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ABSTRACT The motivation of this study was to solve the high Ip o problem in 8 Volt N-channel
MOSFET. We experimented with implanting nitrogen into LDD at various doses. As a result, Ip off
increases and BVpgs decreases as the dose increases. When it exceeds 1.0E15 cm~2, the occurrence
of tail-type Ip o and BVpss that deviate from the normal distribution increases. Implanted nitrogen
enhances the diffusion of dopants in the LDD bulk but suppresses it on the silicon surface. As a result,
the depletion curvature at the LDD edge becomes a negative shape and increases the electric field. We
performed the same experiment on logic MOSFETs to comprehensively analyze other electrical effects.
Nitrogen improves the HCI immunity of MOSFETs but degrades for 2.5 Volt and 8 Volt MOSFETSs
when the dose is above 1.0E15 cm™2. The short-channel effect of 2.5 Volt MOSFET is insensitive to
nitrogen but is suppressed in CORE MOSFET when the dose is over 1.3E15 cm™2. Nitrogen changes
Ip,sar through interactions with co-implanted species and nitrogen dose. As a result, nitrogen co-implanted
with phosphorus shows a parabolic-like Ip 4 trend. However, in the case of CORE MOSFET implanted
with arsenic, Ip o does not show a parabolic-like trend but increases continuously. This experiment did
not find much benefit from nitrogen implantation for 2.5 Volt and 8 Volt MOSFETs. For all MOSFETs,

it is recommended that the nitrogen dosage not exceed 1.0E15 cm™2.

INDEX TERMS Arsenic, BVpss, DIBL, GIDL, Ip off, Ipsai, HCI, LDD, nitrogen, phosphorus.

I. INTRODUCTION

Planar CMOS semiconductors using nanometer technol-
ogy are expanding their scope of application to display
and embedded memory products. These products require
MOSFETs that operate at higher voltages than the
input/output  MOSFETs (IO MOSFET). However, we
observed occasionally high Ip off (source-drain leakage cur-
rent at gate=0 Volt) problem in 8 Volt N-channel MOSFET
(HV MOSEFET). Optical Beam Induced Resistance Change
(OBIRCH) analysis did not detect leakage current paths, and
physical structural analysis revealed no clues. We suspected
the nitrogen implantation into LDD as the root cause of the
high Ip off.

Nitrogen implantation is widely used in LDD today as
it inhibits short-channel effects and improves HCI lifetime.
Implanted nitrogen migrates quickly to the surface and
forms a highly concentrated layer on the silicon surface
during annealing. This piled-up nitrogen suppresses transient
enhanced diffusion (TED) of dopants [1], [2]. It also
effectively reduces the generation of fixed charges at the
Si-Si02 interface by Hot Carrier Injection (HCI) [2], [3].
Although such research has been actively conducted in
submicron technology, additional research involving high-
voltage MOSFET in nanometer technology is rare.

This study aims to verify whether nitrogen is responsible
for the high Ip off and evaluate other electrical effects. For
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this purpose, we experimented with nitrogen implanted into
the LDD of the HV and 2.5 Volt IO MOSFETs with different
doses, and the same experiment was also conducted on the
1.1 Volt CORE MOSFET for comprehensive analysis.

The results showed nitrogen was the root cause of high
Ip,off and low BVpgs. We analyzed this mechanism by inves-
tigating the direction of dopant diffusion on the LDD surface
and in the bulk through Cov (overlap capacitance between
Gate and LDD) measurement and TCAD simulation. We
also evaluated the short-channel effect and HCI performance
as known to the benefit of nitrogen implantation. Although
nitrogen is known to be an electrically inactive species, Ip gat
response differently depending on the co-implanted species
and nitrogen dose. We analyzed the mechanism from the
perspective of channel length modulation and LDD resistance
modulation.

Il. EXPERIMENT

HV MOSFET received the Well implantation and a grown
thick gate oxide film after completing the STI (Shallow
Trench Isolation) module. After polysilicon gate patterning
and spacer etching, HV MOSFET was coated with oxide
and nitride films to protect it from subsequent fabrication
processes. 10 and CORE MOSFETs fabrication began
with removing these protective films through masking and
etching. Then, gate oxide films for CORE and 10 MOSFETs
were grown respectively, followed by polysilicon deposition
and patterning. Finally, HV MOSFET protection films were
removed, and all subsequent fabrication processes of HV
MOSFET proceeded the same as those of IO MOSFET.

