed in the lower left corner of the IR-GFP image
(Fig. 9(D)), and these defects are now easily visiblein the IRT image (Fig. 9(d)). Thelarge
bubbles appear to have gettered smaller ones and grown to a sufficiently large opening to
generate easily noticeable interference patterns.

After 5 h of annealing, Figs. 9(e) and 9(E), two large bubbles begin to dominate the
field of view. Thetwo bubbles seen after 2.5 h of annealing appear to have merged, and the
bubble just to the left of the field of view (stress field just detectable in Fig. 9(D)) has
consumed other bubbles. The larger defect now has enough opening displacement to
produce afull set of Newton'sringsin Fig. 9(e), while the remainder of the image appears
freefrom defects. However, the IR-GFPimagein Fig. 9(E) showsthat other small bubbles
are still present; it also shows that few such defects exist near the large bubbles. The shear
stress images, again, show that the true extents of the debond region are not the smooth
edges of the fringe patterns measured by IRT, but are rather than the jagged ones. Asnoted
in the anodically bonded samples, the presence of smooth Newton’s rings does not
necessarily indicate the bond front is likewise smooth and symmetrical.

After 10 h of annealing, the gas bubbles have grown to cover nearly the entire field of
view (Figs. 9(f) and 9(F)), and these defects are now large enough to produce several
Newton’s rings. Few other defects can be seen in the IR-GFP images, even at lower
magnification. From 10 h through 80 h of annealing, few changes are found in terms of the
size and shape of the trapped bubbles. Several investigators have reported that these
bubbles eventually recede,®® a progression that was not found in these experiments. It is
likely that the annealing process was not carried out for a sufficiently long time or that
interruption of the annealing process for observation inhibited the receding process.

The maximum value of the shear stress measured at both inspection locations using the
IR-GFPis plotted as afunction of annealing timein Fig. 10. These valueswere calculated
directly from the images presented in Fig. 9 using eq. (1) and the stress-optic coefficient for
this sample inspected with the [110] direction oriented horizontally.?? Assuming a potential

|t was not possible to directly track the evolution of individual bubbles because too much time
elapsed between the image captures. In-situ experiments are being planned to alow individual
bubble tracking.
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misalignment of 5°, the coefficient used for this data set is C = 7.07£0.15x10*? Pat. The
only other information that must be known prior to obtaining quantitative results is the
thickness of the sample, which is well controlled with modern processing techniques.
Details on extracting quantitative shear stress values from these maps can be found in refs.
10 and 16. Recall that the photoelastic method integrates the shear stress through the
sample thickness, so these values are actually athrough-thicknessintegrated value. During
the first 10 h of annealing, the maximum stress rose steadily, from just below 3 MPato
nearly 6 MPaat thefirst inspection location, reaching nearly 8 MPa at the second | ocation.
For both locations, the maximum stress was measured after 10 h of annealing. Beyond 10
h, the maximum stresses drops to a lower value. At the second inspection location, the
maximum stress dropped sharply after 10 h of annealing, only to recover to approximately
7 MPaafter 60 h of annealing. Data collection ishighly repeatable, so the total uncertainty,
which also takes into account the potential misalignment of the sample during inspection,
is estimated as £5%.

Fig. 9. IR-GFP images of annealed fusion-bonded double-side-polished wafers; IRT image (a)
prior to annealing, and after (b) 0.5 h, (c) 1.0 h, (d) 2.5 h, (e) 5.0 h, (f) 10 h, and (A—F) associated shear
stress images.
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Fig. 10. Maximum integrated shear stress measured using |R-GFP as afunction of annealing time for
double-side-polished fusion-bonded silicon-silicon sample.

5. Conclusions

A method of locating and classifying defects in bonded semiconductors was intro-
duced. Subfringe debonds, too thin to produce the Newton’s rings associated with
conventional infrared transmission (IRT) imaging, are readily detected using an infrared
grey-field polariscope (IR-GFP). The IR-GFP was validated by first inspecting anodically
bonded glass-silicon samples, where the defect population could be verified using high-
magnification visible-light reflection microscopy. The largest defects were detected by
conventional IRT imaging, but alarge population of small defects could only be found
using IR-GFP imaging. Furthermore, the residual stress patterns associated with trapped-
particle and trapped-gas defects are easily differentiated using the IR-GFP. Gasses trapped
during anodic and fusion bonding are found to have residual stresses of the same order as
the contact stresses associated with trapped particles. Single-side-polished wafers, which
are notoriously difficult to inspect by IRT imaging, were successfully examined with the
IR-GFP.

Aninitial investigation of time-dependent bubble growth during annealing was carried
out using IR-GFP imaging. These experimentsindicate that large populations of trapped-
gas defects with diameters on the order of 100 um are present prior to annealing. Earlier
studies that described the appearance of time-dependent bubbles would not have detected
this preexisting defect population that may be responsible for bubble initiation. Asearly as
30 min into the annealing process, the stress interactions in certain regions indicated
locations that later formed macroscal e bubbles. With continued annealing, these bubbles
coalesce into larger defects that become visible using conventional IRT imaging. In
addition to improved defect resolution, the |R-GFP permits quantitative measurement of
the residual stress in defects, and enables quantification of the evolution of stress with
annealing.
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