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We have demonstrated feasibility to form silicon-on-insulator (SOI) substrates
using plasma immersion ion implantation (PIII) for both separation by implan-
tation of oxygen and ion-cut. This high throughput technique can substantially
lower the high cost of SOI substrates due to the simpler implanter design as well
as ease of maintenance. For separation by plasma implantation of oxygen
wafers, secondary ion mass spectrometry analysis and cross-sectional transmis-
sion electron micrographs show continuous buried oxide formation under a
single-crystal silicon overlayer with sharp Si/SiO, interfaces after oxygen plasma
implantation and high-temperature (1300°C) annealing. Ion-cut SOI wafer
fabrication technique is implemented for the first time using PIIL. The hydrogen
plasma can be optimized so that only one ion species is dominant in concentration
and there are minimal effects by other residual ions on the ion-cut process. The
physical mechanism of hydrogen induced silicon surface layer cleavage has been
investigated. An ideal gas law model of the microcavity internal pressure
combined with a two-dimensional finite element fracture mechanics model is
used to approximate the fracture driving force which is sufficient to overcome the
silicon fracture resistance.
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INTRODUCTION

Plasma immersion ion implantation (PIII) is an
emerging technology for high dose-rate implanta-
tion.-3 The physical principle of PIII is illustrated in
Fig. 1. A substrate is placed on a holder which is
immersed into a uniform plasma containing the im-
plant ion species. A negative bias voltage, which can
be DC or transient pulse, is applied to the substrate
holder. When this bias voltage is applied, electrons
are repelled away from the target surface and a
sheath is established. The positive ions will be accel-
erated by the negative substrate bias and eventually
implanted. Since no mass separation is utilized in the
PIII method, composition of the ion species is mainly
controlled by the gas composition and plasma excita-
tion.

The major advantage of PIII over conventional
implanter is its high throughput for high dose pro-
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cessing (e.g. silicon-on-insulator or SOI) and large
area processing (e.g. flat panel display). Since the
entire wafer is implanted simultaneously in PIII, the
processing time is independent of the wafer size. This
contrasts sharply with conventional implantation
where an ion beam is scanned across the wafer and
the implantation time scales with the square of the
wafer radius. An implantation throughput compari-
son between PIII and a state-of-the-art high current
conventional implanter is illustrated in Fig. 2, using
a dose requirement of 10'® cm-2. In this comparison,
we use the current density for PIII because the im-
plantation is independent of area. It should also be
mentioned that conventional ion implantation is a
batch process whereas PIII is not. However, in using
a multiple sample exchange mechanism, the sample
exchange time is minimal compared to the actual
implantation time. The time saving, especially for
larger wafers, is thus quite substantial. PIII also
offers simple machine design and maintenance, full
compatibility with integrated-circuit processing clus-
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Fig. 1. Schematic illustration of physical principle of plasma immersion
ion implantation (PIlI).
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Fig. 2. Throughput comparison between conventional SIMOX process
and SPIMOX process. Since the whole wafer is implanted simuita-
neously, the rate of the SPIMOX implantation is independent of the
wafer size.
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Fig. 3. Schematic of the SIMOX process, which includes two major
processing steps: implantation of oxygen and high temperature an-
nealing.

ter tools, and conformal implantation capability.

The semiconductor applications currently under
development using PIII systems are shallow junction
formation in integrated circuits,** SIMOX and ion-
cut SOI wafer fabrication,®° doping and hydrogena-
tion for flat-panel display thin-film transistors,!!-!?
and trench sidewall doping.!? In this paper, we report
mainly application of PIII for SIMOX and ion-cut SOI
wafer fabrication.

Among SOI technologies, SIMOX is considered to
be the most mature and promising for high density
CMOS circuits. There are two major wafer fabrication
steps in the SIMOX process: implantation of oxygen
and high temperature annealing, as shown in Fig. 3.
Both processing steps are similar to those used in
conventional integrated circuit fabrication process,
but the requirements are quite different. The oxygen
implantation dose is quite high, and wafer tempera-
ture needs to be maintained at certain temperature,
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Fig. 4. Process flow of ion-cut SOI fabrication. Note the donor wafer
after cleavage can be recycled as receptor wafer.

typically around 650°C. The post annealing tempera-
ture is above 1300°C and much higher than a typical
IC process.

