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Abstract— An X-ray irradiation degradation mechanism has
been investigated for fully depleted-silicon-on-insulator (FD-SOI)
p-channel MOSFETs (p-MOSFETs). It is found that the drain
current degradation by the X-ray irradiation has gate length
dependence showing 20% degradation for L = 0.2 pm, while
8% for L = 10 pm after the 1.4 kGy(Si) X-ray irradiation. Using
Terada’s method, it was found that the degradation is not due to
mobility degradation but due to radiation-induced gate length
modulation (RIGLEM) and the associated increase of source
and drain parasitic resistance. The major cause of degradation
induced by the RIGLEM is explained by an analytical model,
assuming a positive charge generation in sidewall spacers. It can
be suggested that the X-ray irradiation degradation of FD-SOI
p-MOSFET can be improved by optimizing the lightly doped
drain region.

Index Terms—Fully depleted-silicon-on-insulator (FD-SOI),
gate length modulation, MOSFET, sidewall spacer, X-ray
radiation hardness.

I. INTRODUCTION

OR the requirements of advanced and future large

scale integrated circuit technologies, a fully depleted-
silicon-on-insulator (FD-SOI) technology is the most promis-
ing candidate because of its scalability, reduction of
power consumption while keeping high-speed operation,
wide temperature range operation, and radiation hard-
ness for single-event upset (SEU). In addition, the SOI
structure is one of 3-D devices when active devices are
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composed in the SOI handle wafer. These advantages are
suitable for an X-ray imaging sensor of medical or science
used to achieve high resolution with smaller pixel size. Then,
the X-ray sensors have been reported, utilizing the SOI
structures [1]-[5]. However, even though the SOI device has
higher immunity to the SEU, it is weak in the total ionizing
dose effect [6]. This is due to the existence of relatively
thick oxide underneath the MOSFET so-called buried oxide
(BOX) in the SOI structure. It is well known that positive
charges are generated in oxide by the X-ray irradiation [7].
For the n-channel MOSFET (n-MOSFET) case, the gener-
ated positive charge in the BOX alters the back potential.
Consequently, the threshold voltages decrease, and the drain-
to-source leakage enhancement is observed due to the back
channel formation in the n-MOSFET by X-ray irradiation [8].
Because the n-MOSFET degradation is due to the positive
charge generation in the BOX, reducing the BOX thickness
is one of solutions to improve the radiation hardness [9].
Furthermore, a double SOI structure has been proposed to
improve the radiation hardness where the middle SOI layer is
used as a compensation electrode for the generated positive
charges in the BOX [10], [11]. On the other hand, there
are a few studies about the FD-SOI p-MOSFET degrada-
tion by the X-ray irradiation, and we found that it shows
extremely high degradation. In this paper, the degradation
of the FD-SOI p-MOSFET has been investigated. We also
present an analytical model for the degradation due to an
effective channel length modulation by the X-ray irradiation
[12]-[14], utilizing the model of positive charge generation in
the sidewall spacers.

II. EXPERIMENTAL PROCEDURE

A test-element group of MOSFETs [15] were fabricated
using a 0.2 xm node FD-SOI CMOS process technology for
a radiation sensor application prepared by LAPIS Semiconduc-
tor Co., Ltd. [16]. Thicknesses of the BOX, the SOI layer, and
the gate oxide are 200, 40, and 4.4 nm, respectively. A channel
stop implantation into the sidewall of the SOI active edge was
employed to prevent the isolation edge effect by the X-ray
irradiation [17]. A conventional lightly doped drain (LDD)
structure was applied to reduce the hot-carrier and short-
channel effects. Co-salicided diffusion and gate poly were
also employed to reduce parasitic resistance and make the
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Fig. 1. p-MOSFET’s drain current degradation at the linear region as a
function of X-ray irradiation dose. For shorter gate length as 0.2 um, the
degradation is around two times faster than that for longer gate length as
10 pm.

contact formation process reliable [18]. The designed gate
lengths are changed from 0.2 to 10 gm with the constant
gate width of 10 um. To evaluate the MOSFET characteristics
before and after the X-ray irradiation, I;—V, curves with
Vis = —0.1 V were measured for p-MOSFETs. In all of
14—V, measurements, the body of MOSFETs was floating,
and the substrate was connected to the ground. To estimate
the generated charge in the BOX, the [-V characteristics
against back gate were measured with the front gate grounded
before and after the X-ray irradiation for n-MOSFETs at
Vas = 0.1 V. X-ray irradiation was carried out at a constant
dose rate of 0.018 Gy(Si)/s using a wafer-level X-ray irradi-
ation system [15]. An X-ray generator with a rotary cathode
target of molybdenum (RIGAKU: Ultral8X) was used as the
source at an acceleration voltage of 40 kV. An aluminum
filter with a thickness of 0.5 mm was inserted to suppress
X-rays below 10 keV. During the irradiation, all the pads for
MOSFETs were connected to the ground.