The HV and IO MOSFET experiment continued with
opening the LDD window in the same mask, implanting
phosphorus as a donor, and conducting nitrogen dose (N-
dose) experiments. We implanted nitrogen with a dose
ranging from O to 2.5E15 cm™2 at an energy of 8 KeV
and conducted annealing. The annealing condition for these
samples was N, environment at a temperature of 750°C for
30 minutes.

As for the N-dose experiment for CORE MOSFET, we
opened another LDD window, implanted arsenic as a donor,
and BF, with a high-degree tilt angle to prevent a short-
channel effect. Then, implanted nitrogen under the same
conditions as IO and HV MOSFETs. After completing the
source and the drain implantation, samples were spike-
annealed at 1050 °C. Finally, after the completion of the
metallization layer, the electrical characteristics of the sample
were measured. Figure 1 shows a schematic illustration of
the three types of MOSFETs and their LDD implantation
scheme used in the experiments.

11l. RESULT AND DISCUSSION

A. EFFECT OF NITROGEN ON Ip orf. AND BVpgs

The measured Ip off of HV MOSFET is shown in the boxplot
in Figure 2. The X-axis is the N-dose and the Y-axis is Ip off.
As N-dose increases, the median of Ip off increases, and the
occurrence of tail-type Ip off that deviate from the normal
distribution increases when it exceeds 1.0E15 cm™2.
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FIGURE 1. Schematic illustration of MOSFETs and LDD implantation. Lg:
Gate length, S: Source, D: Drain.
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FIGURE 2. The Ip,off trend of HV MOSFETs shows an increase in median
and tail-type as N-dose increases. Read at Vp=8 Volt, Vs=V=Vg=0 Volt.

A.1. INCREASE IN Ip,or

Typically, Ipoff increases due to DIBL (Drain-Induced
Barrier Lowering) or GIDL (Gate-Induced Drain Leakage).
DIBL is a barrier lowering as the drain voltage increases
in short-channel MOSFET. Therefore, the drain current (Ip)
curve moves upward in the subthreshold characteristics,
decreasing Vr sa (threshold voltage measured at Vp=Vpp),
and increasing Ip off. GIDL is the tunneling current increased
by an electric field. This occurs at the junction between
the drain and accumulation layer below the gate when the
gate voltage (Vg) approaches O Volt at high drain voltage
(Vp) [4].

The upper curves in the subthreshold characteristics are
measured at Vp of 8 Volt and the middles are at 5 Volt. The
bottoms are measured in the linear region at Vp of 0.1 Volt
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FIGURE 3. Subthreshold curve comparison between N-dose of 2.0E15
cm~2 and without nitrogen implantation (N-dose 0) for HV MOSFET.
Sweep Vg at Vp=0.1, 5, and 8 Volt, Vs=Vg=0 Volt.

(Fig. 3). If nitrogen implantation is responsible for DIBL,
the Ip curves for the N-dose 2.0E15 cm~2 measured at 8
Volt or 5 Volt should shift above the curves for the N-dose
of 0. However, most curves overlap with N-dose 0. Thus the
high Ip off is not a result of DIBL.

We zoomed in on the Ip curves for Vp of 8 Volt
around the Vg=0 Volt. These curves shift slightly upward
at Vg=0 Volt compared to N-dose 0, but a few curves show
abnormally high Ip with showing GIDL. These curves were
measured on the Ip og-tail MOSFETSs. This result indicates
that the implanted nitrogen increases the electric field. In the
following, we evaluated whether this GIDL is a subthreshold
leakage current due to the tunneling effect or comes from
the breakdown voltage drop.

A.2. INCREASE IN BVpgs

We measured BVpgs and plotted it as a boxplot in Figure 4.
The median of BVpgs decreases as N-dose increases, and
when N-dose exceeds 1.0E15 cm™2, tail-type BVpgs that
deviate from the normal distribution increases. These results
indicate that high Ip s is caused by the same mechanism
as the low BVpgss.

