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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 µm, while
8% for L = 10 µm 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

FOR 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 μm 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 μm, the
degradation is around two times faster than that for longer gate length as
10 μm.

contact formation process reliable [18]. The designed gate
lengths are changed from 0.2 to 10 μm with the constant
gate width of 10 μm. To evaluate the MOSFET characteristics
before and after the X-ray irradiation, Id –Vg curves with
Vds = −0.1 V were measured for p-MOSFETs. In all of
Id –Vg measurements, the body of MOSFETs was floating,
and the substrate was connected to the ground. To estimate
the generated charge in the BOX, the I–V characteristics
against back gate were measured with the front gate grounded
before and after the X-ray irradiation for n-MOSFETs at
Vds = 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: Ultra18X) 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 μm 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 μm
MOSFETs is 20% after the 1.4 kGy(Si) irradiation, whereas
only 8% degradation for 10 μm MOSFETs. The gate length
dependence of threshold voltage shift, �Vto, and transcon-
ductance degradation rate, �gm_max/gm_max 0, 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 μm, 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

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 �Vto 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 gm 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, Rs and Rd ,
are connected to the MOSFET in series, the measured total
resistance, Rm = Vds/Ids, is given by

Rm = ρch
Leff

Weff
+ (Rs + Rd ) (1)

where ρch is the channel sheet resistance and Leff and Weff
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, Ldrawn, the effective gate length is

Leff = Ldrawn + δL (2)

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

yields

Rm = ρch

Weff
Ldrawn +

(
δL

ρch

Weff
+ Rext

)
. (3)

From the relation between Rm and Ldrawn, ρch/Weff and
δLρch/Weff + Rext for different Vgs–Vto can be calculated.
Linear relations between ρch/Weff and δLρch/Weff + Rext are
confirmed for the samples before and after X-ray irradiation,
as shown in Fig. 3. From these relations, δL and Rext
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Fig. 3. Plot between δLρch/Weff + Rext and ρch/Weff 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 δL , respectively.

Fig. 4. Relation between 1/ρch and Vgs–Vto 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

ρch = 1

μCox(Vgs − Vto)
(4)

where μ is the carrier mobility, Cox is the gate capacitance,
and Vto is the threshold voltage. Reciprocals of ρch as a
function of Vgs–Vto are shown in Fig. 4 for preradiation and
1.4 kGy(Si) irradiated samples. Then, using this method, μ,
δL, and Rext 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–SiO2 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 1018 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

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.

Fig. 6. Degradation of drain current in the linear region by substrate bias for a
fresh p-MOSFET. The 6.5 V of Vsub 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 (Vsub) 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 Id_lin degradation
by Vsub. In this figure, the Id_lin degradation after the
1.4 kGy(Si) X-ray irradiation is shown in Fig. 6 (dashed
line). The indicated Vsub 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 Id_lin degradation by the substrate
bias accounts for only 6.5% for Vsub = 14 V, whereas 20% for
the 1.4 kGy(Si) X-ray irradiation samples. The μ, δL, 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 Vsub 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 Vsub = 14 V are within those induced by the 1.4 kGy(Si) X-ray irradiation.

changes by Vsub are also extracted using Terada’s method
and shown in Fig. 7. There is no significant δL and Rext
degradations by Vsub. 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 Leff2 and that
of Region I or Region III is Leff1, then the total effective gate
length, Leff , is

Leff = Leff2 + 2Leff1. (5)

The drain currents of each MOSFET are described as

Ids = Weff

Leff1
μCox(Vgs − Vto1)Vds1 (6)

Ids = Weff

Leff2
μCox(Vgs − Vds1 − Vto)Vds2 (7)

Ids = Weff

Leff1
μCox[Vgs − (Vds1 + Vds2) − Vto1]Vds3 (8)

and

Vds = Vds1 + Vds2 + Vds3. (9)

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 Leff2, Vds2,
and Vto, respectively. Those of the parasitic source or the drain side MOSFET
are Leff1, Vds1, and Vto1 or Leff1, Vds3, and Vto1, respectively.

