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The impacts of shallow trench isolation (STI) indium implantation on gate oxide and device characteristics are studied
in this work. The stress modulation effect is confirmed in this research work. An enhanced gate oxide oxidation rate is
observed due to the enhanced tensile stress, and the thickness gap is around 5%. Wafers with and without STI indium
implantation are manufactured using the 150-nm silicon on insulator (SOI) process. The ramped voltage stress and time to
breakdown capability of the gate oxide are researched. No early failure is observed for both wafers the first time the voltage
is ramped up. However, a time dependent dielectric breakdown (TDDB) test shows more obvious evidence that the gate
oxide quality is weakened by the STI indium implantation. Meanwhile, the device characteristics are compared, and the
difference between two devices is consistent with the equivalent oxide thickness (EOT) gap.

Keywords: silicon-on-insulator, shallow trench isolation (STI) implantation, gate oxide reliability

PACS: 85.30.Tv, 61.80.Ed, 85.40.Ry

1. Introduction

Silicon on insulator (SOI) CMOS technology was first de-
veloped for military and space applications due to its intrinsic
radiation hardening properties. Nowadays, SOI CMOS tech-
nology is also suitable for mixed signal, radio frequency (RF)
and low power applications.!!] The SOI device is fully iso-
lated by buried oxide and shallow trench isolation (STI). The
absence of latch-up, reduced parasitic source and drain capaci-
tances, and the ease with which shallow junctions are made are
merely three obvious examples of the advantages presented by
SOI technology over bulk.

Historically, SOI technology plays a critical role in the
area of anti-single event effects in the radiation hush environ-
ment due to the thin silicon body. However, the damage caused
by the total ionizing dose effect in the STI region and buried
oxide interface remains a critical problem. >3] Previous stud-
ies show that the SOI body side-wall can form a parasitic tran-
sistor and the total irradiation dose effect has become the main
factor in the production of large leakage currents in the STI
region of SOl NMOSFETs. -]

STI implantation is normally implemented to reduce the
current leakage through the side-wall parasitic transistors. As
shown in Fig. 1, the transfer characteristics of the STI para-
sitic transistor shift to the right side after STI sidewall implan-
tation and the parasitic transistor is overwritten by the main
device.''” Indium is normally used due to the implant control-
lability and the low diffusion coefficient in silicon. However,
the impacts of indium on the quality of gate oxide and device

characteristics are rarely reported.
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Fig. 1. Transfer characteristics of a parasitic transistor.

2. Experimental details
2.1. Manufacture process

The devices researched in this work are manufactured us-
ing 150-nm SOI process technology. The process flow is sim-
ilar to the normal deep sub-micron logic process. The differ-
ence is the substrate material: there is a buried oxide layer to
isolate the top silicon. To begin this process, an STI structure,
including STI implantation, is manufactured. In the follow-up
process, impurity is implanted to form well isolation and to ad-
just the threshold voltage, respectively. Then, an oxide film is
grown using a dry oxidation process at 800 °C and it is used as
a gate dielectric. Poly silicon film is deposited as the gate ma-
terial. After gate patterning and etching, a light-doped drain
(LDD) and heavy doped source/drain are implanted. Once the
front end of the line process is finished, the co-silicide film is
formed for low resistive contacts. The metallization process is
totally compatible with the logic process.

The detailed STI formation process is explained below
for a thorough understanding of this research. The isolation
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trench is etched first using a blocked hard mask technology,
where the pad nitride film is used. An STI liner oxidation pro-
cess is carried out to eliminate the silicon damage induced by
etch plasma. Next, STI indium implantation is executed to in-
crease the threshold voltage (V) of the parasitic transistor. A
structural diagram of STI implantation is shown in Fig. 2; the
indium dose varies from 0 to 8 x 10'3 cm™? in this work. It is
worth noting that most of the area of the wafer is covered by
the pad nitride film during STI implantation, and the thickness
is about 1000 A. STI is then filled up with high density plasma
(HDP) oxide and followed by a thirty second anneal at a tem-
perature of 1050 °C. After removing the unwanted HDP oxide
using an STI chemical mechanical polish (CMP) process, the
pad nitride mentioned above is striped chemically.

Indium implant

HT{HELEEREEEEELAT |

Nitride

Fig. 2. A structural diagram of STI implantation.
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STT

— Silicon

rPoly-silicon

Source Drain

STI

Gate terminal
Fig. 3. The layout structure of the capacitor.