III. RESULTS AND DISCUSSION
A. Drain Current Degradation by X-Ray Irradiation

The drain current degradation in the linear region is
confirmed for p-MOSFETs of 0.2 and 10 xm in gate length,
as shown in Fig. 1. The drain currents decrease with the
X-ray irradiation dose. Note that similar degradation was
observed for gamma-ray irradiation. Since X-ray was irra-
diated uniformly, the generated charge by X-ray must be
uniformly distributed in the channel, because all terminals
were grounded during the irradiation. Therefore, the drain
current degradation rate should exhibit small gate length
dependence. However, the drain current degradation of 0.2 ym
MOSFETs is 20% after the 1.4 kGy(Si) irradiation, whereas
only 8% degradation for 10 xm MOSFETSs. The gate length
dependence of threshold voltage shift, AVj,, and transcon-
ductance degradation rate, Agm max/&m_max0, are also inves-
tigated after the 1.4 kGy(Si) X-ray irradiation, as shown
in Fig. 2. Even though the gate length was varied from
0.2 to 10 um, the threshold voltage shifts are distributed
from —0.045 to —0.050 V and the difference is only 5 mV.
This indicates that the generated charge in the gate oxide
should be almost uniformly distributed in the channel of
these gate length varied MOSFETs. On the other hand, the
transconductance degradation rate depends strongly on the gate
length. In general, the transconductance degradation is caused
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Fig. 2. Threshold voltage and transconductance changes after the 1.4 kGy(Si)
X-ray irradiation as a function of the gate length. There is only 5 mV
difference in AV;, among p-MOSFETs with shorter and longer gate length.
This means that the generated positive charges in the gate oxide have small
gate length dependence. On the other hand, about 15% difference is observed
in the g, degradation.

by the generation of interface states between the gate oxide
and the silicon or positive charge generation in the gate oxide.
In both cases, the threshold voltage is also shifted. Then, the
results of Fig. 2 do not clearly show the actual cause of the
degradation.

B. Degradation Mechanism Estimation by Terada’s Method

To clarify the degradation mechanism, carrier mobility, gate
length modulation, and source and drain parasitic resistance
are extracted using Terada’s method [19]. Assuming that
the source and the drain parasitic resistances, Ry, and Ry,
are connected to the MOSFET in series, the measured total
resistance, R, = Vqys/lgs, 1S given by

Left

Ry = pch Weir

+ (Rs + Ra) ey

where pch is the channel sheet resistance and Legr and Wegr
are the effective gate length and the width, respectively. It is
noted that the effective gate length is not the distance between
metallurgical junctions of the source and the drain, but the
electric effective gate length in which region the surface
potential can be modulated by the gate potential. Using the
designed gate length, Lgrawn, the effective gate length is

Leff = Ldrawn + oL (2)

where 0L is the bias from the designed length to the effective
length. Substituting (2) into (1) and using Rexy = Ry + Ry
yields

Pch Pch
Rm = @Ldrawn + (5L szf + Rext) . (3)

From the relation between R, and Lgrawn, pch/ West and
OLpch/ Wett + Rexe for different Vys—Vio can be calculated.
Linear relations between pcp/ Wegr and 0Lpch/ Wegr + Rext are
confirmed for the samples before and after X-ray irradiation,
as shown in Fig. 3. From these relations, 0L and Rex
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Fig. 3. Plot between 0Lpch/ Wetr + Rext and pch/ Wess calculated from (3)
as a parameter of X-ray irradiation dose. Good linear relations for each dose
are confirmed for all doses. The Y-intercept and gradient of the lines are
Rext and JL, respectively.
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Fig. 4. Relation between 1/pch and Vgs—Vio to extract the mobility of channel
holes for the preradiation and 1.4 kGy(Si) irradiated samples. Almost no
difference in the mobility is observed by X-ray irradiation.

are extracted. On the other hand, the channel sheet resistance
can be described as
1

