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Photoacoustic imaging of voids in direct wafer bonding
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We demonstrate photoacoustic thermal imaging of the voids occurring at the interface of directly
bonded silicon wafers. The wafers are not touched by probes, minimizing wafer contamination, and
the technique does not require the outer surfaces of the bonded wafers to be polished. The method
is effective for infrared-opaque materials, as demonstrated by coating a silicon bonded pair with
bismuth and obtaining an improvement in the contrast.2@0 American Institute of Physics.
[S0034-6748)0)04504-4

I. INTRODUCTION nonannealed bonded pairs, because water can easily pen-
etrate in the interface from the edges of the bonded pair and

Direct bonding is widely used for joining semiconductor destroy the weak bond.

wafers without the use of any intermediate layef$e basic Heat ducti lik q ducti . t limited
procedure is to clean the two polished wafer surfaces ang thea (;pnl uction, |dethsourf1 con uct:) lon, '3 ?O jmite
bring them into contact, whereupon they bond spontane-y € optical gap, an erefore can be used for imaging

ously, due both to the van der Waals attraction and to th oth semiconductors and metals. Photoacoustic microscopy
forma'tion of hydrogen bonds between the OH-terminate as previously been demonstrated for detection of purposely

surfaces and adsorbed water molecules. During subsequé {roduced cavities inside solid sampfeand for notches on

thermal annealing, water molecules, oxygen, and hydroge e back of sample%]n_ these cases, the defects had thick-
atoms can be eliminated, and covalent bonding across t ess of the order of millimeters, while here we demonstrate

interface is obtained etection of voids with submicron thickness. The physics
. and experimental methods of photoacou$Bé) character-

When used to join an oxidized silicon wafer to another.” . . ; . .
silicon wafer. which is later thinned. or from which a thin ization are well described in the literatuteut we review the

bonded layer is detached, the method finds one of its mo%{asic idea here. The sample surface is illuminated from the
important applications, namely the manufacture of “silicon- ront side with intensity-modulated light. The energy ab-

on-insulator” (SOI) substrated.The same method has been sorbed increases the sample local temperature, and heat is

- . ; ; - transported through the sample by conduction. This heats up
sed to join surfaces of different materials, including metals : . o
usec to Join su ! ! Inciuiding m |$[1e backside of the sample and the flgicually aiy in the
I;fell facing it, causing a periodic change in pressure which is

strates which take advantage of the properties of bot .
material<t detected by a microphone.

Imperfections in the topography of the surfaces, par- . .The imaged region is. not touched by any probe,. mini-
gnizing wafer contamination and risks to the integrity of

presence of voids at the interface before the high-temperatu?@e"’}z’ bnonan(r;ealed eﬁ?oﬂq? dO.ftfher' ptzototh(:;msl tec dh?lques
anneal, or to the appearance of voids after the anneal. It i ould be used as wetlwnich ditier in the method used tor
therefore important to monitor the homogeneity of theMeasuring the increase in the temperature of the back sur-

bonded interface. The standard method of imaging by infra{acte' ;”;ﬁ PA t?chm?ue_has lthe a((jtlva]tnrt]aggs of req“'”?“?’l con-
red (IR) transmission is limited by the optical gap of the acto ItS SLf‘r aT_eh_o alrf(:Ey ar: o avfmg noltsplemah re-
bonded materials and its applicability decreases as the Optﬂum_efr_nents % potls ng ]? € (_axl e.rlolrl ?ﬁr aces. 11aiso aia
cal gap of at least one of the materials decreases. Even in grregnificant advantage of principie: al the scanning can be
case of silicon to silicon bonding, heavy doping or metal one op_t|caIIy, which ISa far more ro_bust technique than the
coating of one of the wafers can make this kind of imagingmec_lr_]r":m'(.:aI sc?n usedf|rt1hacoust|c rtnlcroticodpy. that the i
ineffective. Other demonstrated methods of imaging voids at € Importance ot the present method 1S hat the in-
the interface include x-ray topographyand acoustic F:rea;ed absor ption of rad!a.tlon that impairs transr'mt'ted light
microscopy? The former detects lattice distortions caused bylmaglng contributes b_eneﬂ_mally to_ I.DA 'maging. Thls. Is dem-
the voids, and can only be used for voids in bonding Ofonstrated below by imaging a silicon k_)onded pair whose
crystalline materials. The latter works for any solid, but re—front surface was coated by a layer of bismuth.