2.2. Test structure and method

Analysis of the oxide quality is performed via the mea-
surement of capacitors, the layout of which is shown in Fig. 3.
The capacitor is surrounded and isolated by an STI ring. A
T-shaped poly-silicon gate is used as one of the capacitor elec-
trodes. Body, source and drain terminals are tied together as

the other capacitor electrode. The grown gate oxide is the
dielectric film. The area of the capacitor is 5 x 1074 cm™2.
Besides the equivalent oxide thickness (EOT) measurement
of the dielectric film, two types of reliability evaluation are
implemented in this research. First, the early life failure of
gate oxide is evaluated using the ramped voltage breakdown
method. Second, the long term reliability is evaluated using
the charge to breakdown method (TDDB). The nominal 5-
V T/O transistors are also tested. The characteristics of the
transistors, such as the threshold voltage, /-V curve and sub-
threshold slope, are reviewed to evaluate the impact of indium
implantation.

3. Results and discussion
3.1. Film stress after indium implantation

According to the theory of stress memorization technique
(SMT), the stress of silicon nitride can be modulated by dopant
implantation of large ions that have a molecular weight greater
than or equal to silicon. The tensile stress of nitride film can
be improved up to 60% compared to the film without dopant
implantation.!-'?] To confirm this, the radius of curvature was
measured for the wafers prior to and post indium implantation.

Figure 4 compares the radius of the curvature of the
wafers for various indium dosages. It can clearly be seen in
this chart that the radius of curvature is reduced for all the in-
dium implantation conditions. This indicates the increasing
film strain. We can also see in this chart the decreasing trend
of the radius as the indium dosage increases. These results
confirm that the tensile stress is strongly associated with in-
dium impurity dosage, and this is consistent with the stress
modulation theory.

240

220
200 —o—Post implant

| —®—Before implant

180 &——— ©

160}
140}
120f
100}
8ot T

0 2 4 6 8

Indium dosage (10" cm™2)

Radius of curvature (m)

Fig. 4. Comparison of the radius of curvature.

3.2. Impact of STI indium implantation on oxidation rate

In this experiment, STI implantation is skipped for wafer
#2 and #3, and an indium dosage of 5 x 103 cm™2 is im-
planted in wafer #1 and #4. The physical thickness is mea-
sured immediately using an optical measurement system after
the gate oxidation process. The thickness comparison of gate

oxide is shown in Fig. 5. It can be observed that gate oxide
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is about 5% thicker for the wafers with indium implantation.
The thickness difference is also supported by TEM, as shown
in Fig. 6. However, there is a gap between spectroscopic ellip-
sometry and TEM. One reason for this is the oxide regrowth
during dual gate oxidation and the annealing process; another
possible reason is the fixed offset between the two measure-
ment methods induced by system setting. Nevertheless, the
difference introduced by the indium dose is confirmed.

122

[ 1#1 with indium implant
#2 without indium implant

[ 1#3 without indium implant
#4 with indium implant

118F Si'

116

120+

114+

112

Gate oxide thickness (A)

Q#
#1 #2 #3 #1

Fig. 5. The impact of STI implantation on oxide thickness.
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7B F DT
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Fig. 6. TEM images to confirm oxide thickness.

The EOT of gate oxide is measured to confirm the impact
of indium on electrical properties. Figure 7 reveals that there
is an obvious increase in the EOT. The EOT increases linearly
from 158 A to 164 A as the indium dosage varies from zero to
8 x 103 cm~2.
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Fig. 7. The EOT of oxide trend with the indium implantation dose.

It can be deduced that the oxidation rate is enhanced by
indium implantation and it is sensitive to implant dosage. This

phenomenon can be explained by the model of the stress ef-
fect on the oxidation rate.!'3 Figure 8 illustrates the impact of
tensile stress on a silicon surface. The silicon atoms are pulled
off their initial position and mismatches of the silicon lattice
are generated. After the HDP annealing process, the tensile
stress is transferred to the silicon surface and is memorized by
the silicon lattice. Therefore, the impact of the tensile stress
on the silicon lattice will not disappear, even when the nitride
film is removed after STI CMP.

No stress

|

Tensile stress

|

Lattice mismatch

ooo[

Fig. 8. A structural diagram of the stress impact on silicon.

A widely used relationship between the thickness L of an
oxide layer and oxidation time ¢ at a constant temperature is

the linear—parabolic equation!!?!

L*>+AL = Bt, 1)

in which A and B are parameters that are not dependent on
thickness and time.

