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SILICON ON INSULATOR (SOl), THE NEW SILICON TECHNOLOGY
J. Stoemenos

Aristotle University of Thessaloniki, Physics Department, 54006 Thessaloniki, Greece.

Abstract
The present status and the state of the art of the Silicon On Insulator (SOl) technology are presented.
The advantages and the disadvantages of the SOl technology is discussed, as well as the reasons for
the delay this technology to enter in integrated circuit production. The three most important
commercially available types of SOl wafers are is presented. The physico-chemichal mechanisms
involved in the realization of these wafers are presented. The significant difference in the formation of
thermally grown oxide and the buried oxide (BOX) produced by high dose oxygen implantation in
silicon (SIMOX) will be highlighted.

1. Introduction
One of the most promising structures, which are suitable for the submicron devices, is Silicon

On Insulator (SOl), which is especially useful for the low-voltage, low-power, CMOS technology
[1,2]. The SOl wafer consists of a thin single-crystalline silicon layer placed on top of an insulator
such as silicon oxide or glass. The transistors would-then be built on top of this thin layer of SOl, as
shown in Fig. I.

MOSFET devices fabricated on SOl have several advantages
such as reduced parasitic capacitance, latch-up elimination,
soft-error-rate reduction and simple device isolation [3]. This is
shown in schematically in the case of a CMOS inverter
fabricated on bulk Si wafer, Fig.2a and on SOl wafer as shown
in Fig.2b [2]. Also the formation of shallow contacts is
significantly easer in ease of SOl than in bulk Si wafer as
shown in Fig.3
SOl wafers permits the realization of fully depleted (FD)
MOSFET which exhibit sharper subthreshold slope, reduced
short-channel effects and arc free of kink phenomena, even
without body contacts. Considering breakdown voltage versus

Silicon substrate J
--

Fig.lThe SiliconOn Insulator (SOl)
structure

effective gate length, the SOl advantages over the bulk Si wafer in the range of in the submieron scale,
as shown in Fig.4.

Moreover, MOSFET are more dynamically stable than partially depleted devices in terms of
dynamic floating body effects [4]. The SOl structures are also of substantial importance for the future
Si nanodevices operating on tile basis of quantum mechanical phenomena [5].

SOl offers speed improvement between 0% and 30%, and power improvement between 5%
and 40%. Optimized SOl device and circuits may realize improvement from the mid to high portions
of these ranges. In the past five years impressive progress has been made in SOl materials, device and
process demonstrations, and product research. However up to the last three years SOl IC technology
remained a promise more than a reality. Important reasons for not applying SOl technology arc:
(i) The rate of bulk technology scaling, in gate length, gate oxide thickness, threshold voltage Vt, and

performance has exceeded earlier expectations.
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Fig.2 CMOSinverted fabricated a) On bulk Si wafer b) On SOl wafer
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Fig.3 Formationof shallow contacts a) On bulk Si b) On SOl
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Fig.4Breakdownvoltageversus effectivegate length in bulk Si and SOl
Fig.SDefectsin the Si-overlayerof the standard SIMOX,pair dislocations arc denoted by the letter T, stacking

fault complex in the form of orthogonal pyramid is denoted by the letter P, a shallow prismatic stacking
fault is denotedby the letter R. The fault is locatedon the Si!Si~ interface

(ii) SOl wafer availability, quality and cost.
(iii) SOl MOSFETs floating body effects and lower breakdown voltage.
(iv) Economic reasons that propels Bulk-CMOS advances in circuit techniques and process

technology .
Today the low-voltage, low-power requirements show the limitations of Bulk-CMOS, opening a

new opportunity for SOl technology, Recently IBM has announced a 1.7 to 3 times lower power
consumption of the new developed CMOS SOl technology over bulk CMOS technology. This result
has convinced many skeptics that after three decades, SOl is the real technology that can be used to
design the next generation of chips.

One of the early benefits of SOl is the reduction in soft-error rate due to cosmic rays and
background radioactive. Actually one of the earlier applications of SOl has been in memories for
space application. IBM has shown that, as chips get smaller and thc voltages drop, soft-error rate
slowly increases. Early studies indicate that, as CMOS is scaled into 0.18 micron range and voltages
drop, SOl has much lower soft-error rate than bulk CMOS.
2. SOl substrates.

The SOl substrate plays a major role in the SOl device characteristics and manufacturability.
The quality of the superficial top Si film is important as it determines the quality and integrity of the
thin gate oxide and the inversion layer mobility. Also its quality and reduced defect density are crucial
to achieve high strength and reliable structures. As mentioned above thc lack of a reliable substrate
and the lack of understanding the mechanism degrading the yield of lC's processed on SOl wafers
have been a major contributor in delaying the introduction of SOl in the mainstream IC industry.