Breakdown is the phenomenon of significant current flow
when the reverse bias reaches the threshold voltage. There
are two breakdown mechanisms, that is punch-through and
avalanche breakdown. Punch-through breakdown typically
occurs in low-channel doping or short-channel MOSFET. It
begins with injecting source carriers into the depletion of the
drain when it approaches source depletion [4]. Avalanche
breakdown occurs by producing multiplicative electron-hole
pairs when hot electrons that gain kinetic energy from an
electric field collide with the lattice [5].
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FIGURE 4. BVpgs of HV MOSFETs shows a decreasing trend in the median
and tail-type as N-dose increases. Read at Ip=0.1nanoAmpere (nA), sweep
Vp. Vs=V=Vg=0 Volt.

To verify whether the BVpgs mechanism in HV MOSFET
is a punch-through or avalanche breakdown, we compared
the I-V curve of BVpgs with that of BVppo for gate
length ~0.8 wm and ~10 wm MOSFETs (Fig. 5). The
gate length of ~10 wm is the reference for avalanche
breakdown because it is long enough that punch-through
breakdown is unlikely. BVppo is an open terminal of gate
and source, thus the source carriers cannot be injected
into the drain even when the drain depletion reaches the
source depletion. Therefore, the breakdown mechanism of
BVpgo is an avalanche breakdown [6]. If BVpgs shows a
lower voltage than BVppo, the BVpss should be punch-
through. Otherwise, it’s an avalanche breakdown. Figure 5 is
a comparison of breakdown I-V curves between BVpgs and
BVpgpo. The X-axis is a Vp, and the Y-axis is an Ip. BVpss
of ~0.8 pm MOSFET shows a slightly lower voltage than
BVpgo, but the offset is comparable to ~10 wm. Thus, the
breakdown mechanism of BVpgs is an avalanche. This result
indicates that the implanted nitrogen increases the electric
field and as a result, BVpgs decreases.

A.3. DISCUSSION OF INCREASING ELECTRIC FIELD

In planar semiconductor fabrication, implanted dopants in
an open window diffuse into vertical and lateral directions.
As a result, a parallel-plane junction is formed at the
bottom of the window and a curvature junction is formed
at the edge. Unlike the bottom, the electric field is crowded at
the curvature, and the electric field increases. As a result, the
avalanche breakdown occurs at the junction edge. Therefore,
to obtain a high breakdown voltage, the radius of curvature
must be increased by deepening the junction depth [7].
According to the literature, phosphorus co-implanted with
nitrogen enhances the TED of the dopant, increasing the
junction depth by approximately two orders in bulk [8].
We obtained the same results as the literature through
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FIGURE 5. BVpgs of HV MOSFETs is comparable to BVpgq for the gate
lengths of ~0.8 .um and ~10 .m. BVpgg sweep Vp at Vs=V;=Vg=0 Volt
and BVpgq sweep Vp at Vg=0 Volt, Vs=V;=open.
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FIGURE 6. LDD junction of 10 MOSFET simulated by TCAD. N-dose of
1.0E15 cm~2 (b) shows deeper junction and curvature than without
nitrogen implantation (a).

TCAD simulations. The TCAD Deck was calibrated with
Secondary Ion Mass Spectrometry (SIMS) data measured
after co-implanting phosphorus and nitrogen into a wafer and
annealing it. Figure 6 shows a simulated cross-section of the
LDD junction of IO MOSFET shared with HV MOSFET.
(a) is without nitrogen implantation and (b) is with nitrogen
of 1.0E15 cm~2. (b) shows a deeper LDD junction with
a larger radius curvature and bigger overlaps to the gate
than (a). According to the breakdown mechanism and TCAD
results, BVpgs should increase as N-dose increases, but the
experiment shows the opposite result.

To analyze this discrepancy, we measured Cov represent-
ing the relative distance of the LDD diffusion under the gate.
Figure 7 shows Cov on the Y-axis as a function of N-dose on
the X-axis. It decreases linearly with a negative correlation
coefficient for N-dose. This indicates that nitrogen inhibits
the lateral diffusion of LDD under the gate.

We investigated the behavior of dopant diffusion on
the surface. According to the literature, implanted nitrogen
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FIGURE 7. Cov decreases linearly with increasing N-dose. This indicates
that implanted nitrogen inhibits lateral diffusion of LDD.

migrates quickly to the silicon surface during annealing,
forming a high-concentration layer exceeding ~1E21 cm™3.
However, this concentration drops sharply as it is deeper
from the surface, and approximately 75% of the nitrogen
atoms are present at a depth of 20 A [9]. This shallow
and high-concentration nitrogen layer suppresses the TED
of phosphorus on the silicon surface and reduces Cov.