A variety of independent researchers have confirmed that
parameter B is related to the diffusion coefficient D of the ox-

idant through the oxide: !4

B=2C.D/p, @

in which Cy, is the concentration of molecular oxygen or wa-
ter dissolved in the silicon at the silicon—gas interface and p is
the density of oxide in the same concentration units. Strain in
the oxide layer influences the molecular diffusion of oxygen
or water in the layer:

D = Dy exp(—ke), 3)

where Dy, is the diffusion coefficient when there is no strain, k&
is a parameter measuring the sensitivity of the diffusion coef-
ficient to strain and € is the strain in the oxide layer.
Normally, the grown silicon oxide film is compressively
strained due to the fact that the molecular weight of oxide is
greater than silicon. However, due to the tensile stress trans-
ferred from the nitride layer, stress compensation occurs and
the compressive stress of the silicon oxide film is decreased.
The diffusion coefficient of oxygen is higher compared to the
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wafers with no STI implantation, as Eq. (3) expressed. Ac-
cording to Egs. (1) and (2), it can be deduced that the thick-
ness of silicon oxide is higher for the indium-implanted wafer
under the same oxidation process conditions.

3.3. Impact of implantation on oxide quality

Gate oxide breakdown has been an important reliability
issue for modern MOS devices. It is widely believed that de-
fects and mismatches generated within the oxides are respon-
sible for the breakdown and many other reliability issues.!!7-18]
Research results show that the high-field traps with a size of
1074 cm? possess all the characteristics required for break-
down and play a dominant role. Degradation and breakdown
have a common physical origin and were attributed to the de-
fect band formation in the oxide under electric stress. 192"

The early life failure of gate oxide is evaluated using
ramped voltage breakdown measurement. A negative volt-
age bias sweep of 100 V-s~! is applied to the gate terminal.
Breakdown is defined as the point at which 1 pA of current
flowed through the oxide. The full-map data are collected for
both wafers, with and without STI implantation, and they are
shown in Fig. 9. The unit is the Volt. It can be observed that no
early breakdown occurred for both wafers. This means there
are no oxide integration issues induced by STI implantation.
However, the value of the breakdown voltage of the wafer with
an indium implant is 0.4 V to 0.6 V higher than that without

implantation due to the thickness difference mentioned above.

(a) —15 | —15 | —15 | =15
—15 | —15 | =15 | =15 | =15 | —15
—149] —15 [ =15 | =15 | =15 | =15 | =15 | =15
—149| —15 | —15 | —15 [ —15 | =15 | =15 | =15
—14.8|-149]|-142] —15 [ —15 [ =15 | =15 | =15
—15 |-14.9|-14.9]-14.9]-14.9]-14.9| =15 | —15
15 |—149] —15 | —15 | —15 | —15
—15 | —15 | —15 | —15

Indium implantation dose = 5x10 cm~2

(b) 14.4]—14.4]—14.4]-14.4
145 |—14.4|—14.4|—14.4|-14.4 |- 14.4
146|144 |—14.4| 144 14.4|-14.4|—14.4|—14.5
145 |—14.4 |—14.4|—14.4|—14.4|—14.4 |—14.5|—14.4
145 | —14.4|—14.4|—14.5|—14.4|—14.5 |—14.4|-14.4
145|145 |—14.5|—14.5|—14.5|—14.5 | 14.4|—14.4
145 |—14.5|—14.5|—14.5|—14.4 |—14.5
—14.4|—14.4|—14.4|-145

Without indium implantation

Fig. 9. A wafer map of ramped voltage breakdown.

Figure 10 shows the similar /-V characteristics for both
wafers, with and without indium implantation. The leakage
begins to increase at around 10 V. However, there is an obvi-
ous shift in the wafer with indium implantation. The shift of

the voltage is around 5%, which is consistent with the differ-
ence in the dielectric thickness. The observed correlation be-
tween the /-V curve and oxide thickness might be explained
by the theory of F-N tunneling, which is strongly correlated
with the electric field across the dielectric.!*!! These results
provide further support for the hypothesis that the oxide thick-
ness is physically increased by indium implantation.

107°F
10751
< 107}
& 1078+
)
£ 107°f
SN
9 1077 F y
g 107'p #
2 o <# With In implant
g 10—1z R J? B [& ‘F\ 3\/ P
E T f\:
10713 |_ [
0 2 4 6 8§ 10 12 14 16 18
Ramped voltage (V)
Fig. 10. Comparison of /-V characteristic.
(@) 36| 23| 23] 41
38 18 25 18 45 22
60 40 16 9 9 60 60 36
62 44 17 9 15 58 58 57
59 53 27 6 8 52 63 61
60 56 12 35 9 60 41 29
16 60 8 22 60 59
22 51 9 60
Indium implantation dose = 5x10' cm—2
(b) 99 99 99 99

99 99 99 99 99 99
99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99
99 99 99 99 99 99
99 99 99 99

Without indium implantation

Fig. 11. A wafer map of time to breakdown.