SIMOX SOI wafers are costly to manufacture due
to the long implantation time required for the high
oxygen dose (2 x 10-2 x 10'® cm-2). Attempts have
been made to develop high current implanters spe-
cificto SIMOX applications.!*15 Low dose, thin SIMOX
processes that require shorter implantation time have
also been considered,!¢-'® which result in shorter im-
plantation time. Our recent work on separation by
plasma implantation of oxygen (SPIMOX), which is a
modification of the conventional SIMOX process, uses
the plasma immersion ion implantation process.’-*
This process allows for even higher throughput for
implanting SIMOX wafers.

Recently, there is an emerging technology, ion-
cut, commercially referred as Smart-Cut™192° that
has advantages of both the SIMOX and BESOI (wafer
bonding and etch back SOI) features. The implanta-
tion step of the ion-cut process provides the excellent
uniformity of the top silicon thickness. The thermal
growth of oxide and wafer bonding provide high qual-
ity and uniformity of the buried oxide with an arbi-
trary thickness. Furthermore, ion-cut opens up other
exciting material synthesis opportunities for the elec-
tronics industry, such as silicon-on-glass,”! germa-
nium, silicon-carbide, diamond thin films,?? and even
three-dimensional stacking of devices.?

The ion-cut process has been described in the
literature.!%2 The process flow is illustrated in Fig. 4.
This process starts with a donor wafer and a receptor
wafer, with one or both wafers grown with thermal
oxide. Hydrogen is implanted into the donor wafer
coated with thermal oxide. The donor wafer is then
bonded with the receptor silicon wafer. The wafer
bonding and curing temperature is typically less than
300°C. The bonded wafer pair is then subjected to a
cleavage thermal treatment between 400 to 600°C.
During the cleavage thermal treatment, the wafer
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pair breaks into two completely separated wafers
along the hydrogen implanted depth, and the receptor
wafer has now an SOI structure. A high temperature
annealing process (i.e., 1100°C) is then performed to
perfect the wafer bonding interface. The wafer sur-
face is finally touch polished to make an integrated-
circuit grade SOI wafer. Because the donor wafer can
be touch polished and then recycled as the receptor
watfer, this process will not waste substrate materi-
als.

In the ion-cut process, the required hydrogen dose
is also quite high and in the range of 2 x 10 to 1 x 10"
atoms-cm-2. PIII is well-suited for this high dose
application. PIII may also provide other ion-cut pro-
cess optimization opportunities, such as multiple ion
implantation, and surface plasma treatment for low
temperature wafer bonding.

OPTIMIZATION OF PLASMA CONDITIONS
FOR PIII

Our PIII system setup is illustrated in Fig. 5. The
target wafer is immersed in the oxygen or hydrogen
plasma and a negative DC bias is applied to it. At a
sufficiently low chamber pressure (less than 200
uTorr), the mean free path of the ions is much larger
than the sheath thickness, and ion transport across
the sheath can be assumed collisionless. Under these
conditons, the implantation energy is equal to the
applied bias voltage.

The plasma is generated using an electron cyclo-
tron resonance (ECR) source with a microwave fre-
quency of 2.45 GHz. The magnetic field for the ECR
plasmais generated using a DC current source through
copper coils. The plasma ion densities were monitored
using a SXP 300 VG quadrupole in connection with a
CMX 500 cylindrical mirror energy analyzer. The
plasma conditions have been tuned by mainly varying
the oxygen or hydrogen gas pressure, microwave
power, and magnetic coil current.