In this way, phosphorus diffuses in opposite directions
in the bulk and on the surface. It changes the depletion
curvature at the LDD edge to a negative shape, i.e., moving
outward of the channel on the surface and inward in the bulk.
Therefore, the depletion curvature under the gate induces a
strong electric field. As a result, GIDL occurs and BVpss
drops as N-dose increases. The depletion curvature shape
of the LDD edge illustrated in Figure 8 is similar to the
depletion curvature of the GIDL.

A.4. DISCUSSION OF TAIL-TYPE Ip, orr AND BVpss

We observed that occurrences of tail-type Ip off and BVpss
increased when N-dose exceeded 1.0E15 cm~2. The Ip,off
measured on N-dose of 2.5E15 cm™2 was recorded in
log(Ampere) at the same coordinates in Figure 9. Among
them, Ip o greater than —10.1 log(Ampere) was defined
as Ipoff-tail and marked in red, and other segments were
marked in green. The red segments are distributed randomly
within and between wafers.

We compared the breakdown characteristics of BVpgg
with N-dose of 2.5E15 cm~2 and 0.5E15 cm ™~ in Figure 10.
The I-V curves of N-dose 2.5E15 cm™? are divided into
two groups. One is the red-dash curves measured on the red
segments, and another is the red-bold curves measured on
the green segments.
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FIGURE 8. The depletion curvature at the edge of the LDD exhibits a
negative curve because nitrogen suppresses lateral diffusion on the
surface and enhances TED diffusion in the LDD bulk.

105
105[402]-105[-06]-10.5[-106[ 0] -107 104104107105 107206 [ 02
-10.5(-104 -105|-10.8] -104/-10.5] -105[-106 -10.9(102 -105]-10.8 102
102]-106]403]107]-105 104 [ 0.6 106 -103] 102[10.7]405 105 105 [ 107 [R5 107
-0.5]105|106[ 407|105 105|104 [ -10.6]-104] 106105 [-106[-05[-m2 -105 103 (105 [ 107 106 104
[104]-105 “107[103]-105 | 107 -105 [0« O 105 |- 102106 107|105

103|105 |-10.8]102{-103 109105 [ 104 [-10.¢[-105 -0 [0
105 [N 102 [ 102 106106 [-106] 103105

sample (a) sample (b)

FIGURE 9. Red segments are Ip ¢-tails of HY MOSFETs randomly
distributed within and between wafers. Gate length = ~0.8 . m, N-dose
2.5E15 cm™2,

The measured curves at 0.5E15 cm_2, where Ip of-tail is
free, are shown as bold-blue curves. The red-bold curves
show a similar variability but a lower breakdown voltage
than the blue-bold ones. However, the red-dash curves have
bigger variability and lower breakdown voltage than the red-
bold ones. The coexistence of low breakdown voltage with
high variation on the same wafer implies the presence of
strong and random electric fields. The possible causes are the
non-uniform dopant diffusion or doping concentrations. In
the nanometer technology, random dopant fluctuation (RDF)
was reported as increasing electric variability [10]. However,
such reports are rare in the submicron gate length MOSFET.

Typically, dopants implanted into single-crystal silicon
diffuse uniformly during thermal processes. However, the
diffusivity of dopants in the amorphous silicon is slower than
in single crystals [11]. Therefore, amorphous clusters gen-
erate steeper junctions and form stronger electric fields than
single crystals. We investigated the presence of amorphous
clusters due to nitrogen implantation.

The implanted nitrogen atoms migrate to the silicon
surface during the annealing and most of them disappear
from the implanted bulk silicon. However, if the thermal
budget is insufficient or the dose is too high, the nitrogen
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FIGURE 10. BVpgg of HV MOSFETs for N-dose 2.5E15 cm~2 and
0.5E15 cm~2. Gate length = ~0.8 um.

solubility at the silicon surface will quickly saturate and
migration to the surface will stop. Then, nitrogen atoms
remain in the bulk silicon and increase the nitrogen con-
centration. These nitrogen atoms in the bulk retard the
recrystallization of damaged silicon during implantation. As
a result, amorphous clusters remain in LDD [12]. According
to the literature, samples with N-dose 7E14 cm~2 and 2E15
cm~2 were annealed at 750 °C for 2 minutes and analyzed
for crystal domain formation by Transmission Electron
Microscopy (TEM). The result shows that 7E14 cm™2
was completely recrystallized, and the amorphous clusters
disappeared. However, 2.0E15 cm™2 still shows the amor-
phous clusters that have not recrystallized [12]. Therefore,
high-dose nitrogen implantation leaves amorphous clusters,
resulting in randomly steep junctions. As a result, a strong
electric field is generated at the amorphous clusters, which
increases the occurrence of Ip of-tail and BVpgs-tail.

