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Electrical Characterization of Separation by
Implanted Oxygen (SIMOX) Substrates

Abstract

Keisuke KAWAMURA™  Atsuki MATSUMURA®!

Electrical performance of low-dose separation by implanted oxygen (SIMOX)

substrates that are a promising semiconductor material for high speed, low power

LSIs was evaluated. It was quantitatively clarified that the dielectric breakdown be-
havior of buried oxide (BOX) layer in the SIMOX substrate was dominated by Si
islands therein. By optimizing the oxygen dose and the internal thermal oxidation
(ITOX) process, the size and density of the Si islands can be reduced and a BOX
breakdown field of about 8 MV/cm, comparable to that of thermally grown oxides,
was attained. The gate oxide integrity of a low-dose SIMOX fabricated with the
ITOX process (ITOX-SIMOX) was found to be equivalent or superior to that of the

bulk CZ Si substrates.

1. Introduction

Silicon-on-insulator (SOI) technology is quite attractive for ad-
vanced LSIs because of its potential for low-power and high-speed,
large-scale integrated circuits (LSIs). Separation by implanted oxy-
gen (SIMOX) is one of the leading methods to produce the SOI sub-
strates. The SIMOX substrates are classified into two types. One is
high-dose SIMOX?" and the other is low-dose SIMOX?. The high-
dose SIMOX substrates are fabricated with an oxygen ion dose higher
than 1.5x10'® jons/cm? to form a continuos buried oxide layer. On
the other hand, the low-dose SIMOX substrates can be fabricated
with a reduced oxygen ion dose range of 3x10' to 4x10" jons/cm?,
which is a so-called dose window?®. Because the low-dose SIMOX
substrates are superior to the high-dose SIMOX substrates in pro-
ductivity and crystalline quality of the surface silicon layer®, the low-
dose SIMOX have attracted a great deal of attention in recent years.

Although the low-dose SIMOX has the above advantage, it re-
quires an improved buried oxide integrity because of its thinner thick-
ness of about 100 nm than that of the high-dose SIMOX and several
efforts were performed to overcome this problem. Recently, it was
reported that the internal thermal oxidation (ITOX) process®, which
creates the thermal oxide layer on the original buried oxide layer at a
temperature higher than 1,300°C, can effectively improve the buried

oxide integrity. Nippon Steel Corporation (NSC) approved the ad-
vantages of the low-dose SIMOX and ITOX technologies stated above
and have been developing the low-dose ITOX-SIMOX substrates
energetically.

Among the electrical properties of the SIMOX, the dielectric
breakdown field of the buried oxide layer and the integrity of the
gate oxide layer formed on the wafer by thermal oxidation are the
principal concerns. The dielectric breakdown field of the buried ox-
ide layer is the most important specification of the substrates in power
device applications. In CMOS-LSI applications, the breakdown field
is also desired to have a higher value to prevent the dielectric break-
down of the buried oxide during the device manufacturing process.
The gate oxide integrity (GOI) on the SIMOX substrates is also one
of the principal concerns in achieving high performance of devices,
which must be equivalent to that on bulk CZ Si substrates to achieve
an acceptable device yield.

This report presents the evaluation results of the buried oxide
dielectric breakdown field and GOI of the low-dose ITOX-SIMOX
substrates. At first, the dielectric breakdown behavior of the buried
oxide layer was investigated, and it is clarified that the dielectric
breakdown of the buried oxide layer is dominated by silicon islands
therein. Reduction of the size and density of the silicon islands by

“1

Technical Development Bureau

-85 -



NIPPON STEEL TECHNICAL REPORT No. 83 JANUARY 2001

optimizing the oxygen dose and the ITOX process was tried, which
revealed that the dielectric breakdown field of the buried oxide can
be improved to about 8 MV/cm, a level equivalent to that of the
thermal oxide layer. We also evaluated the GOI of the low-dose ITOX-
SIMOX and clarified that the GOI of the low-dose ITOX-SIMOX
substrates is equivalent or superior to that of the bulk CZ Si sub-
strates.

2. Dielectric Breakdown and Silicon Islands of Bur-
ied Oxide Layer
2.1 Silicon islands

Photo 1 shows the cross sections of SIMOX fabricated by differ-
ent oxygen ion doses, which were observed by transmission electron
microscopy (TEM). The samples with oxygen ion doses of 0.4x10'
ions/cm? and 1.6x10 ions/cm? correspond to low-dose SIMOX and
high-dose SIMOX, respectively. From Photo 1, it can be confirmed
that particle-shaped inclusions exist in the samples with doses of
0.6x10'® and 1.6x10'® ions/cm?. These inclusions are called silicon
islands®. In the general case of high-dose SIMOX, the silicon island
density is higher than 108 cm and the presence of the silicon islands
can be easily observed by TEM. On the other hand, the silicon island
density in the case of the low-dose SIMOX is usually less than 10°
cm?, which are difficult to be observed by TEM.