From all the different approaches for fabrication SOl wafers only SIMOX, Smart-Cut" and
ELTRON methods are seriously considered for production in an industrial scale [6]. The advantages
and the disadvantages of these three methods regarding the quality of the Si-overlayer and the buried
oxide layer will be discussed.
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3. SIMOX technology
Silicon separation by implanted oxygen (SIMOX) in order to form a buried Si02 layer is one of

the best examples of the successful co-operation of recent technological advancements in the field of
ion-implantation and materials science [7].
J. I. General characteristics of standard SIMOX f8}

In standard SIMOX the Si-overlayer and the BOX are about 220nm and 390nm thick, respectively
[8]. The dislocation density in the Si-overiayer of the standard material is of the order of 1-5X105 em-
2. These are threading edge type dislocations with Burger vectors of 1/2<110> types. They appear in
pairs with distance usually less than 0.1 11m,denoted by the letter T in Fig.5 However a multistep
implantation and annealing process can reduce the dislocation density to 104 cm-2 [9].

Commercially available SIMOX wafers are produced by the Eaton NV-200 implanters at an energy
of 190 keY with a dose l.8XI0180+cm-2 at implantation temperature 600 to 6500 C, as shown in
Fig.6a, subsequently are annealed for 6h at 13200 C under AI + 1% O2 atmosphere in order to
eliminate the existing oxide precipitates in the Si-overiayer and the formation a buried oxide (BOX)
layer with abrupt interfaces, as shown in Fig.6d [10].

At the back side of the Si-overlayer, orthogonal shaped stacking faults complexes and prismatic SF
are observed, denoted by the letter P and R respectively in Fig.5. Their density is about 106 cm-2. The
prismatic SFs are very shallow defects, which consist from opposite facing SFs terminated in a Lomer
Cottrell sessile dislocation.
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Fig.6 Cross-section micrographs from SIMOX, which shows the evolution of the SiOl pricipitates in the Si-
overlayer.a) As implanted b) Annealed at IISO·C, 2h c) Annealed at 118S·C,6h d) Annealedat 1300·C,
6h.

.. ;.'.~.." ,.
"III'

• .••• '<f1#.'ee';'-:-- 'f~....•.-~, .. Si~
600·C b

Fig.7 Schematic showing the differences in the formation of Si/Si02 interfaces in a) thermally grownoxide b)
buried oxide.

3.2 Formation of the buried oxide layer.
The formation of the BOX in SIMOX is significantly different from the thermally grown

oxide of the bulk silicon. In thermally grown oxide the conversion of Si to Si02 involves a 2.2 fold
increase in molar volume. In the case of thermally grown oxide an additional 1.2 molar volume, per
unit volume of oxidized Si, must be obtained in the direction normal to the Si surface. This extra
volume is mainly accommodated by viscous flow of the oxide at temperatures above 9500 C, as
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schematically depicted in Fig.7a. Below this temperature viscous flow is not observed. In this case
intrinsic stress is developed [II].

Volwne acconunodation is also possible by emission of Si atoms, which become self-
interstitial (Sij) according to the form:

xSi + 02 -+ Si02 + (x-I) SiI (1)
A completely free of strain SiOl formation requires x=2.2 which implies an excess of Si

interstitial in the silicon matrix. Theoretical and experimental works on the silicon self-diffusion
reveal, that Si, have high formation energy and very low migration energy. The sum of these two
activation energies is about 5 eV [12-15]. Therefore, under normal oxidation conditions the formation
of SiOl by emission of Si. is insignificant because of the high activation energy of the Si] formation.
The ratio of the Si interstitials to oxidized silicon atoms is less than 10.3 [16, 17J.

In SIMOX where the BOX is formed at 6000 C the oxidation by emission of Si], as it is
described by equation (1), dominates because during ion implantation the energy to break the silicon
bonds is provided by the ion beam that creates silicon vacancies and self-interstitials. The former
participate in the formation of the SiOz while the latter migrate almost athermaUy by virtue of their
high diffusivity towards the surface [18], as shown in Fig.7b.

According to equation (I) for a free of strain oxidation, a flux 0.63Fo(cm-2s-l) of Si, out of the
BOX is required, where F, is the flux of the implanted oxygen. Therefore in order to avoid the
development of defects due to self-interstitial supersaturation a fast migration of the Si, to the surface,
which is the natural sink for Si interstitial, must be maintained during implantation. Moreover self-
interstitial supersaturation can build up a chemical potential which opposes the oxidation reaction [12J.
Molecular dynamic simulations in Si confirms this approach [18]. The differences in migration energy
of the Si, and vacancies as well as the preferential migration of the former toward the surface readily
explains the formation of voids which were observed in the top of the Si-overlayer [19].