B #Cox(Vgs — Vo)

where u is the carrier mobility, Cox iS the gate capacitance,
and Vi, is the threshold voltage. Reciprocals of pc as a
function of Vgs—Vio are shown in Fig. 4 for preradiation and
1.4 kGy(Si) irradiated samples. Then, using this method, ux,
0L, and Rex¢ as a function of the X-ray irradiation dose
are extracted and shown in Fig. 5. As shown in the figure,
the mobility degradation by the X-ray irradiation is small.
On the other hand, the effective gate length and the parasitic
source and drain resistance increase with the X-ray dose.
This is quite interesting that the transconductance degradation
shown in Fig. 2 is not induced by the mobility degradation,
but by the effective gate length modulation, leading to the
transconductance degradation. Because the major factors of
the degradation by the X-ray irradiation are related to the gate
length modulation and the parasitic source and drain resistance
increase, the degradation phenomenon occurs at the edges of
the gate. Based on the knowledge that the X-ray irradiation
damages are positive charge generation in oxide and surface
state generation at the Si—SiO; interface [7], the following
two degradation mechanisms are suspected. One is that the
positive charge generated in the BOX by the X-ray irradia-
tion [20] modulates the LDD region, because the concentration
of LDD is as low as 10'8 ¢cm™3 order, and the resistance of
LDD layer may be easily changed by the generated positive
charge in the BOX. The other is that the generated positive
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Fig. 5. Results by Terada’s method calculation for (a) mobility changes,
(b) gate length bias changes, and (c) parasitic resistance changes of
p-MOSFETs as a function of X-ray irradiation dose. The relative changes
in mobility are small, whereas those in the gate length modulation and the
parasitic resistance are large.
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Fig. 6. Degradation of drain current in the linear region by substrate bias for a
fresh p-MOSFET. The 6.5 V of Vg}, is equivalent to the positive charge in the
BOX after the 1.4 kGy(Si) irradiation. Dashed line: drain current degradation
by the 1.4 kGy(Si) X-ray irradiation.

charge in the sidewall spacers [21] may increase the absolute
threshold voltage at gate edge and cause the drain current
degradation.

C. Effect of Generated Positive Charge in the Box

The effect of the generated positive charge in the BOX
can be easily evaluated from the substrate bias (Vgyp) depen-
dence of MOSFETs, because the positive charge genera-
tion in the BOX is equivalent to supplying the positive
bias to the substrate. Fig. 6 shows the I; ji, degradation
by V. In this figure, the I, ji degradation after the
1.4 kGy(Si) X-ray irradiation is shown in Fig. 6 (dashed
line). The indicated Vgp of 6.5 V is equivalent to the
positive charge in the BOX after the 1.4 kGy(Si) X-ray
irradiation, which was obtained from the backside gate
I-V for n-MOSFETs. The Iq jin degradation by the substrate
bias accounts for only 6.5% for Vg, = 14 V, whereas 20% for
the 1.4 kGy(Si) X-ray irradiation samples. The u, L, and Rext
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Fig. 7. Results by Terada’s method calculation for (a) mobility changes,

(b) gate length bias changes, and (c) parasitic resistance changes of
p-MOSFETs as a function of substrate bias. The 6.5 V of Vyy, is equivalent
to the positive charge in the BOX after the 1.4 kGy(Si) irradiation.
Dashed lines: degradation by the 1.4 kGy(Si) X-ray irradiation similar to
Fig. 6. The mobility, gate length bias, and parasitic resistance changes even
at Vgup = 14 V are within those induced by the 1.4 kGy(Si) X-ray irradiation.

changes by Vg, are also extracted using Terada’s method
and shown in Fig. 7. There is no significant 0L and Rex
degradations by Vgup. Therefore, it is concluded that the
p-MOSFET degradation by the X-ray irradiation is not solely
due to the generated positive charge in the BOX.

D. Effect of Generated Positive Charge in Spacers

Considering the charge generation by X-ray irradiation, the
MOSFET structure can be divided into three regions, as shown
in Fig. 8. The drain current of MOSFET through Region II is
controlled by the gate potential and affected by the charge in
gate oxide after the X-ray irradiation. On the other hand, the
drain current of MOSFETs in Region I and Region III, which
are in the edge portions of MOSFET, is affected additionally
by the positive charge in the sidewall spacers. When the
effective gate length of Region II MOSFET is Leg> and that
of Region I or Region III is Le¢r;, then the total effective gate
length, Leg, is

Lett = Letro + 2 Lefr1. (5)
The drain currents of each MOSFET are described as

Wetr

Iss = - ,UCOX(Vgs — Vio1) Vs (6)
Letf1
Wetr

Iys = - ,UCox(Vgs — Vst — Vio) Vaas2 7
Letr
Weff

Iss = ﬂCox[Vgs — (Vast + Vas2) — Vio1lVasz - (8)

Lesf1
and

Vas = Vst + Vas2 + V3. (9)
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Fig. 8. Schematic cross section and an equivalent circuit to explain parasitic
p-MOSFETs at both the source and the drain sides. Effective gate length,
drain voltage, and threshold voltage of the center MOSFET are Lefr, Vys2,
and Vi, respectively. Those of the parasitic source or the drain side MOSFET
are Ler), Vg1, and Vi or Legry, Vds3, and Vigp, respectively.