In the subthreshold characteristics discussion, GIDL was
observed in MOSFETs where Ipoff-tails occurred. We
investigated the breakdown I-V characteristics to verify
whether the cause of the GIDL was the breakdown voltage
reduction or an increase in subthreshold leakage current. In
Figure 10, the I-V curves of 0.5E15 cm~2 are before the
breakdown at Vp of 8 Volt, but the red-dash curves of 2.5E15
cm~2 are already in the breakdown and have significant
current flow. Therefore, the cause of the GIDL observed in
Ip off-tail MOSFETS is not the subthreshold leakage current
due to the tunneling effect, but the breakdown voltage drop.

B. NITROGEN EFFECT ON HCI DEGRADATION
We observed that implanted nitrogen increases the electric
field. This suggests nitrogen implantation may reduce HCI
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FIGURE 11. fWLR of HV MOSFET (Y1) and 10 MOSFET (Y2), lower Alp st is
better for HCl immunity. Vp=5.5 Volt, Vg=Igpax. for 100 seconds.

immunity by providing stronger kinetic energy to the hot
electrons [13]. To verify the HCI degradation due to nitrogen
implantation, we measured it with the fWLR (Fast Wafer
Level Reliability). This is an effective method for measuring
many samples and understanding the trend for N-dose.
However, it is a relative measurement for a short stress time.
Therefore, we tested HCI degradation for 10,000 seconds of
stress on a few selected samples to verify the fWLR results.

B.1. TREND OF HCI DEGRADATION FOR N-DOSE

fWLR measurement is reported as Alpg, which is the
percent of Ip g, shift ratio from the initial to the 100 seconds
stress time. Figure 11 shows the Alpgy of HV MOSFET
on the Y1-axis and IO MOSFET on the Y2-axis. Both show
similar trends, that is Alp s, decreases as increases in N-dose
until 1.0E15 cm~2. However, they show inflection points at
1.0E15 cm~2 and rise sharply after passing them. This means
the HCI immunity is enhanced by nitrogen implantation, but
this effect disappears at 1.0E15 cm™2 and begins to degrade.

To confirm the HCI degradation trend observed in
fWLR, HCI testing was performed on the IO MOSFET for
10,000 seconds for N-doses of 0, 1.0E15, and 2.0E15 cm™2.
Figure 12 shows the stress time on the X-axis and Alp g4t On
the Y-axis. Among these MOSFETs, the Alp st measured at
N-dose 1.0E15 cm~2 consistently shows the lowest shift ratio
up to 10,000 seconds, and the highest shift ratio observed
at the highest dose of 2.5E15 cm™2. The sample without
nitrogen implantation shows intermediate. These results are
consistent with fWLR results.

We measured the HCI degradation of CORE MOSFET
using the fWLR to verify the observation of inflection points
in 10 and HV MOSFETs. This result is reported as Vp
and Vg (Vp/Vg) voltage at which the Alp g, reaches 5%.
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Therefore, higher Vp/Vg indicates improving HCI immunity,
but it is opposite to Alp g, in IO and HV MOSFETs. fWLR
results in Figure 13 show that the HCI immunity improves
without an inflection point even as the N-dose increases to
2.5E15 cm™2,

We performed HCI testing for 10,000 seconds for 0.2E15,
0.7E15, and 1.5E15 cm™2 to confirm the fWLR result of
CORE MOSFET. Figure 14 shows the HCI testing results
for 10,000 seconds of stress time. Higher N-dose consistently
maintains a lower Alpgy trend from 100 seconds to
10,000 seconds like the fWLR results.
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FIGURE 14. HCI test on CORE MOSFETs for 10,000 seconds stress time for
N-dose 0.2E15, 0.7E15, and 1.5E15 cm—2, Vp=Vg=1.7 Volt.