SIMOX permits an excellent thickness control of the Si-overlayer even for thickness below
50run, which is especially useful for FD MOSFETs.
4. Smart-Cute technique
4.i Wafer bonding of Silicon on insula/or

For the wafer bonding of Silicon on Insulator two thermally oxidized silicon wafers are brought
to contact at room temperature. Before contacting the wafers were flushed by deionised water, drying
by spinning under an infrared lamp. The bonding kinetics includes hydrogen bonds at low
temperatures up to 250°C and Si-O-Si bond formation at higher temperatures up to I 100°C. The next
step is the controlled thinning of one of the bonded wafers for the formation of the device film. The
bonded SOl wafers have a very low defect density [20J. Instead of thinning of the bonded wafer
hydrogen ion implantation is used for the formation of the device film this is the Smart-Cute
technique.
4.2 Hydrogen implantation

The Smart-Cute technique is a combination of hydrogen ion implantation, followed by wafer
bonding which permits the transfer of thin device film on the bonded wafer [21]. The process can be
described in six steps, as shown in Fig.8.

I) Wafer (A) is thermally oxidized, the thickness of the oxide corresponds to the BOX layer
after bonding Fig.8a.

2) Hydrogen implantation of Wafer (A) through the oxide to a depth at which the Si will split in
the 4th step, Fig.8b. Defects are produced in the implanted zone these are microcavities denoted by the
letter C, {Ill} platelets denoted by the letter P and more extended (00 I) platelets parallel to the
surface denoted by the letter K, as schematically shown in Fig.9a.

3) Wafers A and B, the second covered only by the native oxide, are bonded at room
temperature, after a cleaning procedure similar to the standard BSOI process, Fig.8c.

4) A low temperature annealing (400 to 600°C) results in the split of wafer A in two parts. The
split corresponds in the middle of the implanted zone. A thin Si film and the oxide layer remains
bonded on the wafer B. The splitted surface is rough, as shown in Fig.8d.

5) A second annealing at I 100°C stabilizes the bond, also eliminates the microdefects at the
surface, as shown in Fig.8e.

6) Finally a touch-polishingstep .
this is the Unibonde wafer, Fig.8f. The
Unibond" wafer reducing productioncost,
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6) Finally a touch-polishing step is applied in order to eliminate the roughness at the surface,
this is the Unibond~ wafer, Fig.8f. The wafer A can be used again as the handle wafer for a new
Unibond~ wafer reducing production cost.
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Fig.S. The six steps of the Smart-Cut process.

I Si~

Fig.9. Schematic shows the defects after hydrogen implantation. a) Small spherical vacancies, {III} plate like
defects denoted by the letter P, (001) plate like defects denoted by the leiter C and combination of {III}
and (001) plate like defects denoted by the letter K. b) Broken Si-Si bonds parallel to the surface of the
crack tip propagates on the (00 1) plain near the surface.

The reduction of the fracture resistance after hydrogen implantation and the formation of
blisters and craters at dose above I017Wcm-2 have been observed by several authors [22-26]. The
smart-cut" technique has been developed on the bases of these properties by Bruel [27].

The split of the (001) Si wafers after H-implantation and subsequent annealing at 6000e is
attributed to the smaIl {I II} and (00 I) plate like defects, especially to the second. These are
microcracks [54], which arc formed by hydrogen passivation of the broken Si-Si bonds produced
during H-implantation between two adjacent Si planes. The resulting Si-H bonds form planes of
hydrogen atoms as schematically shown in Fig.9b. This configuration results in a small amount of
bowing of the neighboring Si lattice planes parallel to the hydrogen planes. Thus strain is created
facilitating the propagation of the crack tip by disrupting the Si lattice along the hydrogen plane. The
platelets are places for concentration of molecular hydrogen, which plays a very important role for the
split of the wafer during the low temperature annealing, around 600°C.

The wafer bonding technique is also applicable in other semiconductors, which can be bonded
with Si02 [10].
5. Epitaxial Layer Transfer (EL TRAN~

The process flow for the realization of ELTRA~ wafers is shown in Fig.IO. The device wafer,
which is composed of porous Si, epitaxial Si and surface oxide are bonded with the handle wafers
[28J. The porosity is controlled by the current density during anodization. Two successive porous
zones are formed the first with mean porous diameter 10nm near the epitaxial layer and the second
with mean diameter 30nm near the device wafer. The bonded pairs are split within the two porous Si
layers. The handle wafer side results in EL TRAN wafer after etching the porous Si layer by fluid
injection or mechanical split. Subsequently the wafer is subjected to a high temperature annealing at
1050°C under hydrogen for roughness elimination. The surface microroughness on EL TRAN wafers is
comparable to conventional oolished bulk wafers or even smoother.
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Characteristics of LTRAN wafers: Si-Overlayer from 3000wn to 50wn, BOX layer 3000 to 100wn,
HF defects <0.05cm·1, SECCO defects 1_3xI04cm·1, light point defects <50/wafer.
6. Conclusions
It is widely accepted that silicon will continue to dominate other semiconductors. It will cover more
than 98% of the semiconductor market for the next ten years [29]. Thanks to the excellent flexibility of
the Si-Si01 system the SOl structure will dominate, in the new generation of the ULSI circuits. The
SOl-CMOS technology offers unique advantages over the equivalent bulk-silicon technology, and is
hence potentially competitive in deep-submicron ULSI applications as well as in low-power integrated
circuits.
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Fig. 10 The steps of the ELTRA process
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