To simplify the calculation, Rex; = O is assumed. Substituting
(6)—(8) into (9) yields

\%
R, = Yds
1as
y 1 [ Leff1 Lefr>
Wett 1 Cox [ Vas — Viol Ves — Vst — Vio

+ Letf1
Vgs - (Vdsl + VdsZ) — Vol

It is assumed that Vs — Vio > Vo1 and Vgs — Vier >
Vas1 + Vis2, then (10) becomes
n Leip )
Vgs ) Vto

}. (10)

1 ( 2 Leff)
Ry =
Wett 1t Cox \ Ves — Vol

Pch Ves — Vio )
= Legp +2Legs1 ——— ). (1)
eff ( ¢ ¢ Vgs_ Viol
Comparing (11) with (1) yields
Ves — Vi
Let = Lefo + 2Lefti ———— . (12)
Vgs — Vtol
If there are positive charges in the sidewall spacers,

Vto1 should shift to the negative. For p-MOSFET case, Vg
is the negative. Then, Vgs—Vio1 decreases and Lef increases.
The L. modulation factor is a fractional expression in the
second term in the right-hand side of (12) and can be
rewritten as

Vgs 4 Vto

Vgs = Vi1 B

Vgs - Vto _
Vgs - (Vto + Avtol) 1-—

AViol (13)

Voo—Vio

where AVio1 = Vio1—Vio. With the consideration of Vi, value
(IVto| ~ 0.8 V) and measurement conditions (| Vgs| ~ 1.8 V),
Ves—Vio can be approximated to be 1, and then (13) becomes

Vgs - Vto 1

~ . (14)
Vgs — Vtot 1 — AV

Legr after the X-ray irradiation with the dose of x is given by

Lett (x) = Letr> + 2 Lefr1 (15)

1
1 - AVtcvl
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Fig. 9. Trapped hole densities as a function of X-ray irradiation dose in the
BOX and the sidewall spacer. To calculate the number of the trapped holes
in the sidewall spacer, it is assumed that Legrp is 0.01 gm and the thickness
of the sidewall spacer is 65 nm.

and that for the preradiation is also given by (5). Then, the
variation of JL by the X-ray radiation, AJL, is expressed by

AOL = (Legr(x) — Ldrawn) — (Letf(0) — Ldrawn)

AVtol
=L — Letr(0) = 2Lt ————. 16
eff (*) — Ler (0) T Ay (16)
When AVio1 < 1, (17) becomes
AJL = 2Letr1 AVio1. (17)

If the effective oxide thickness of the sidewall spacer
is Tox_sw, the effective generated charge in the sidewall spacer,
ANOt?SWy is

€5i02
25] Lefr1 Toxfsw

where ¢ is the elementary electron charge and &g is the
permittivity of oxide. Assuming Leg; = 0.01 gm and
Tox_sw = 65 nm, ANy _sw is calculated from measured AJL,
as shown in Fig. 9, as a function of the X-ray irradiation
dose. In this figure, the generated positive charges in the BOX
calculated from the back gate Vt shift of n-MOSFETs are
also shown. It is confirmed that both trends for the estimated
generated charges in the sidewall spacer and the BOX are
almost the same. Based on these results, it is concluded
that the gate length modulation by the X-ray irradiation in
p-MOSFETs, which is the major cause of degradation, is the
local Vt shift at gate edges due to the generated positive
charge in the sidewall spacers. This effect must be enhanced
when the ON-state bias is used during the X-ray irradiation
instead of the OFF-state bias of this experiment. In addition,
we have confirmed that the higher LDD dosage suppresses the
gate length modulation effect and improves the drain current
degradation by the X-ray irradiation. The detailed results will
be presented elsewhere in the future.

ANo_ow = ASL (18)

IV. CONCLUSION

The X-ray irradiation-induced drain current degradation
of FD-SOI p-MOSFET has been studied. The drain current
degradation of 20% was observed in the linear region after
the 1.4 kGy(Si) X-ray irradiation for 0.2 um transistors in the
gate length, whereas 8% for 10 um transistors. No obvious
gate length dependence of Vt shift but clear dependence of