B.2. DISCUSSION OF NITROGEN EFFECT ON HCL
DEGRADATION

We observed that the HCI immunity improved up to 1.0E15
ecm~2 for HV and IO MOSFETs and continued to improve
up to 2.5E15 cm~2 for CORE MOSFETs. This is because
of the formation of a high-concentrated nitrogen layer on
the silicon surface [2], [3], [9]. Hot electrons leaving at the
edge of the LDD receive kinetic energy from the electric
field in the depletion layer. They collide with the gate oxide
and create a fixed charge at the Si-SiO2 interface. However,
the high-concentration nitrogen layer reduces the impact of
collision and suppresses the generation of fixed charges. As
a result, increasing N-dose improves HCI immunity [2], [3].
However, we observed the HCI degradation in 10 and
HV MOSFETs when the N-dose exceeds 1.0E15 cm™2. A
possible root cause is an increase in the electric field. In
Section III.A, we observed the electric field. Therefore, a
higher N-dose provides stronger kinetic energy to the hot
electrons and creates more fixed charges. HCl degradation
begins with the N-dose of 1.0E15 cm™2. This indicates that
the suppression of HCI degradation by the high-concentration
nitrogen layer is dominated by the effect of increasing
the electric field as N-dose increases. The possible reason
for such HCI degradation only occurring in 10 and HV
MOSFETs is that they have a higher operating voltage than
CORE MOSFET or the LDD junction profile is different.

C. SHORT CHANNEL EFFECT

Nitrogen implanted into LDD is known to suppress the short-
channel effect [1]. This is one of the reasons why nitrogen
implantation is widely used today. We analyzed the DIBL
to verify the short-channel effect. It is a normalized value
dividing the difference between VT Jin in the linear region and

VOLUME 12, 2024

180 39
175 .
[ ]
e 37
170 o8 e
163 ° ® 35
[
B - 5
g 10e .o 13 §
S' s | 2l
I~ 155 9
Q |
o, 150 31 E
X
o a
a CORE_MOSFET
145 29
10 MOSFET
140
27
135
130 25
0.0 05 10 15 20 25

N-dose cm™

FIGURE 15. 10 MOSFET (Y2) does not respond to N-dose, but CORE
MOSFET (Y1) shows a DIBL drop at N-dose above 1.3E15 cm—2.

VT sat measured in the saturation region by Vpp. Figure 15
shows the DIBL of CORE MOSFET on the Y1-axis and 10
MOSFET on the Y2-axis for the N-dose on the X-axis. The
CORE MOSFET does not respond to nitrogen dose up to
1.3E15 cm™2 but drops off sharply above that. However, 10
MOSFET does not respond even when N-dose increases to
2.5E15 cm™2. This means that nitrogen implanted into the
LDD contributes marginally to suppressing the short-channel
effect in nanometer technology. This is probably because the
short-channel effects have already been optimized through
various other efforts.

D. EFFECT OF NITROGEN ON ID,SAT

We investigated the Ip g, response to N-dose. Figure 16
shows the Ip g, of HV MOSFET on the Yl-axis and 10
MOSFET on the Y2-axis as a function of N-dose. Both
Ip_sar trends exhibit the same parabolic-like response. In the
low dose range, Ip so¢ increases by 10% for IO MOSFET.
However, Ip g5 decreases after passing the inflection point
around the N-dose of 1.0E15 cm™2. These MOSFETSs
received the Well implantation under different process
sequences and conditions. They also have different gate
oxide thicknesses and lengths. Additionally, the LDD is
processed on the same mask but opened after the spacer etch
for HV MOSFET and before the spacer for [0 MOSFET.
Despite these differences, Ip sac Show a similar parabolic-like
response. This suggests that Ip st could influenced by a few
more mechanisms of nitrogen.

D.1. VERIFICATION
MODULATION

DIBL increases Ip sy but nitrogen did not affect the DIBL
of IO MOSFET as discussed in Section III.C. Additionally,

OF CHANNEL LENGTH
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FIGURE 16. Ip st exhibits a parabolic-like response to N-dose. HV
MOSFET (Y1) Vp=V=>5 Volt, 10 MOSFET (Y2) Vp=V=2.5 Volt.

nitrogen is not expected to affect the DIBL of HV MOSFET,
since the gate length is approximately 3 times longer than
that of IO MOSFET. Another suspecting cause for the
parabolic-like Ip g4t is channel length modulation. As we dis-
cussed earlier, Cov decreases with a negative correlation with
N-dose. That’s because nitrogen suppressed the diffusion of
LDD dopant on the silicon surface. Therefore, Ip so¢ should
be decreased as N-dose increases. However, Ip ot increases
in the low dose range and decreases only for doses higher
than 1.0E15 cm™2.