quires a liquid coupling mediurttypically wate) that poten-

tially contaminates the wafer. It is also difficult to apply to !l. EXPERIMENTAL PROCEDURE

Pieces of commercial silicon wafers, cut out from one-
¥Electronic mail: jrsenna@Ias.inpe.br side polished commercial wafers were cleaned by a standard
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FIG. 1. Scheme of the setup for photoacoustic imaging. The inset shows the H ) A\
sample geometry assumed for the signal calculation. 027
31032 030
<c:13/3 029 (b)
“RCA” cleaning.® They were then dipped in HF 4@ (1:10 2|  om o
by mass, room temperatgror 20 s, which left them hydro- /
phobic, and rinsed in deionized water for 2 min. This was 14
followed by a hydrophilization treatment. For sample 1 this 0?1 0.6 |
consisted of immersion in a NJ®H:H,0,:H,0 solution(1: 2 : : A\
2:18 by volume, 75°C, 10 mjprinse in deionized water for 2;6;;;”:3]
2 min, and spin drying for 2 min at 3500 rpm, followed by Do o2 \&,‘_Z‘,L
contact. The pieces making up sample 2 were treated in an e
oxygen plasma in a rf reactor for 5 mih00 W rf power, 100
mTorr pressure, 90 sccm oxygen flpand were contacted as
soon as the reactor chamber was open to the atmosphere. All (©)
the pairs used in these experiments were found to adhere
spontaneously when contacted. They were not annealed at 2%
all. Even though samples for imaging were selected exactly '\f(

because of the presence of voids, as seen by infrared imag-
ing, the adhesion force was sufficient to allow their manipu-
lation. FIG. 2. (a) Infrared transmission image through part of sample 1. The spac-
The samples were imaged by infrared transmitted lightjng in microns, corresponding to a quarter wavelength, is marked on the first
supplied by an incandescent 20 W light bulb, filtered by affinge. (b) Constant-amplitude curves arid) constant phase curves, ob-
long-pass filter, and the image detected by a near-infrareffined from photoacoustic imaging of the same region.
video camera was captured by a frame grabber. Tests have
shown that the interference fringes corresponded to a wavesingle wafer sample. The arrangement is shown schemati-
length distribution centered at=1050 nm. The interfacial cally in Fig. 1.
distance was determined by attributing a distance between Figure 2 shows a comparison of infrared transmission
the two silicon pieces corresponding toi{2)X\/4 at the imaging and photoacoustic imaging for a region of sample 1,
ith dark fringe, with the counting beginning from the region which includes a small round void. Since this void does not
with no fringes. reach the boundary of either of the silicon squares in contact,
A small area of each sample was selected for photoaene cannot claim it to be filled with air at ambient pressure.
coustic imaging. They were illuminated with white light The interface spacing quoted in the figure is nonetheless es-
from a 100 W tungsten—halogen lamp focused to a smallimated for a gap filled with material of index of refraction
square spot, with a Gaussian-like profile of 4g@n full one. Like previous authorst' we find that the constant-
width at half maximum(FWHM), and integrated intensity of phase contours shown in Fig(c2 look more similar to the
4.7 mW. The incident light was modulated by a chopper at alefect shape in Fig.(2) than do the constant-amplitude con-
frequency of 17 Hz. The transmitted heat was detected fronours[shown in Fig. 2b)].
the backside, using an air-filled cell at atmospheric pressure Figure 3 shows a transmitted infrared image of a region
into which an electret microphone was inserted. The periodiof sample 2, in which a large fraction of the area is not
pressure variation on the microphone was detected synchrvonded. The region where the fringes appear is the non-
nously with the light modulation, using a lock-in amplifier. bonded area. From the spacing of the fringes, the distance
The cell was mounted on @y positioner, so that the light between the surfaces is estimated to grow from zero to a
spot could be scanned on the sample. The results shown hemaximum of about 1.3um at the left edge. The lighter, right
were obtained with manual scanning, and limitecat7 mm  region is the bonded area, and, according to the prevalent
by 7 mm region, with 50Qum steps. At each position the view? it includes a layer of water molecules between the
amplitude and phase of the microphone voltage were rewafer surfaces. Figures(@ and 4b) are, respectively, the
corded. They were normalized against the signal from @ignal constant-intensity and constant-phase maps of the

a(m) 5
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(@)