It has been pointed out that the silicon islands may degrade the
electrical quality of the buried oxide layer. Among the influences of
the silicon islands, it is considered particularly problematic that the
localized thinning of the buried oxide layer where the silicon islands
exist degrades the dielectric breakdown field. It can be easily pre-
dicted that the above degradation of the breakdown field becomes
conspicuous in the low-dose SIMOX substrates, because of their thin-
ner buried oxide layer than that in the high-dose SIMOX. For this
reason, it seems to be very important for low-dose SIMOX to under-
stand the influence of the silicon islands on the buried oxide break-
down field and to determine the silicon island density quantitatively.

From the above viewpoint, it was tried to analyze in detail the

Implantation energy: 180 KeV

Photo 1 Cross-sectional TEM micrographs of SIMOX wafers manufac-
tured with different oxygen ion doses
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dielectric breakdown mechanism of the buried oxide in low-dose
SIMOX, and the method to evaluate the silicon island density using
selective ion etching (RIE) was established>®. Consequently, a grasp-
ing of the quantitative correlation between the dielectric breakdown
field and the size and density of the silicon islands was a success.
These results are discussed in the following sections. We also tried
to reduce the size and density of the silicon islands by optimizing the
wafer manufacturing conditions, the results of which are also
introdued®.
2.2 Analysis of dielectric breakdown mechanism of buried oxide

layer

Metal-oxide-semiconductor (MOS) capacitors using buried ox-
ide as the dielectric were fabricated on low-dose ITOX-SIMOX sub-
strates. As a reference, MOS capacitors are also fabricated on bulk
CZ Si substrates, in which a thermally grown oxide layer of almost
the same thickness as that of the buried oxide was used as the dielec-
tric. The structure of a MOS capacitor is shown in Fig. 1. Capacitors
with electrode areas of 2.5x1077 to 2x10-2 cm? were periodically
formed on the wafer surface. A ramp voltage was applied to each
capacitor, and the dielectric breakdown field of the buried oxide was
measured for each capacitor.

Buried oxide layer
or thermal oxide layer

X

? Metal

Si substrate

777
Fig. 1 Structure of MOS capacitor for evaluation of buried oxide layer
in SIMOX wafer
SIMOX BOX Ref. thermal oxide
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Fig. 2 Dielectric breakdown field histograms of buried oxide and ther-
mal oxide layers in SIMOX wafers
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Fig. 2 shows the evaluation results. In this figure, it is shown that
dielectric breakdown field of 8 to 9 MV/cm are obtained in the ther-
mal oxide layer, irrespective of the capacitor area. In the case of the
SIMOX buried oxide layer, the dielectric breakdown field is about 5
MV/cm for a large capacitor area of about 102 cm? and is lower than
that of the thermal oxide layer. This seems to represent the presence
of electrically weak portions in the buried oxide layer in the capaci-
tors. As can be seen from Fig. 2, however, the dielectric breakdown
field of the buried oxide gradually improves with the decrease in
capacitor area. More importantly, at the smallest capacitor area of
2.5%1077 ¢cm? in Fig. 2, about 80% of the capacitors exhibit a dielec-
tric breakdown field of 8 to 9 MV/cm, a level equivalent to that of
the thermal oxide layer. This result suggests that the electrically weak
portions are localized in the buried oxide layer as spot-like defects,
which we call electrically weak spots, and that the other portions of
the buried oxide layer have electrical properties equal to those of the
thermal oxide layer.

In the above situation, the density of the electrically weak spots
can be estimated from the capacitor area dependence of the break-
down field shown in Fig. 2. To perform the estimation, it was as-
sumed that the random spatial distribution of the electrically weak
spots and the density of the weak spots could be then derived by
utilizing the Poisson distribution function as follows®,

D(Epp) =—In (1 P(Esp)) / Scap (1)
where D(E,_) is the cumulative density of the electrically weak spots
exhibiting the dielectric breakdown field between 0 and E,, S, is
the capacitor area, and P(E,) is failure yield of the capacitors up to
the applied field of £

Fig. 3 shows the results of analysis obtained by applying Eq. (1)
to the data in Fig. 2. The horizontal axis indicates the electric field
applied to the buried oxide layer, and the vertical axis indicates the
cumulative density of weak spots. In Fig. 3, the derivable density
range of the weak spots varies with the capacitor area, but the weak
spot densities derived from different capacitor areas show good agree-
ment, indicating the validity of the above analysis.