To simplify the calculation, Rext = 0 is assumed. Substituting
(6)–(8) into (9) yields

Rm = Vds

Ids

= 1

WeffμCox

[
Leff1

Vgs − Vto1
+ Leff2

Vgs − Vds1 − Vto

+ Leff1

Vgs − (Vds1 + Vds2) − Vto1

]
. (10)

It is assumed that Vgs − Vto � Vds1 and Vgs − Vto1 �
Vds1 + Vds2, then (10) becomes

Rm = 1

WeffμCox

(
2Leff1

Vgs − Vto1
+ Leff2

Vgs − Vto

)

= ρch

Weff

(
Leff2 + 2Leff1

Vgs − Vto

Vgs − Vto1

)
. (11)

Comparing (11) with (1) yields

Leff = Leff2 + 2Leff1
Vgs − Vto

Vgs − Vto1
. (12)

If there are positive charges in the sidewall spacers,
Vto1 should shift to the negative. For p-MOSFET case, Vgs
is the negative. Then, Vgs–Vto1 decreases and Leff increases.
The Leff modulation factor is a fractional expression in the
second term in the right-hand side of (12) and can be
rewritten as

Vgs − Vto

Vgs − Vto1
= Vgs − Vto

Vgs − (Vto + �V to1)
= 1

1 − �V to1
Vgs−Vto

(13)

where �Vto1 = Vto1–Vto. With the consideration of Vto value
(|Vto| ∼ 0.8 V) and measurement conditions (|Vgs| ∼ 1.8 V),
Vgs–Vto can be approximated to be 1, and then (13) becomes

Vgs − Vto

Vgs − Vto1

∼= 1

1 − �V to1
. (14)

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

Leff (x) = Leff2 + 2Leff1
1

1 − �V to1
(15)
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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 Leff1 is 0.01 μm and the thickness
of the sidewall spacer is 65 nm.

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

�δL = (Leff (x) − Ldrawn) − (Leff (0) − Ldrawn)

= Leff (x) − Leff (0) = 2Leff1
�Vto1

1 − �Vto1
. (16)

When �Vto1 � 1, (17) becomes

�δL = 2Leff1�Vto1. (17)

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

�Not_sw = εSiO2

2q Leff1Tox_sw
�δL (18)

where q is the elementary electron charge and εsio2 is the
permittivity of oxide. Assuming Leff1 = 0.01 μm and
Tox_sw = 65 nm, �Not_sw is calculated from measured �δL,
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.

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 μm transistors in the
gate length, whereas 8% for 10 μm 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 µm, while
8% for L = 10 µm 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

FOR 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 μm 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 μm, the
degradation is around two times faster than that for longer gate length as
10 μm.

contact formation process reliable [18]. The designed gate
lengths are changed from 0.2 to 10 μm with the constant
gate width of 10 μm. To evaluate the MOSFET characteristics
before and after the X-ray irradiation, Id –Vg curves with
Vds = −0.1 V were measured for p-MOSFETs. In all of
Id –Vg measurements, the body of MOSFETs was floating,
and the substrate was connected to the ground. To estimate
the generated charge in the BOX, the I–V characteristics
against back gate were measured with the front gate grounded
before and after the X-ray irradiation for n-MOSFETs at
Vds = 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: Ultra18X) 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 μm 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 μm
MOSFETs is 20% after the 1.4 kGy(Si) irradiation, whereas
only 8% degradation for 10 μm MOSFETs. The gate length
dependence of threshold voltage shift, �Vto, and transcon-
ductance degradation rate, �gm_max/gm_max 0, 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 μm, 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

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 �Vto 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 gm 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, Rs and Rd ,
are connected to the MOSFET in series, the measured total
resistance, Rm = Vds/Ids, is given by

Rm = ρch
Leff

Weff
+ (Rs + Rd ) (1)

where ρch is the channel sheet resistance and Leff and Weff
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, Ldrawn, the effective gate length is

Leff = Ldrawn + δL (2)

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

yields

Rm = ρch

Weff
Ldrawn +

(
δL

ρch

Weff
+ Rext

)
. (3)

From the relation between Rm and Ldrawn, ρch/Weff and
δLρch/Weff + Rext for different Vgs–Vto can be calculated.
Linear relations between ρch/Weff and δLρch/Weff + Rext are
confirmed for the samples before and after X-ray irradiation,
as shown in Fig. 3. From these relations, δL and Rext
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Fig. 3. Plot between δLρch/Weff + Rext and ρch/Weff 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 δL , respectively.