(b)

FIG. 3. Infrared transmission image through part of sample 2, attached to
the PA cell, showing the circular cell cavity contour and the square scanned
region (7 mmx7 mm). The spacing in microns, corresponding to an odd
number of quarter wavelengths is marked on each fringe.

square region outlined in Fig. 3. This sample was later cov-
ered with a 0.1um thick evaporated layer of bismuth, to
make sure the signal obtained was not caused by transmis-
sion of the infrared part of the illumination. This resulted in
an increase in the signal, due to the better absorption coeffi-
cient of the bismuth layer, and we obtained the intensity and
phase contours shown in Figgciand 4d).

(c)

Ill. DISCUSSION

We have used the thermal diffusion model for the pho-
toacoustic effect;!? extended to treat a three-layer system.
Referring to the inset of Fig. 1, and assuming that heat is
generated ak=0 at a rate R exp(2rift)+1]} per unit RN
area, we calculated the amplitudeand phasep of the pe- A~

riodic temperature at=1,+1,+15, as a function of,:
T(l,)e 12 =(1y/Ka){sinf o(l,+13)] (@)
+(Kol,/Ky)sinh ol 1) sin( ol 5)} 72, ’ e

o=¢e"\27fla, @

whereK andK, are the thermal conductivities of silicon and
the intermediate layer, respectively, amds the thermal dif-
fusivity of silicon. The diffusivity of the intermediate layer FhIG- 4. @ Chonsltlant;amplitud% Ct_lrvzs,f aufio) chonstant phase, rE_Iativeftoh
does ot enter the result a5 Iong as ts correspondiag e 155 11 Ihrinaien, chanee fom poaceteic magts of e
obeys o,l,<1 (“thermally thin” layer) and Kyo,<Ko. but after coating the sample with bismuth.

Expression (1) was evaluated fora=0.814cms !, K

=1.48 W/cm °C,K,=2.4x10 *W/cm °C (appropriate for

air), 1,=532um, andl;=524um. The difference¢(l,) fringes in Fig. 3 they correspond 1g=0, 0.26, and 1.31
— ¢(0) and the ratior (I1,)/T(0) are plotted in Fig. 5 fof pm, respectively, and for thesk values the calculation
=17 Hz. The latter ratio is proportional to the signal ampli- gives relative amplitudephases of 1, 0.83, and 0.330°,
tude ratio. For very thin voids, the phase should be a more-27°, and—64°). Figure 4c) gives the amplitude ratio in
sensitive probe of changes I, with the amplitude sensi- the sequence 1, 0.86, and 0.31; and Fid) gives the phase
tivity starting from zero. differences 0°,—28°, and—68°.

The agreement between theory and experiment is rea- The simple theoretical model is not appropriate for the
sonable in the case of the bismuth-coated sample. Considease of the uncoated pairs. It assumed light absorption and its
the points in Fig. 4 with vertical coordinate 3.0 mm, and complete conversion into heat at the surface. Therefore it
horizontal coordinates 6.8, 3.5, and 0.2 mm. Based on the IHoes not take into account the effects of nonzero light pen-

a(mm);
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1.0 -90 ing an improvement in the contrast, we demonstrated the
——— Amplitude f=17hz effectiveness of the method for infrared-opaque materials
.................... y and its feasibility for monitoring bonding to metals and
° e - Phase | o narrow-gap semiconductors. We consider this a promising
g e é technique for situations where other available techniques are
3 . I % inappropriate(noncrystalline, opaque materials, and nonan-
g o 2 nealed bonds
< 7’ 2
/7 o
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