As the implantation system does not use mass
selection, both O+ and O,* generated by the ECR
oxygen plasma will be implanted in the SPIMOX
process. However, to generate a single nucleation
plane for the SPIMOX, we have to ensure that oneion
species dominates the implant and a single peaked
implant profile is formed in the wafer. We have
chosen O,* as the dominant ion species in the plasma.
Mass spectrometer measurements of the plasma ions
showed that over 92 percent of the ions are O,*, while
less that 8 percent is O* (Fig. 6). Since every O,* ion
carries 2 oxygen atoms, the oxygen dose due to O,*
implant is over 95 percent, while the dose due to O*1s
less than 5 percent. The effect of O+ implantation on
oxide nucleation is undetectable after the high tem-
perature annealing.

For the hydrogen PIII ion-cut process, the simul-
taneous presence of H*, H,*, and H,* in the plasma is
a consideration. For example, the presence of mul-
tiple peaks in the hydrogen depth profile may initiate
cleavage at different depths. It is found that hydrogen
gas pressure has the most significant effect on the ion
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Fig. 5. Schematic of the Berkeley Pill system. The target water is
immersed in a quasi-neutral plasma and a negative DC bias corre-
sponding to the desired implantation energy is applied to the target. A
typical implantation dose rate is around 10'S ~ 10'¢ cm-2s-',
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Fig. 6. Oxygen plasma ion composition measured by mass spectrom-
etry. The oxygen gas pressure is 75 uTorr and a microwave power of
300 W was used.
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Fig. 7. Hydrogen plasma ion composition at different chamber pressure,
measured by mass spectrometry. The microwave power is 300 W.

composition. As shown in Fig. 7, H* ions constitute
about 20% for all gas pressure investigated. On the
other hand, H,* ions are found to increase dramati-
cally from less than 3% at 75 uTorr to 75% at 1 mTorr.
H,* ions are found to decrease from 80 to 5% in the
same pressure range. The magnetic coil current is at
I=220 A and the input microwave poweris at P =300
W for all the hydrogen pressure conditions. Both the
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Fig. 8. SIMS profile of the oxygen concentration of as-implanted and
annealed silicon wafer using SPIMOX. The implantation was carried
out at 60 kV. The wafer was annealed at 1300° for 3h.
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Fig. 9. XTEM micrograph of the SOI structure formed using the
SPIMOX process. The impiantation was carried out at 60 kV. The
wafer was annealed at 1300°C for 3 h. Single crystat silicon over-iayer
is formed with abrupt Si/oxide interfaces.
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Fig. 10. SPIMOX process window in terms of the oxygen dose and the
annealing temperature. The optimal dose for —60 kV impiantation is at
1-2 x 10" cm=, and the optimal annealing temperature is over
1300°C.
magnetic coil current and microwave power have
shown lesser effects on the ion composition.

We have chosen H," as the dominant implantation
species for the PIII ion-cut process for the following
two reasons. Firstly, H,” is dominant at the lower
pressure regime, while the total ion density is also
lower. Therefore, the implantation current is lower
with H,* as the dominant ion species and less heating
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results during implantation. By keeping the wafer
temperature during implantation below 250°C, the
implanted hydrogen is less likely to diffuse and nucle-
ate during the implantation step. Secondly, H,* can
offer a larger implantation penetration depth com-
paring with H,*.

SPIMOX WAFER FABRICATION RESULTS
SPIMOX Experimental

CZ grown, 4 inch p-type <100> silicon wafers were
used to fabricate SOI structures using the SPIMOX
process. The oxygen gas pressure in the implantation
chamber was kept between 50 and 100 uTorr. The
coupled microwave power was at between 200 and
300 W. The wafer was biased at —60 kV. Rough
temperature measurements using pyrometer showed
that the substrate temperature was about 600 to 700°
during PIII.

After implantation, wafers were capped with 300
nm oxide and 200 nm nitride passivation layers using
plasma enhanced chemical vapor deposition (PECVD).
The nitride capping layers are necessary to prevent
the oxidation of the thin silicon over-layer during the
high temperature furnace annealing, while the oxide
layer makes the silicon surface layer stress free. A
typical post-implantation annealing consisted of three
stages: 800°C for 1 h; 1000°C for 1 h; and 1300 to
1325°C for 3 h, all in a nitrogen ambient. The tem-
perature ramp rate was approximately 5 degrees per
minute.