Fig. 4. Relation between 1/ρch and Vgs–Vto 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

ρch = 1

μCox(Vgs − Vto)
(4)

where μ is the carrier mobility, Cox is the gate capacitance,
and Vto is the threshold voltage. Reciprocals of ρch as a
function of Vgs–Vto are shown in Fig. 4 for preradiation and
1.4 kGy(Si) irradiated samples. Then, using this method, μ,
δL, and Rext 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–SiO2 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 1018 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

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.

Fig. 6. Degradation of drain current in the linear region by substrate bias for a
fresh p-MOSFET. The 6.5 V of Vsub 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 (Vsub) 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 Id_lin degradation
by Vsub. In this figure, the Id_lin degradation after the
1.4 kGy(Si) X-ray irradiation is shown in Fig. 6 (dashed
line). The indicated Vsub 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 Id_lin degradation by the substrate
bias accounts for only 6.5% for Vsub = 14 V, whereas 20% for
the 1.4 kGy(Si) X-ray irradiation samples. The μ, δL, 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 Vsub 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 Vsub = 14 V are within those induced by the 1.4 kGy(Si) X-ray irradiation.

changes by Vsub are also extracted using Terada’s method
and shown in Fig. 7. There is no significant δL and Rext
degradations by Vsub. 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 Leff2 and that
of Region I or Region III is Leff1, then the total effective gate
length, Leff , is

Leff = Leff2 + 2Leff1. (5)

The drain currents of each MOSFET are described as

Ids = Weff

Leff1
μCox(Vgs − Vto1)Vds1 (6)

Ids = Weff

Leff2
μCox(Vgs − Vds1 − Vto)Vds2 (7)

Ids = Weff

Leff1
μCox[Vgs − (Vds1 + Vds2) − Vto1]Vds3 (8)

and

Vds = Vds1 + Vds2 + Vds3. (9)

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 Leff2, Vds2,
and Vto, respectively. Those of the parasitic source or the drain side MOSFET
are Leff1, Vds1, and Vto1 or Leff1, Vds3, and Vto1, respectively.

To simplify the calculation, Rext = 0 is assumed. Substituting
(6)–(8) into (9) yields

Rm = Vds

Ids

= 1

WeffμCox

[
Leff1

Vgs − Vto1
+ Leff2

Vgs − Vds1 − Vto

+ Leff1

Vgs − (Vds1 + Vds2) − Vto1

]
. (10)

It is assumed that Vgs − Vto � Vds1 and Vgs − Vto1 �
Vds1 + Vds2, then (10) becomes

Rm = 1

WeffμCox

(
2Leff1

Vgs − Vto1
+ Leff2

Vgs − Vto

)

= ρch

Weff

(
Leff2 + 2Leff1

Vgs − Vto

Vgs − Vto1

)
. (11)

Comparing (11) with (1) yields

Leff = Leff2 + 2Leff1
Vgs − Vto

Vgs − Vto1
. (12)

If there are positive charges in the sidewall spacers,
Vto1 should shift to the negative. For p-MOSFET case, Vgs
is the negative. Then, Vgs–Vto1 decreases and Leff increases.
The Leff modulation factor is a fractional expression in the
second term in the right-hand side of (12) and can be
rewritten as

Vgs − Vto

Vgs − Vto1
= Vgs − Vto

Vgs − (Vto + �V to1)
= 1

1 − �V to1
Vgs−Vto

(13)

where �Vto1 = Vto1–Vto. With the consideration of Vto value
(|Vto| ∼ 0.8 V) and measurement conditions (|Vgs| ∼ 1.8 V),
Vgs–Vto can be approximated to be 1, and then (13) becomes

Vgs − Vto

Vgs − Vto1

∼= 1

1 − �V to1
. (14)

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

Leff (x) = Leff2 + 2Leff1
1

1 − �V to1
(15)
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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 Leff1 is 0.01 μm and the thickness
of the sidewall spacer is 65 nm.