Long term reliability of gate oxide is evaluated using
TDDB. Gate oxide capacitors are subjected to a constant cur-
rent stress with a current of 50 nA; the sign of the current is
chosen to ensure that the underlying silicon is in accumulation
mode. Time to breakdown is defined as the point at which the
voltage across the oxide drops to lower than 10 V. The time to
breakdown is measured for both wafers and the full-map data
are collected in Fig. 11. The TDDB characteristics are shown
in Fig. 12.
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The maximum time is set as 99 s during the test. It can
be observed from the result that no breakdown occurs in the
wafer without indium implantation. However, time to break-
down is relatively lower in the wafer with indium implanta-
tion. This can be explained by the existence of defects and
lattice mismatches on the silicon surface due to the enhanced
tensile stress analyzed above.

18

14+
12k Without In implantation

10
sl

Vo (V)

With In implantation

0 10 20 30 40 50
Time (s)

Fig. 12. TDDB test characteristics comparison.

Interestingly, the reliability data show that only TDDB is
affected by indium implantation. No ramped voltage break-
downs occurred. A possible explanation for this might be that
the initial defects induced by indium are very small particles
or structural weakness, as shown in Figs. 13(a) and 13(b).
These defects will not induce breakdown as there is no cur-
rent path under ramped voltage stress. However, as shown in
Fig. 13(c), the small defects or structural weakness grow to
become cluster defects under the TDDB stress. Breakdown
occurs once the cluster defect punches through the whole di-
electric, as Fig. 13(d) shows.

Although there is no failure under the ramped voltage
stress, the indium impact can still be observed if we repeat
the ramped voltage stress several times. The wafer with in-
dium implantation showed failure after two or three cycles of
voltage ramp-up. However, this was not the case in the wafer
without indium implantation. This finding also supports the
association between indium implantation and gate oxide qual-

ity.

Small particle Structural weakness

| 4

(a) (b)
Cluster defects Breakdown
$

¢

(c) (d)
Fig. 13. A diagram of dielectric breakdown

3.4. Impact on the transistor characteristics

The impacts of indium implantation on transistor char-
acteristics are also reviewed. Table 1 provides a summary of
the electrical statistics of the two devices. Both the threshold
voltage and sub-threshold slope of the wafer without the in-
dium dose are about 5% lower than the other. This is matched
with the EOT difference. Figures 14 and 15 present the trans-
fer characteristics and the /-V curves of the two transistors,
respectively. From Fig. 14, we can see there is a shift in the
linear region, and this is reasonable when considering the EOT
difference induced by indium implantation. In Fig. 15, the sat-
uration current difference between the two devices can also be
explained by the EOT gap. Non-saturated Iy behavior can be
observed when Vg is lower than 5 V. This can be explained by
the “kink” effect, which is induced by the high electrical field
at the drain end. This is common in SOI devices.

Table 1. A summary of the electrical parameters of the device.

Ttem Unit Without In With In

Threshold voltage v 0.97 1.02
pA/pm 458 441
mV/Dec 100 106

Saturation current
Sub-threshold slope

—— Without In implantation

I (A)
=
Q

—— With In implantation

1071()

107HL 4 /

10—12 |

1 —13 L 1 L 1 n 1 L L

0 0 1 2 3 4 5
Ve (V)

Fig. 14. Comparison of NMOSFET transfer characteristics (Vp = 0.1 V).

2.5
* Without In implantation
9.0k * With In implantation
VG == 5 V

g 1.5
2

1.0

5.0

Vo (V)

Fig. 15. NMOSFET Vp—Ip characteristics comparison.

4. Conclusion and perspectives

The impacts of STI indium implantation on gate oxide
quality and transistor characteristics are studied in this work.
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The study has confirmed the stress modulation effect induced
by indium implantation. The research has also shown that the
oxidation rate is increased by the strain compensation induced
by STI indium implantation. The thickness gap is confirmed
by both TEM and EOT measurement. The results of this study
show that the gate oxide quality is weakened by STI indium
implantation. Early failure of gate oxide is measured using
the ramped voltage breakdown method. Although there is no
early failure the first time the voltage is ramped up, the im-
pact of the indium dose can be observed after repeating the
stress several times. However, the more obvious impact can
be observed from long term reliability analysis, evaluated us-
ing time to breakdown measurement. The results of this study
indicate that the intrinsic defects or structural weakness are in-
troduced by the stress modulation effect. This paper provides
a comprehensive explanation based on the stress modulation
theory and defects growth model. This study is limited by
the lack of information on the direct measurement of silicon
defects or lattice mismatch. Further research should be under-
taken to explore the links between indium dosage and silicon
defects more closely.

Although indium implantation is good at profile control-
lability, the results, however, indicate that indium decreases
the gate oxide reliability and is not the appropriate dopant
for STI implantation for TID hardening. To improve gate ox-
ide reliability, the spices with fewer stress modulation effects,
such as B and BF,, would be a better choice. However, fur-
ther study should be focused on implantation conditions and

thermal budget optimization for better dopant profile control.
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