SIMS Oxygen Profile

The oxygen profiles of the as-implanted and an-
nealed wafers acquired by SIMS are displayed in Fig.
8. The implantation voltage is 60 kV with an oxygen
dose of 1 x 107 cm=. As expected, there is only one
dominant oxygen peak, corresponding to the implanted
O,*. After annealed at 1300°C for 3 h, a complete BOX
layer is formed. The stoichiometry of the BOX layer is
identical to the passivation PECVD oxide layer depos-
ited at the wafer surface, indicated by the same level
of oxygen signal in both the buried oxide layer and the
surface PECVD layer. The SIMS data of the annealed
wafer also show a very sharp silicon/oxide interface.

XTEM Characterization

Cross-sectional transmission electron microscopy
(XTEM) was performed using a JEOL JEM 200CX
microscope operating at 200 kV to examine the SOI
structure morphology. A cross-sectional TEM picture
of an annealed SPIMOX sample is shown in Fig. 9. A
continuous, planar buried oxide layer is formed under
a single crystal silicon over-layer. The abrupt silicon/
oxide interface is shown in the insert of a high-
resolution TEM micrograph. In the SPIMOX wafer
shown, the buried oxide thickness is 25 nm while the
top silicon thickness is 50 nm.

SPIMOX Operational Phase Space

If the oxygen dose is too low (less than 5 x 10
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cm?), discontinuous oxide precipitates will form in-
stead of a continuous buried oxide layer. On the other
hand, excessive oxygen dose (more than 3 x 10" cm™)
leaves a high oxygen concentration in the over-layer
silicon, and forms oxide inclusions in the over-layer. If
the final annealing temperature is not high enough
(less than 1275°C), the silicon/oxide interfaces undu-
late, and the BOX layer thickness varies microscopi-
cally across the wafer. The process phase space in
terms of the oxygen dose and the annealing tempera-
ture is summarized in Fig. 10. It shows the SPIMOX
process window in terms of the oxygen dose and the
annealing temperature using —60 kV bias. A continu-
ous BOX structure requires an oxygen dose between
1 x 10" em™ to 3 x 10Y cm™ and a planar oxide
interface requires annealing temperature above
1300°C.

ION-CUT PHYSICAL MECHANISMS

The present understanding of the ion-cut process
isillustrated in Fig. 11. After the hydrogen implanta-
tion, the trapped hydrogen atoms combine with sili-
con atoms forming a Si-H complex. This Si-H bond
formation was first detected using infrared spectros-
copy measurement by Weldon et al.?»? During ther-
mal annealing, the trapped hydrogen atoms diffuse
and segregate near the peak implantation region,
forming microcavities filled with H, molecules.?” Un-
der further annealing, it is proposed that more hydro-
gen diffuses into the microcavities, where a high
pressure inside the microcavity becomes the driving
force for its expansion and growth. In case (a), if a
surface stiffener such as a bonded wafer is capped on
theimplanted wafer surface, these microcavities grow
alongthe (001) plane during annealing, parallel to the
wafer surface. When these microcavities grow larger,
more hydrogen atoms diffuse in, keeping the internal
pressure high for continuous expansion. Meanwhile,
the microcavities will coalesce forming even larger
cavities. When all the cavities are linked together, the
bonded wafer pair becomes completely separated along
the cavity plane. In case (b), if no capping layer is
present on the implanted wafer surface, a similar
mechanism will cause the microcavities to nucleate
and grow under thermal annealing. However, the
microcavity expansion and growth can easily derail
and penetrate through the surface layer due to the
absence of the stiffener, causing blistering of the
surface silicon layer, as shown in Fig. 11.