2.3 Method for evaluating silicon island density by reactive ion
etching

According to the discussion in §2.1, the substance of the electri-
cally weak spots in the buried oxide layer seems to be silicon is-
lands. In order to clarify this point, however, the results for the weak
spots in Fig. 3 should be compared with the direct evaluation results
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Fig. 3 Relationship between cumulative density of electrically weak spots
in buried oxide layer and breakdown field

-87-

of the silicon islands. According to the above motivation, we studied
the combination of selective etching by reactive ion etching (RIE)
and scanning electron microscopy (SEM) observation as a method
for directly observing silicon islands of a low density in low-dose
SIMOX"®, The details of the study are described below.

Fig. 4 shows the schematic diagram of the etching sequence. The
selective etching process consists of three steps. In step 1, the sur-
face silicon layer is removed by wet etching or selective RIE. In
steps 2 and 3, the buried oxide layer and substrate surface are re-
moved using a selective RIE, respectively. Steps 2 and 3 were per-
formed by anisotropic etching by taking advantage of the character-
istics of RIE. After the above etching sequence, a pillar-like struc-
ture whose top is covered by SiO, is formed where each silicon is-
land existed, as shown in Fig. 4(d).

Photo 2 shows the typical observation result of the pillar-like
structure by SEM. The pillar-like structure exhibits a clear contrast
by the charge-up of the Si0, and the silicon island density can be
derived from the number of charged-up sites in the field of view.
2.4 Density comparison of electrically weak spots and silicon is-

lands in buried oxide layer

To confirm whether weak spots would correlate with silicon is-

Isotropic Anisotropic Anisotropic
Si etching Si0, etching Si etching
—- —-
Surface-Si # %
Siistand
sub. \
BOX

Fig. 4 Etching sequence for formation of pillar-like structure for obser-
vation of silicon islands
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Photo 2 SEM image of silicon islands after etching

Table 1 Buried oxide layer thickness, silicon island density, and electri-
cally weak spot density of SIMOX wafer samples

§ BOX thickness (nm) Si island D Mean

2 density by [(8.5MV/cm)| breakdown
é Total | Base | ITOX | SEM (cm?) (cm?) voltage (V)
A 105 85 20 6.5x10° 1.7x10¢ -45

B| 116 96 20 1.9x107 1.0x107 - 40

c| 103 83 20 1.0x10° 6.5x10° -50

D 98 78 20 N.D. (<10% | 7.1x10* -55

E| 115 80 35 N.D. (<109 | 2.0x10* - 60

F | 100 65 35 N.D. (<10% | 4.0x10! -80
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lands, the weak spot densities in the six ITOX-SIMOX samples listed
in Table 1 were evaluated and the results were compared to the Si
island densities of the same samples which were obtained from the
RIE and the SEM observation. The six samples were manufactured
by changing the oxygen ion dose or the thickness of ITOX layer to
vary the density of silicon islands.

Table 1 shows the silicon island densities of the samples deter-
mined by the RIE and the SEM observation, and the total weak spot
densities derived from the measurement of dielectric breakdown field.
As the value of the total weak spot density, the density of weak spots
that exhibited a breakdown field up to 8.5 MV/cm is used. As can be
seen in Table 1, the two densities of each sample show in approxi-
mate agreement. To make this agreement more clear, the weak spot
and silicon island densities obtained from samples A to D, which
have the same ITOX thickness, are compared directly in Fig. 5. This
figure clearly shows a good correlation between the two densities,
which indicates that the silicon islands are mainly responsible for
the dielectric degradation of the buried oxide layer.
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Fig. 5 Comparison of silicon island as determined by SEM and electri-
cally weak spot density in buried oxide layer
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Fig. 6 Distribution of silicon islands in vertical thickness direction as
derived from data of Fig. 3 (sample A)

From the electric field dependence of the weak spot density shown
in Fig. 3, the size distribution of the silicon islands in the depth di-
rection can be also estimated. This analysis assumes that the buried
oxide layer below and above the silicon islands has the same dielec-
tric breakdown field as that of the thermal oxide layer, and that no
voltage drop occurs in the silicon islands. Under this assumption, the
apparent dielectric breakdown field where the silicon islands exit is
given by, sox

