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Stlicon-on-sapphire (SOS) has been prepared by direct wafer bonding. The silicon layer was
thinned to about 10 ;um by mechanical grinding and chemical etching. P-A junction diodes were
fabricated in the bonded SOS and compared with epitaxially grown SOS. The reverse bias
leakage current was almost 15X less in the bonded SOS. A generation lifetime of 10 us can be
estimated from the junction leakage. The effects of processing temperatures on the bonded SOS

were also studied.

Wafer bonding has been used to make material both
for electronic devices and for micromachined structures.’
In this work, 100 mm silicon wafers were bonded to 100
mm polished sapphire substrates using standard silicon wa-
fer bonding techniques. The p* (boron, 1x10%* cm™?)
silicon device wafers had a lightly dcped (boron, $x 16"
em ™) epitaxial layer. Prior 10 bonding, the wafers were
treated with a H,0,/NH,OH solution, rinsed in de-ionized
water, and spin dried under nitrogen.” The 'vafers were
bonded under class 10 conditions with the major flats
aligned. The initial bond strength was not measured but
was strong enough so that it was difficult to separate the
wafers without breaking the silicon. The initial bonding
process was easy to monitor by observing the interference
fringes through the transparent sapphire substrates.

Bonding would take place either with or without a 100
nm thermal oxide on the silicon device wafer. Bonding
would not occur when an epitaxial film of silicon was on
the sapphire substrate. The epitaxial silicon layer may not
be smooth enough for good bonding to occur.’

Prior to thinning, the bonded wafers were heated in air
for 2 h at 200 °C in order to strengthen the bond. Heating
the wafers to 250 °C and higher caused the silicon wafer to
crack. The silicon device wafer was thinned to about 100
um by grinding and most of the remaining p* silicon was
removed using a 1:6:3 HF:HNO;:CH;CO,H etch. The fi-
nal thinning step was a 1:3:8 HF:HNO;:CH,CO,H etch,
which is selective to p* silicon.* This simple thinning pro-
cess could be improved using more sophisticated mechan-
ical or chemical techniques, such as precision machining or
a different etch stop.

Samples of a bonded SOS film with a thickness of § um
were subjected to various temperatures, cleaved, and
treated with Wright etch for 20 s.”> A sample that was not
given any thermal processing other than the anneaij prior to
thinning was seen by scanning electron microscopy to be
dislocation free. Another sample was given a 650 °C z2nneal
for I hin dry oxygen. This caused cracking of the film with

*'Formerly Naval Ocean Systems Center,
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crack spacing on the order of 100 um. The defect etch
highlighted lines of dislocauons aleng the (111} planes. A
third sample, annealed at 850 °C in dry oxygen for 1 h, also
showed cracking. The etch exposed a significantly larger
number of dislocations than were seen in the films which
were annealed at 650 °C.

The cracking that occurs 1 large area films after gh
temperature processing seems to relieve strain in the i
con. Regions were observed in films processed at 62 and
850 °C that were largely defect free. These regions are al-
ways near a large crack in the silicon. This indicates that
mesa isolation may be required for these films before any
high temperature processing.

As a test of the quality of the bonded silicon material,
P-N diodes were fabnicated in the bonded SOS. The first
step in processing was mesa isolation with a KOH etch. A
field implant was done next 10 provide ohmic contacts o
the p~ substrate and prevent field inversion. This implant
was activated at 850 °C for 49 min. A masked phosphorus
implant formed the diodes with a junction depth of about
1 um and dopant concentration of 1x 10® cm > A ficld
oxide was then grown in steam at 850 °C for §9 min, which
also served to activate the implant. The processing temper-
atures were kept low in order to mimimize dislocation gen-
eration. Contact holes were etched in the oxide, and Al/S:
was deposited for metallization. The aluminum was pat-
terned and sintered at 400 °C in forming gas.

As a comparison, similar diodes were fabricated in ept-
taxially grown SOS. A 300 nm film of SOS was first 1m-
proved by double solid phase epitaxy,® and then implanted
with boron to form a buried layer. Silicon was then depos-
ited by atmospheric chemical vapor deposition at 950 °C to
a total tmckness of 10 um. The epitaxial SOS used the
same subsequent processing temperatures as the bonded
material. Diodes were also fabricated in p~ on p' bulk
silicon wafers for comparison. Implant activation for ‘hese
wafers was done at 950 °C. All diodes had an active area of
10~* cm?®. Figure 1 shows schematic drawings of the di-
odes fabricated in the three matenials,

Plots of the reverse bias lecakage current versus bias
voltage obtained from duiodes in the three matenals are
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FIG. 1. Schematic drawings of the bulk silicon (top), epitaxially grown
SOS {middle), and bonded SOS (bottom) diodes.

shown in Fig. 2. The bulk silicon diode exhibits low leak-
age as expected, 11 nA/cm? at 1 V reverse bias. The leak-
age current of the epitaxial SOS diode at 1 V is 740 nA/
cm?, almost seventy times that of the bulk diode. At 1 V
reverse bias, the leakage current in the bonded SOS diode
is 51 nA/cm?, less than five times the leakage of the bulk
diode. The unusual increase in leakage of the bonded SOS
diode at higher reverse voltages is believed to be caused by
carrier generation at the silicon-sapphire interface. The de-
pletion region reaches the interface because of the lack of a
heavily doped buried layer in the bonded SOS. At 1 V
reverse bias, which in the lightly doped p region produces
a depletion depth of 2 um, the generation lifetime in the
bonded SOS was caiculated to be about 10 us.
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F1G. 2. Leakage current vs reverse bias voltage for bulk silicon (dotted
linc), bonded SOS (solid line), and epitaxial SOS (dashed line).
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FI1G. 3. Forward current vs bias voltage for bulk silicon (dotted hine ),
bonded SOS (sohd hine), and epitaxiat SOS {dashed linc)

The forward characteristics of the diodes are shown in
Fig. 3. The epitaxial SOS device shows excess current at
low forward bias, which 1s indicative of recombination cur-
rents in the space charge region. This current can be asso-
ciated with microdefects in the material. At small forward
currents, the current in the bonded SOS diode is nearly
identical to that in the bulk silicon diode. The higher sertes
resistance of the bonded diode, due again to the lack of a
highly doped buried layer, is seen in its larger voltage drop
at higher currents. The saturation current of the bonded
SOS diode is 43.6 X103 A, compared 10 8.5% 10" "* A in
the bulk silicon diode.

Silicon bonded to sapphire is a new semiconductor ma-
terial which may find applications in minority carrier de-
vices, such as charge coupled devices or bipolar transistors.
Diodes fabricated in bonded SOS films are significantly
better than diodes in epitaxially grown SOS, and approach
the quality of bulk silicon dicdes. Problems which need to
be addressed are film uniformity, and thermally induced
defects. Film uniformity is not as cgtical for the thick film
devices for which this material is intended as it would
be for a fully depleted complementary metal-oxide-
semiconductor technology. Bonded SOS in conjunction
with epitaxial SOS may be particularly suited to a process
which uses both bipolar and field effect transistors on SOS.
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