Hydrogen Concentration Measurements

To investigate the hydrogen induced cleavage
mechanism, we have performed a controlled experi-
ment using conventional ion implantation of H* ions
at 40 kV into silicon substrates. Hydrogen profiles are
measured by both SIMS and hydrogen forward scat-
tering (HFS) experiments. The hydrogen dose from
both SIMS and HFS are plotted in Fig. 12. There is
some discrepancy on the absolute value of the hydro-
gen dose due to systematic errors in the SIMS data.
The dose value from the SIMS data is generally less
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Fig. 12. Hydrogen concentration from SIMS and FRS measurements.
A nominal hydrogen dose of 4 x 10'¢ cm-2was implanted at 40 kV using
a conventional imptanter with H* ions.

accurate (+20% error) due to its indirect calibration
method. On the other hand, HFS experiments have
less error in the absolute value, and the HFS mea-
surement results agree well with the dose value
calibrated by hydrogen implantation current (4 x 10
cm2). Nevertheless, the same dose variation trend is
found from both techniques. The hydrogen profile and
total dose are largely preserved after annealing up to
350°C, just before the cleavage layers break through
the surface. Although the hydrogen diffusion con-
stant in silicon is known to be high (~2.8 x 10-? cm?s
at 400°C),?® our observed large hydrogen retention
suggests the dominant gettering role of microcavity
nucleation.

Microcavity Internal Pressure

Based on the total hydrogen dose measurement
results, the internal stresses caused by the molecular
hydrogen is estimated using the ideal gas law. We
assume a hydrogen implantation dose of 5 x 10 cm=,
and half of the hydrogen is nucleated inside the
microcavities after certain annealing. We further
assume the microcavities have a uniform thickness of
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Fig. 14. Finite element method modeling of fracture driving force at
different microcavity depths. The crack radius used in the calculation
is 0.5 um. Note virtually the same fracture driving force results are
obtained when the crack is located deep from the surface (i.e., h=5
um and h = 10 um).

1 nm, a value observed by cross-sectional TEM. The
H, molecule density in the cavities is 1.3 x 1022 cm-3.
Using the ideal gas law, the calculated internal pres-
sure values inside the microcavities at 300°C are
determined. The pressure values are plotted as a
function of the effective microcavity area ratio, de-
fined by the projected areas covered with microcavities
normalized by the whole wafer area. Asshown in Fig.
13, the hydrogen gas pressures are in the Giga-Pascal
(GPa)range. Previously reported fracture stress value
for single crystal silicon is 6.1 GPa using a microbeam
setup experiment.?” We expect that the fracture stress
in the hydrogen peak regions could be less than the
perfect silicon crystal value, considering the fact that
hydrogen super-saturation and the implantation dam-
age can generate many dangling bonds in silicon.
Even though in reality, the hydrogen microcavities
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are scattered about the peak and not concentrated
within a thickness of 1 nm,* this simple order-of-
magnitude calculation supports the argument that
theinternal pressureinside the microcavities is strong
enough to break the Si-Si bond, thus causing the
surface layer cleavage.

Finite Element Fracture Mechanics Modeling

It is believed that crack propagation occurs when
the energy available for crack growth is sufficient to
overcome the fracture resistance of the material 3!32
This can be stated as an energy balance criterion
between the energy release rate (G), which is defined
as the rate of change in potential energy with crack
area for a linear elastic material and the fracture
toughness (G,), which include the surface energy,
plastic work, or other types of energy dissipation
associated with a propagating crack. The energy
release rate (G) is also called the fracture driving
force. Therefore, one needs to know G and G, to
determine if a given crack will grow or not. G varies
with geometry including crack size (radius a), depth
location (h) and the applied loading. G, is a material
parameter and, it is around 6.2 J/m? for silicon.?

The initial microcavity in silicon substrate in-
duced by the hydrogen segregation is modeled as a
circular crack which is embedded at a certain depth
(h) from the top silicon surface. The ABAQUS pro-
gram*based on two-dimensional finite element analy-
sis was used to calculate the energy release rate (G)
under the applied internal pressure (P) along the
crack surfaces. In this simulation, silicon is treated as
alinear elastic and isotropic material. Young’s modu-
lus and Poisson’s ratio for silicon are taken as 149.6
GPa and 0.28, respectively.’! The numerical error of
the finite element model is less than 0.3% when
compared with analytical solutions for the special
case where the microcavity is buried very deep into
the substrate (i. e, h = 10 um and a = 0.5 um).