the gm degradation by the X-ray irradiation was confirmed.
To investigate the mechanisms of the degradation, the analysis
based on Terada’s method was examined. It is found that the
degradation is due to the effective gate length modulation and
the external parasitic source and drain resistance but not due to
the mobility reduction. The effective gate length modulation is
caused by the generated positive charge in the sidewall spacers,
as concluded from the model of local Vt shift induced at the
gate edges. Based on this model, the radiation hardness for
FD-SOI LDD p-MOSFET should be improved by higher LDD
implant dosage such that the gate overlap region of LDD is
extended and consequently the gate edge transistors may also
be controlled solely by the gate potential, not by charges in
the sidewall spacers.
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Analysis of Effective Gate Length Modulation
by X-Ray Irradiation for Fully Depleted
SOI p-MOSFETs
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Abstract— An X-ray irradiation degradation mechanism has
been investigated for fully depleted-silicon-on-insulator (FD-SOI)
p-channel MOSFETs (p-MOSFETS). It is found that the drain
current degradation by the X-ray irradiation has gate length
dependence showing 20% degradation for L = 0.2 pum, while
8% for L = 10 pm after the 1.4 kGy(Si) X-ray irradiation. Using
Terada’s method, it was found that the degradation is not due to
mobility degradation but due to radiation-induced gate length
modulation (RIGLEM) and the associated increase of source
and drain parasitic resistance. The major cause of degradation
induced by the RIGLEM is explained by an analytical model,
assuming a positive charge generation in sidewall spacers. It can
be suggested that the X-ray irradiation degradation of FD-SOI
p-MOSFET can be improved by optimizing the lightly doped
drain region.

Index Terms—Fully depleted-silicon-on-insulator (FD-SOI),
gate length modulation, MOSFET, sidewall spacer, X-ray
radiation hardness.

I. INTRODUCTION

OR the requirements of advanced and future large

scale integrated circuit technologies, a fully depleted-
silicon-on-insulator (FD-SOI) technology is the most promis-
ing candidate because of its scalability, reduction of
power consumption while keeping high-speed operation,
wide temperature range operation, and radiation hard-
ness for single-event upset (SEU). In addition, the SOI
structure is one of 3-D devices when active devices are
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composed in the SOI handle wafer. These advantages are
suitable for an X-ray imaging sensor of medical or science
used to achieve high resolution with smaller pixel size. Then,
the X-ray sensors have been reported, utilizing the SOI
structures [1]-[5]. However, even though the SOI device has
higher immunity to the SEU, it is weak in the total ionizing
dose effect [6]. This is due to the existence of relatively
thick oxide underneath the MOSFET so-called buried oxide
(BOX) in the SOI structure. It is well known that positive
charges are generated in oxide by the X-ray irradiation [7].
For the n-channel MOSFET (n-MOSFET) case, the gener-
ated positive charge in the BOX alters the back potential.
Consequently, the threshold voltages decrease, and the drain-
to-source leakage enhancement is observed due to the back
channel formation in the n-MOSFET by X-ray irradiation [8].
Because the n-MOSFET degradation is due to the positive
charge generation in the BOX, reducing the BOX thickness
is one of solutions to improve the radiation hardness [9].
Furthermore, a double SOI structure has been proposed to
improve the radiation hardness where the middle SOI layer is
used as a compensation electrode for the generated positive
charges in the BOX [10], [11]. On the other hand, there
are a few studies about the FD-SOI p-MOSFET degrada-
tion by the X-ray irradiation, and we found that it shows
extremely high degradation. In this paper, the degradation
of the FD-SOI p-MOSFET has been investigated. We also
present an analytical model for the degradation due to an
effective channel length modulation by the X-ray irradiation
[12]-[14], utilizing the model of positive charge generation in
the sidewall spacers.

II. EXPERIMENTAL PROCEDURE

A test-element group of MOSFETs [15] were fabricated
using a 0.2 xm node FD-SOI CMOS process technology for
a radiation sensor application prepared by LAPIS Semiconduc-
tor Co., Ltd. [16]. Thicknesses of the BOX, the SOI layer, and
the gate oxide are 200, 40, and 4.4 nm, respectively. A channel
stop implantation into the sidewall of the SOI active edge was
employed to prevent the isolation edge effect by the X-ray
irradiation [17]. A conventional lightly doped drain (LDD)
structure was applied to reduce the hot-carrier and short-
channel effects. Co-salicided diffusion and gate poly were
also employed to reduce parasitic resistance and make the

0018-9383 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. p-MOSFET’s drain current degradation at the linear region as a
function of X-ray irradiation dose. For shorter gate length as 0.2 um, the
degradation is around two times faster than that for longer gate length as
10 pm.

contact formation process reliable [18]. The designed gate
lengths are changed from 0.2 to 10 gm with the constant
gate width of 10 um. To evaluate the MOSFET characteristics
before and after the X-ray irradiation, I,—V, curves with
Vis = —0.1 V were measured for p-MOSFETs. In all of
I,—V, measurements, the body of MOSFETs was floating,
and the substrate was connected to the ground. To estimate
the generated charge in the BOX, the /-V characteristics
against back gate were measured with the front gate grounded
before and after the X-ray irradiation for n-MOSFETs at
Vis = 0.1 V. X-ray irradiation was carried out at a constant
dose rate of 0.018 Gy(Si)/s using a wafer-level X-ray irradi-
ation system [15]. An X-ray generator with a rotary cathode
target of molybdenum (RIGAKU: Ultral8X) was used as the
source at an acceleration voltage of 40 kV. An aluminum
filter with a thickness of 0.5 mm was inserted to suppress
X-rays below 10 keV. During the irradiation, all the pads for
MOSFETs were connected to the ground.