We analyzed Ron trends over N-dose to validate the
channel length modulation. Figure 17 shows the Ron of the
HV MOSFET on the Y1-axis and the IO MOSFET on the
Y2-axis as a function of the N-dose on the X-axis, measured
at Vp=0.2 Volt, Vp=Vg=Vpp. Ron is the series resistance
of the channel and LDD. If Ron is dominated by channel
resistance, it must increase because the channel distance
from the drain to the source increases as N-dose increases.
However, Ron decreases to ~15% for IO MOSFET and
HV MOSFET shows a similar reduction of about ~12%
despite having ~3 times longer gate length. Therefore, the
Ron reduction does not come from the channel resistance
but from LDD resistance.

D.2. INCREASES Ip sar DUE TO ELECTRICAL ACTIVATION
OF NITROGEN

Nitrogen is a commonly used species to produce N-type in
high-voltage devices based on SiC or GaN semiconductors.
However, it is known to be an electrically inactive species
in silicon-based semiconductors. Therefore, it is widely
used as an environmental gas in fabrication processes. In
addition, it was reported that nitrogen implanted into intrinsic
semiconductors has low solid solubility, so the probability
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of being substituted into the silicon lattice is less than
1% [14], [15].

However, when nitrogen is implanted into silicon with a
high concentration of boron-doped, the solid solubility of
nitrogen is enhanced because boron moves from a lattice to
an interstitial, and the vacancy concentration increases [16].
All MOSFETs studied in this work were fabricated in heavily
boron-doped P-type Wells. Therefore, the solid solubility of
nitrogen can be increased with the help of boron, and the
electrical activation of nitrogen can be improved.

We compared the Ip ¢4 response to nitrogen with that of
phosphorus co-implanted as an N-type dopant in the LDD
of IO MOSFET. Figure 18 shows the Ip s response for
nitrogen and phosphorus on the Y-axis and their doses on the
X-axis. Both show similar regression shapes. We extracted
the relative activation ratio of nitrogen atoms to phosphorus
using the equation obtained in the linear region as follows:

The equation (1) is for N-dose xE15 cm 2, and (2) is for
P-dose (Phosphorus dose) xE14 cm™2.

Ip.sat = 1.06E — 4x 4 0.0012 (1)
Ip.sat = 1.50E — 4x 4 0.0011 )

Calculated the Ip o ratio of nitrogen to phosphorus after
normalizing the dose to 1.0E14 cm™2.

(1.06E — 4/10)/1.50E — 4 % 100 = 7.1% 3)

Assuming that the phosphorus atoms are 100% activated
and contribute to Ip gy, output (3) indicates that approxi-
mately 7% of the implanted nitrogen atoms are electrically
activated and contribute to Ip gu.

The overall performance of IO MOSFET was compared
considering the increase in Ip so¢ due to nitrogen activation,
and the increase in Ipof due to the electric field. In
the regression between Ip o and Ip gy in Figure 19, the
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maximum increment of Ip gy at the Ip o of 1E-9 Ampere
is up to approximately 5% compared to N-dose 0.

D.3. DECREASES Ipsar DUE TO  ELECTRICAL
DEACTIVATION OF PHOSPHORUS
Ipsar decreases when N-dose exceeds 1.0E15 cm™2.

According to the literature, phosphorus co-implanted with
nitrogen shows a lower electrical activity than phosphorus
alone because phosphorus readily combines chemically with
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nitrogen during annealing. The phosphorus atoms combined
with nitrogen no longer act as donors [17]. Therefore, the
increase in N-dose increases the probability of chemical
bonding with phosphorus, resulting in Ip s reduction.
However, the boundary is unclear because phosphorus
deactivation and nitrogen activation co-occur. The electrical
activation of nitrogen increases as N-dose increases but
reaches saturation at a given boron concentration. At the
same time, the electrical deactivation of phosphorus increases
and becomes the dominant effect from 1.0E15 cm™2. As
discussed earlier, the nitrogen concentration in the LDD bulk
increases from the N-dose of 1.0E15 c¢cm™2, resulting in
the tail-type Ip off and BVpgss. Therefore, the probability of
chemical bonding with nitrogen increases in the LDD bulk,
and as a result, phosphorus deactivation becomes dominant
from the N-dose of 1.0E15 cm™2,