Figure 14 shows the energy release rate (G) for a
crack of size 0.5 um (a = 0.5 um) at different depths.
The critical pressure ( P_) to meet the energy balance
criterion for the crack to propagate increases with
depth (h); P_ is 800 MPA for h = 0.3 um, 1 GPA for h
= 0.5 um, and 1.2 GPa for h = 1 um or larger. The
energy releaserate (G) is proportional to the square of
internal pressure (P) as predicted by analytical
model.?'%2 An equivalent hydrogen dose axis is given
in Fig. 14 based on the ideal gas law assumption, with
an annealing temperature of 30°C and an effective
microcavity area ratio of 0.5.

ION-CUT WAFER FABRICATION RESULTS

CZ-grown (100), p-type, 5-10 ohm-cm, 4 inch sili-
con wafers with 120 nm thermal oxide were used in
this PIII study. A negative bias of 30 to 60 kV was
applied to the wafer. The nominal hydrogen atomic
dose was between 1 x 10 to 2 x 107 cm-2 The
implantation time was less than 2 min even for the
highest dose. The silicon wafers were maintained at
below 200°C during the plasma implantation. The
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implanted donor wafer is then RCA-cleaned and
hydrophilically bonded with the receptor wafer at
room temperature. The bonded wafer pair was an-
nealed in a nitrogen ambient at 200°C to enhance the
bonding strength. Then the wafer pair was elevated to
higher annealing temperatures between 500 and
650°C to accomplish the wafer cleavage. Finally, the
SOI structure was annealed between 900 to 1100°C
for 60 min in nitrogen ambient to enhance the oxide
interface bonding.

SIMS Profile of PIII Hydrogen

A plasma condition is used at which there were
over 90% H,* ions, less than 10% H* and negligible H,*
ions. These conditions were achieved at a chamber
pressure between 75 and 100 uTorr, a magnetic coil
between 180 to 190 A, and 300 W microwave power.
SIMS profile of a 50 kV implanted sample using such
hydrogen plasma conditions is plotted in Fig. 15. As
shown, over 95% of the hydrogen dose is from H,*
while less than 5% is from H*. Implant concentration
from H,* ions is not detectable. According to TRIM92
simulation, the projected ranges for 50 kV H,* and H*
implantation are at 296 nm pm and 493 nm, respec-
tively, in good agreement with ther SIMS profiles.

PIII Hydrogen Ion-Cut SOI Structure

A Si/Si0,/Si structure fabricated using the hydro-
gen PIII ion-cut process is shown in Fig. 16. The top
silicon wafer was implanted using the H,* dominated
plasma at 35 kV and a nominal hydrogen atomic dose
0of 1x 107 cm~2. The wafer separation is uniform across
the sample surface, and there is no silicon layer
separation along the H- or H.* implanted depths. The
dashed line indicates the original bonded oxide/oxide
interface. Apparently after the 900°C 60 min final
annealing, there is no distinguishable interface in the
bonded oxide layer.

SUMMARY

We have employed PIII of oxygen to synthesize
SIMOX structure and PIII of hydrogen to perform the
ion-cut process. The feasibility of SPIMOX has been
demonstrated with successful fabrication of SOI struc-
tures. The operational phase space on oxygen dose
and annealing temperature has been identified. The
ion-cut SOI wafer fabrication technique is also imple-
mented using PIII. The simple PIII reactor setup and
its compatibility with cluster-tool IC manufacturing
equipment offer other ion-cut process optimization
opportunities. The hydrogen plasma can be optimized
so that only one ion species is dominant in concentra-
tion, with minimal effect on the ion-cut process by the
residual ion components. We have also investigated
the physical mechanisms of hydrogen induced silicon
surface layer cleavage. Estimation using an ideal gas
law model calculation suggests that internal pressure
of molecular hydrogen filled microcavities is in the
range of Giga-Pascal and high enough to break silicon
crystal bonds. ABAQUS two-dimensional finite ele-
ment method (FEM) model of the structure predicts
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that the energy release rate (G) is sufficient to over-
come the silicon fracture resistance (G).
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