III. RESULTS AND DISCUSSION
A. Drain Current Degradation by X-Ray Irradiation

The drain current degradation in the linear region is
confirmed for p-MOSFETs of 0.2 and 10 ym in gate length,
as shown in Fig. 1. The drain currents decrease with the
X-ray irradiation dose. Note that similar degradation was
observed for gamma-ray irradiation. Since X-ray was irra-
diated uniformly, the generated charge by X-ray must be
uniformly distributed in the channel, because all terminals
were grounded during the irradiation. Therefore, the drain
current degradation rate should exhibit small gate length
dependence. However, the drain current degradation of 0.2 ym
MOSFETs is 20% after the 1.4 kGy(Si) irradiation, whereas
only 8% degradation for 10 xm MOSFETSs. The gate length
dependence of threshold voltage shift, AVi,, and transcon-
ductance degradation rate, Agm max/8m_max0, are also inves-
tigated after the 1.4 kGy(Si) X-ray irradiation, as shown
in Fig. 2. Even though the gate length was varied from
0.2 to 10 um, the threshold voltage shifts are distributed
from —0.045 to —0.050 V and the difference is only 5 mV.
This indicates that the generated charge in the gate oxide
should be almost uniformly distributed in the channel of
these gate length varied MOSFETs. On the other hand, the
transconductance degradation rate depends strongly on the gate
length. In general, the transconductance degradation is caused
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Fig. 2. Threshold voltage and transconductance changes after the 1.4 kGy(Si)
X-ray irradiation as a function of the gate length. There is only 5 mV
difference in A Vi, among p-MOSFETSs with shorter and longer gate length.
This means that the generated positive charges in the gate oxide have small
gate length dependence. On the other hand, about 15% difference is observed
in the g, degradation.

by the generation of interface states between the gate oxide
and the silicon or positive charge generation in the gate oxide.
In both cases, the threshold voltage is also shifted. Then, the
results of Fig. 2 do not clearly show the actual cause of the
degradation.

B. Degradation Mechanism Estimation by Terada’s Method

To clarify the degradation mechanism, carrier mobility, gate
length modulation, and source and drain parasitic resistance
are extracted using Terada’s method [19]. Assuming that
the source and the drain parasitic resistances, Ry and Ry,
are connected to the MOSFET in series, the measured total
resistance, R, = Vys/lgs, 18 given by

Lest

R, = p.
m Pch Wert

+ (R + Ra) 1)

where pcn is the channel sheet resistance and Leg and Wegr
are the effective gate length and the width, respectively. It is
noted that the effective gate length is not the distance between
metallurgical junctions of the source and the drain, but the
electric effective gate length in which region the surface
potential can be modulated by the gate potential. Using the
designed gate length, Lgrawn, the effective gate length is

Lett = Ldrawn + oL (2)

where JL is the bias from the designed length to the effective
length. Substituting (2) into (1) and using Rext = Rs + Ry
yields

_ Pch Pch
Wett Were

From the relation between R, and Lgrawn, pch/ Wesr and
OLpeh/ Wet + Rexy for different Vgs—Vio can be calculated.
Linear relations between pch/ Werr and dLpch/ Wetr + Rext are
confirmed for the samples before and after X-ray irradiation,
as shown in Fig. 3. From these relations, 0L and Rex

R

Lgrawn + (5L + Rext) . (3)
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Fig. 4. Relation between //pch and Vgs—Vio to extract the mobility of channel
holes for the preradiation and 1.4 kGy(Si) irradiated samples. Almost no
difference in the mobility is observed by X-ray irradiation.

are extracted. On the other hand, the channel sheet resistance
can be described as
1