Epp = EOX(IBOX — 15 island) ! tpox 2

where E_ is the dielectric breakdown field where there are no sili-
con islands, 1, is the thickness of the buried oxide layer, and 7,
is the thickness of the silicon islands in the depth direction. Accord-
ing to Eq. (2), the apparent dielectric breakdown field decreases with
the decrease in effective thickness of the buried oxide layer where
the silicon islands exist. By applying Eq. (2) to the data of Fig. 3, the
dielectric breakdown field along the horizontal axis is converted into
the silicon island thickness, so that the density of the Si islands hav-
ing a certain vertical size can be estimated. The results are shown in
Fig. 6. In this figure, it is clearly shown that the silicon island den-
sity steeply decreases with the increase in silicon island thickness.

2.5 Effects of oxygen ion dose and ITOX layer thickness on di-

electric breakdown field of buried oxide layer

From the analysis in §2.2 - § 2.4, the dielectric breakdown field
of the buried oxide has been related to the density and size of silicon
islands. In this section, we discuss the effects of the oxygen ion dose
and ITOX layer thickness on the breakdown field of the buried oxide
by utilizing the analytical results. Table 1 shows the buried oxide
layer thickness before the ITOX process (base) for each sample. This
base thickness is proportional to the oxygen ion dose in principle
and can be regarded as an index of the oxygen ion dose.

When we look at the correlation between the base thickness and
weak spot density of samples A to D, which have the same ITOX
thickness as shown in Table 1, a clear tendency for the weak spot
density to decrease with the decrease in base thickness or oxygen
ion dose can be found. As described in Section 1, the formation of a
continuos buried oxide layer in the low-dose SIMOX wafers is pos-
sible in an oxygen ion dose range of about 3x10'" to 4x10'7 ions/cm?
or what is called a dose window. The above results indicate that the
dielectric breakdown field of the buried oxide layer can be increased
by setting the oxygen ion dose lower side in the dose window. When
the ion dose is reduced below the low end of the dose window, how-
ever, many localized leak-defects, so-called pinholes, emerge in the
buried oxide layer. This points to the extreme care with which the
wafer manufacturing conditions must be set when lowering the oxy-
gen ion implant dose.

The size and density of the silicon islands can also be reduced by
the ITOX process. As an example, samples D and E in Table 1, which
have almost the same base value but different thickness of ITOX
layer, were subjected to the same analysis as in Fig. 6. The results
are shown in Fig. 7. It was found that the density of the silicon
islands in each size are reduced in sample E, which has a larger ITOX
layer thickness than sample D. This result suggests that the ITOX
process oxidizes the silicon islands to the smaller size and some of
the small Si islands before ITOX can be annihilated®.

As discussed above, it is possible to reduce the number of silicon
islands in the buried oxide layer by reducing the oxygen ion dose
within the dose window and by increasing the ITOX thickness
amount. Fig. 8 is a histogram of the buried oxide breakdown fields
of sample F with the smallest oxygen ion dose and the largest ITOX
layer thickness of 35 nm. Although capacitors with a relatively large
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area of about 8x107 cm? were used in this case, their dielectric break-
down field shows 8 to 9 MV/cm which is equivalent to that of the
thermal oxide layer, verifying the validity of the guideline mentioned
above.

3. Gate Oxide Integrity Evaluation

Gate oxide integrity (GOI) is generally evaluated by the ramp-
voltage breakdown evaluation as described in Section 2 or by time-
dependent dielectric breakdown (TDDB) evaluation. The latter
method applies to the gate oxide such a constant current that the gate
oxide does not show a breakdown immediately, and measures the
total amount of charges to the dielectric breakdown of the gate ox-
ide, Q. The obtained Q, can be used for the estimation of the
practical service life of LSI, for example.

As described at the beginning of this report, GOI is a property
that dominates the performance of LSI, and its evaluation is as im-
portant in the SIMOX substrates as in the bulk CZ Si substrates or
epitaxial Si substrates. In the case of the SIMOX substrates, how-
ever, the buried oxide layer made it impossible to evaluate GOI us-
ing the vertical-type devices shown in Fig. 1.

From this standpoint, we studied a device structure that would
enable the evaluation of GOI on the SIMOX wafers, and succeeded
in establishing the device structure. Using the established device struc-
ture, the GOI of the low-dose ITOX-SIMOX substrates was evalu-
ated. This chapter outlines the device structure study and introduces
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the latest evaluation result of TDDB. The results of the ramp-voltage
breakdown evaluation are introduced in the overview of SIMOX
wafers in this NSTR issue and are omitted here.