D.4. VERIFICATION OF ELECTRICAL ACTIVATION AND
DEACTIVATION

We analyzed Ipga trend for N-dose in CORE MOSFET
(Fig. 20). It received a different LDD implantation scheme
than 10 and HV MOSFETs. Arsenic was implanted instead
of phosphorus, and BF, was implanted with a high-degree
tilt angle to suppress the short-channel effect. Nevertheless,
Ipsat increases as N-dose increases. This indicates that
electrical activation of nitrogen occurs also in CORE
MOSFET. However, it does not exhibit an inflection point
and decreasing trend even if it exceeds 1.0E15 cm™2.
That’s because the chemical reactivity between nitrogen and
arsenic is low. Therefore, electrical deactivation of arsenic
by chemical bonding with nitrogen does not occur.
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We investigated the chemical reactivity of phosphorus
and arsenic toward nitrogen. As atomic numbers increase,
chemical reactivity decreases. In group V of the periodic
table, phosphorus is in period 3 and arsenic is in period
4. Therefore, arsenic has lower reactivity to nitrogen than
phosphorus. According to the literature, nitrogen reacts well
with phosphorus to form P3;Ns. However, the reaction of
nitrogen and arsenic requires extremely high temperatures
and pressures. Therefore, except for unstable and highly
explosive compounds (e.g., As(N3)3, As(N3)s), covalent
compounds composed of arsenic and nitrogen have not yet
been reported [18].

IV. CONCLUSION

Nitrogen increases Ipoff and reduces BVpss in HV
MOSFET. When N-dose exceeds 1.0E15 cm—2, HCI immu-
nity degrades sharply. The short-channel effect of IO
MOSFET is not affected by nitrogen. The benefit of nitrogen
implantation in IO and HV MOSFETs is not much and
may be eliminated. In this case, Ip sy decreases as the
electrical activation of nitrogen disappears. Unlike 10 and
HV MOSFETsS, nitrogen implanted into CORE MOSFET
improves HCI immunity and increases Ip sy without an
inflection point. For all MOSFETs, it is recommended that
the nitrogen dosage not exceed 1.0E15 cm™2.

Below is a summary of the results.

1) Nitrogen implanted into the LDD increases the electric
field, as a result, BVpggs decreases and Ip off increases.

2) Nitrogen enhances TED diffusion in the LDD bulk but
suppresses it on the surface, forming a negative depletion
curvature at the LDD edge and increasing the electric field.

3) When the N-dose exceeds 1.0E15 cm™2, the nitrogen
concentration in the LDD bulk increases and retards the
recrystallization and leaving amorphous clusters.

4) Amorphous clusters form randomly steep junctions and
increase the electric field. As a result, tail-type Ip off and
BVpss occur.

5) Nitrogen improves the HCI immunity but degrades for
IO and HV MOSFETSs when N-dose exceeds 1.0E15 cm™2.

6) The short-channel effect of IO MOSFET evaluated by
DIBL is insensitive to nitrogen. However, CORE MOSFET
is suppressed when the N-dose exceeds 1.3E15 cm™2.

7) Nitrogen is electrically activated and reduces the Ron
of the IO MOSFET and HV MOSFET by up to 15% and
12%, respectively.

8) Nitrogen increases the Ip s of IO MOSFET by about
10% and improves Ip off-Ip sac performance by up to 5%.

9) Assuming that LDD co-implanted phosphorus atoms
are 100% activated and contribute to Ip g5 of IO MOSFET,
approximately 7% of the implanted nitrogen atoms are
electrically activated and contribute to Ip g

10) Phosphorus co-implanted into the LDD cova-
lently binds to nitrogen and becomes electrically inactive.
This effect becomes dominant when N-dose exceeds
1.0E15 cm™2, and Ip sat decreases.
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11) Covalent bonding between arsenic and nitrogen is
difficult. Therefore, the Ip g of CORE MOSFET with
arsenic co-implanting does not decrease even if N-dose
exceeds 1.0E15 cm~2,
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