fen #Cox(vgs - Vo) @
where u is the carrier mobility, Cox is the gate capacitance,
and Vi, is the threshold voltage. Reciprocals of pc as a
function of Vgs—Vi, are shown in Fig. 4 for preradiation and
1.4 kGy(Si) irradiated samples. Then, using this method, s,
oL, and Rex; as a function of the X-ray irradiation dose
are extracted and shown in Fig. 5. As shown in the figure,
the mobility degradation by the X-ray irradiation is small.
On the other hand, the effective gate length and the parasitic
source and drain resistance increase with the X-ray dose.
This is quite interesting that the transconductance degradation
shown in Fig. 2 is not induced by the mobility degradation,
but by the effective gate length modulation, leading to the
transconductance degradation. Because the major factors of
the degradation by the X-ray irradiation are related to the gate
length modulation and the parasitic source and drain resistance
increase, the degradation phenomenon occurs at the edges of
the gate. Based on the knowledge that the X-ray irradiation
damages are positive charge generation in oxide and surface
state generation at the Si-SiO; interface [7], the following
two degradation mechanisms are suspected. One is that the
positive charge generated in the BOX by the X-ray irradia-
tion [20] modulates the LDD region, because the concentration
of LDD is as low as 10'8 ¢cm™3 order, and the resistance of
LDD layer may be easily changed by the generated positive
charge in the BOX. The other is that the generated positive
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Fig. 5. Results by Terada’s method calculation for (a) mobility changes,
(b) gate length bias changes, and (c) parasitic resistance changes of
p-MOSFETs as a function of X-ray irradiation dose. The relative changes
in mobility are small, whereas those in the gate length modulation and the
parasitic resistance are large.
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Fig. 6. Degradation of drain current in the linear region by substrate bias for a
fresh p-MOSFET. The 6.5 V of Vg, is equivalent to the positive charge in the
BOX after the 1.4 kGy(Si) irradiation. Dashed line: drain current degradation
by the 1.4 kGy(Si) X-ray irradiation.

charge in the sidewall spacers [21] may increase the absolute
threshold voltage at gate edge and cause the drain current
degradation.

C. Effect of Generated Positive Charge in the Box

The effect of the generated positive charge in the BOX
can be easily evaluated from the substrate bias (Vsup) depen-
dence of MOSFETSs, because the positive charge genera-
tion in the BOX is equivalent to supplying the positive
bias to the substrate. Fig. 6 shows the [I; jin degradation
by Vs In this figure, the I jin degradation after the
1.4 kGy(Si) X-ray irradiation is shown in Fig. 6 (dashed
line). The indicated Vg, of 6.5 V is equivalent to the
positive charge in the BOX after the 1.4 kGy(Si) X-ray
irradiation, which was obtained from the backside gate
I-V for n-MOSFETs. The I4 jin degradation by the substrate
bias accounts for only 6.5% for Vg, = 14 V, whereas 20% for
the 1.4 kGy(Si) X-ray irradiation samples. The u, 6L, and Rext
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Fig. 7. Results by Terada’s method calculation for (a) mobility changes,
(b) gate length bias changes, and (c) parasitic resistance changes of
p-MOSFETs as a function of substrate bias. The 6.5 V of Vyy is equivalent
to the positive charge in the BOX after the 1.4 kGy(Si) irradiation.
Dashed lines: degradation by the 1.4 kGy(Si) X-ray irradiation similar to
Fig. 6. The mobility, gate length bias, and parasitic resistance changes even
at Vgup = 14 V are within those induced by the 1.4 kGy(Si) X-ray irradiation.

changes by Vg, are also extracted using Terada’s method
and shown in Fig. 7. There is no significant 0L and Rex;
degradations by Vgup. Therefore, it is concluded that the
p-MOSFET degradation by the X-ray irradiation is not solely
due to the generated positive charge in the BOX.

D. Effect of Generated Positive Charge in Spacers

Considering the charge generation by X-ray irradiation, the
MOSFET structure can be divided into three regions, as shown
in Fig. 8. The drain current of MOSFET through Region II is
controlled by the gate potential and affected by the charge in
gate oxide after the X-ray irradiation. On the other hand, the
drain current of MOSFETs in Region I and Region III, which
are in the edge portions of MOSFET, is affected additionally
by the positive charge in the sidewall spacers. When the
effective gate length of Region II MOSFET is Ler» and that
of Region I or Region III is Legf, then the total effective gate
length, L, is

Lett = Letr> + 2 Lefr1 . (5)
The drain currents of each MOSFET are described as
West
Iy = k ﬂcox(vgs — Vio1) Viast (6)
Letf1
West
Iy = - ﬂcox(vgs — Vas1 — Vio) Vas2 @)
Lete
West
lgs = 1Cox[Vegs — (Vas1 + Vas2) — Vio11Vass  (8)
Lett1
and
Vas = Vst + Vas2 + Vas3. 9)
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Fig. 8. Schematic cross section and an equivalent circuit to explain parasitic
p-MOSFETs at both the source and the drain sides. Effective gate length,
drain voltage, and threshold voltage of the center MOSFET are Lefp, Vg2,
and Vi, respectively. Those of the parasitic source or the drain side MOSFET
are Legr], Vg1, and Vigp or Legr1, Vgs3, and Vg1, respectively.