3.1 Establishment of evaluation device structure

The evaluation of GOI on SIMOX substrates involves the prob-
lem of the inability to utilize a simple MOS capacitor structure as
shown in Fig. 1 due to the presence of the buried oxide layer. To
avoid this problem, we created and designed a lateral device with
ground electrodes provided on the wafer surface as shown in Fig. 9
and used it for the evaluation.

In this type of device, a large parasitic resistance sometimes oc-
curs in the surface silicon layer just below the gate oxide and affects
the GOI evaluation, which essentially depends on the shape of gate
electrodes'®. As an example, Fig. 10 shows the relationship between
the gate electrode area and intrinsic Qs of an approximately 9-nm
thick gate oxide layer, which were measured by capacitors with square
gate electrodes. The Q,, value was measured on many capacitors of
the same electrode area. The Q. value of a capacitor that exhibited
a breakdown time corresponding to the top 20% of the capacitors
was adopted as the intrinsic Q,, value.

Generally, when MOS capacitors of such a simple structure as
shown in Fig. 2 are formed on a bulk CZ Si or epitaxial Si substrates
and are evaluated for gate oxide TDDB, the intrinsic Q,, values ob-
tained are known to exhibit a slight dependence on the electrode
area. Furthermore, it is also known that the dependence of the QBD
values on the electrode area exhibits a linear relationship with a nega-
tive slope when those were plotted in log-log scale as shown in Fig.
10", In this figure, however, the Q,; values show some discrepancy
and become smaller than the dotted prediction line for the gate elec-
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Fig. 9 Structure of lateral device for evaluation of gate oxide integrity
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Fig. 11 Q_ characteristics of gate oxide layers formed on SIMOX wa-
fers and mirror wafers

trode area larger than 10~ cm?.

This abnormal Q,, behavior suggests the presence of parasitic
resistance in the surface silicon layer, which increases with the in-
crease in electrode area. The acceleration of the gate oxide break-
down shown in Fig.10 can be attributed to the resultant heating or
generation of hot electrons at the parasitic resistance portions.

The influence of parasitic resistance noted above can be con-
trolled by using comb-like gate electrodes and making the branch
width sufficiently small. Fig. 10 also shows the data of comb-like
gate electrodes with a branch width of 20 wm. The gate oxide layer
thickness is about 9 nm as is the case with the square gates, and the
electrode area is 10 cm? It is clearly shown that the Q, value ob-
tained from the comb-like gate electrodes show good agreement with
the dotted prediction line and that the parasitic effect is controlled
regardless of the relatively large gate area of 10-2 cm?. According to
the above results, the GOI of the SIMOX is now measured with de-
vices having comb-like gate electrodes with a branch width of 20
Km or less.

3.2 Q,, characteristics of gate oxide layer formed on SIMOX
wafers

The Q,, characteristics of the low-dose ITOX-SIMOX substrates
measured by using capacitors having comb-like shaped gate elec-
trodes with a branch width of 20 pm are shown in Fig. 11 as com-
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parison with the bulk CZ Si substrates having the starting material
specifications for the SIMOX. The gate oxide thickness is about 9
nm, and the gate electrode area is 102 cm?. It was shown that the
failure yield (Q,,< 20 C/cm?) for the SIMOX is lower than that for
the bulk CZ Si substrates, which means that the low-dose ITOX-
SIMOX substrates have GOI superior to that of the bulk CZ Si sub-
strates. This is probably because some of the grown-in defects origi-
nally present on the bulk CZ Si substrates were annihilated or changed
into such a form as not to cause the degradation of the Q,, during the
high-temperature annealing in the SIMOX manufacturing process.

4. Conclusions

The quality of the low-dose ITOX-SIMOX substrates, which are
expected as semiconductor materials for high-speed and low-power
LSI applications were electrically characterized. By optimizing the
wafer manufacturing conditions, a dielectric breakdown field of about
8 MV/cm for the buried oxide layer in the SIMOX substrates, a level
comparable to that of the thermally grown oxide layer, was achieved.
The gate oxide integrity (GOI) of the SIMOX substrates was also
evaluated and it was clarified that the GOI of the SIMOX is equiva-
lent or superior to that of the bulk CZ Si substrates. These qualities
are high enough for the materials in the initial phase of application to
mass-production LSI. In these years, the full-fledged use of the
SIMOX substrates in cutting-edge LSI is progressing at an acceler-
ated pace. Amid this trend, the improvement of the SIMOX sub-
strates by utilizing the electrical characterization are expected to be-
come more important.
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