To simplify the calculation, Rex; = 0 is assumed. Substituting
(6)—(8) into (9) yields

Vas
R, = —
" 1gs
v 1 [ Lefr1 Lefr
Wett 1 Cox Vgs — Viol Vgs — Vias1 — Vio
Letf1 :|
+ . (10)
Vgs - (Vdsl + VdsZ) — Viol

It is assumed that Vs — Vio > Vg1 and Vgs — Vier >
Vst + Vas2, then (10) becomes

1 2L Letr

R, — ( efft | Lein )

Wett 1 Cox Vgs = Vio1 Vgs — Vo

Pch Vgs — Vio )
= Lefr2 + 2Letf) ——— ). (11)
West ( ¢ ¢ Vgs — Viol
Comparing (11) with (1) yields
Ves — Vio
Lei = Lefa + 2Leffl ————. 12
eff eff2 effl Ve — Vior (12)

If there are positive charges in the sidewall spacers,
Vio1 should shift to the negative. For p-MOSFET case, Vg
is the negative. Then, Vgs—Vio1 decreases and Legr increases.
The L. modulation factor is a fractional expression in the
second term in the right-hand side of (12) and can be
rewritten as

Vgs — Vo
Vgs = Vol

_ Vgs — Vo _
Vgs - (Vto + AVtol) 1

AViol (3)

- Vgs—Vto

where A Vi1 = Vio1—Vio. With the consideration of Vi, value
(IViol ~ 0.8 V) and measurement conditions (| Vgs| ~ 1.8 V),
Ves—Vio can be approximated to be 1, and then (13) becomes

Vgs — Vo ~ 1
Vgs — Viol 1 - AV .

(14)
Lt after the X-ray irradiation with the dose of x is given by

Lefr(x) = Letry + 2Lefr1 (15)

1
1 - AVtol
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Fig. 9. Trapped hole densities as a function of X-ray irradiation dose in the
BOX and the sidewall spacer. To calculate the number of the trapped holes
in the sidewall spacer, it is assumed that Legr is 0.01 #m and the thickness
of the sidewall spacer is 65 nm.

and that for the preradiation is also given by (5). Then, the
variation of L by the X-ray radiation, AJL, is expressed by

ASL = (Leff(x) — Ldrawn) — (Leff(o) - Ldrawn)

AVtol
=L — Leff(0) = 2 Leff] —————. 16
eff (X) — Lefr (0) T AV (16)
When AV < 1, (17) becomes
AOL = 2Lqt1 AVio1. (17)

If the effective oxide thickness of the sidewall spacer
is Tox_sw, the effective generated charge in the sidewall spacer,
ANot_sw, is

€8i02
2q Lefr) Tox_sw

where ¢ is the elementary electron charge and &2 is the
permittivity of oxide. Assuming Lef; = 0.01 gm and
Tox_sw = 65 nm, ANy gw is calculated from measured AJL,
as shown in Fig. 9, as a function of the X-ray irradiation
dose. In this figure, the generated positive charges in the BOX
calculated from the back gate Vt shift of n-MOSFETs are
also shown. It is confirmed that both trends for the estimated
generated charges in the sidewall spacer and the BOX are
almost the same. Based on these results, it is concluded
that the gate length modulation by the X-ray irradiation in
p-MOSFETs, which is the major cause of degradation, is the
local Vt shift at gate edges due to the generated positive
charge in the sidewall spacers. This effect must be enhanced
when the ON-state bias is used during the X-ray irradiation
instead of the OFF-state bias of this experiment. In addition,
we have confirmed that the higher LDD dosage suppresses the
gate length modulation effect and improves the drain current
degradation by the X-ray irradiation. The detailed results will
be presented elsewhere in the future.

AN sw = ASL (18)

IV. CONCLUSION

The X-ray irradiation-induced drain current degradation
of FD-SOI p-MOSFET has been studied. The drain current
degradation of 20% was observed in the linear region after
the 1.4 kGy(Si) X-ray irradiation for 0.2 xm transistors in the
gate length, whereas 8% for 10 um transistors. No obvious
gate length dependence of Vt shift but clear dependence of

the gm degradation by the X-ray irradiation was confirmed.
To investigate the mechanisms of the degradation, the analysis
based on Terada’s method was examined. It is found that the
degradation is due to the effective gate length modulation and
the external parasitic source and drain resistance but not due to
the mobility reduction. The effective gate length modulation is
caused by the generated positive charge in the sidewall spacers,
as concluded from the model of local Vt shift induced at the
gate edges. Based on this model, the radiation hardness for
FD-SOI LDD p-MOSFET should be improved by higher LDD
implant dosage such that the gate overlap region of LDD is
extended and consequently the gate edge transistors may also
be controlled solely by the gate potential, not by charges in
the sidewall spacers.
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