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

�δL = (Leff (x) − Ldrawn) − (Leff (0) − Ldrawn)

= Leff (x) − Leff (0) = 2Leff1
�Vto1

1 − �Vto1
. (16)

When �Vto1 � 1, (17) becomes

�δL = 2Leff1�Vto1. (17)

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

�Not_sw = εSiO2

2q Leff1Tox_sw
�δL (18)

where q is the elementary electron charge and εsio2 is the
permittivity of oxide. Assuming Leff1 = 0.01 μm and
Tox_sw = 65 nm, �Not_sw is calculated from measured �δL,
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.

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 μm transistors in the
gate length, whereas 8% for 10 μm 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.

REFERENCES

[1] B. Dierickx et al., “Integration of CMOS-electronics and particle detec-
tor diodes in high-resistivity silicon-on-insulator wafers,” IEEE Trans.
Nucl. Sci., vol. 40, no. 4, pp. 753–758, Aug. 1993.

[2] C. Xu, W. Zhang, and M. Chan, “A low voltage hybrid bulk/SOI CMOS
active pixel image sensor,” IEEE Electron Device Lett., vol. 22, no. 5,
pp. 248–250, May 2001.

[3] A. Bulgheroni et al., “Monolithic active pixel detector realized in silicon
on insulator technology,” Nucl. Instrum. Methods Phys. Res. A, Accel.,
Spectrometers, Detectors Assoc. Equip., vol. 535, nos. 1–2, pp. 398–403,
2004.

[4] Y. Arai et al., “Monolithic pixel detector in a 0.15 μm SOI technology,”
in Proc. IEEE Nucl. Sci. Symp. Conf. Rec., vol. 3. Oct./Nov. 2006,
pp. 1440–1444.

[5] T. Hatsui et al., “A direct-detection X-ray CMOS image sensor with
500 μm thick high resistivity silicon,” in Proc. Int. Image Sensor
Workshop, 2013, 3.05.

[6] J. R. Schwank, V. Ferlet-Cavrois, M. R. Shaneyfelt, P. Paillet, and
P. E. Dodd, “Radiation effects in SOI technologies,” IEEE Trans. Nucl.
Sci., vol. 50, no. 3, pp. 522–538, Jun. 2003.

[7] J. R. Schwank et al., “Radiation effects in MOS oxides,” IEEE Trans.
Nucl. Sci., vol. 55, no. 4, pp. 1833–1853, Aug. 2008.

[8] J. R. Schwank, M. R. Shaneyfelt, P. E. Dodd, J. A. Burns,
C. L. Keast, and P. W. Wyatt, “New insights into fully-depleted SOI
transistor response after total-dose irradiation,” IEEE Trans. Nucl. Sci.,
vol. 47, no. 3, pp. 604–612, Jun. 2000.

[9] O. Flament, A. Torres, and V. Ferlet-Cavrois, “Bias dependence of FD
transistor response to total dose irradiation,” IEEE Trans. Nucl. Sci.,
vol. 50, no. 6, pp. 2316–2321, Dec. 2003.

[10] S. Honda et al., “Total ionization damage compensations in
double silicon-on-insulator pixel sensors,” in Proc. TIPP, 2014,
PoS(TIPP2014) 039.

[11] T. Miyoshi et al., “Monolithic pixel detectors with 0.2 μm FD-SOI pixel
process technology,” Nucl. Instrum. Methods Phys. Res. A, vol. 732,
pp. 530–534, Dec. 2013.

[12] W. Chen, A. Balasinski, and T.-P. Ma, “Lateral distribution of radiation-
induced damage in MOSFETs,” IEEE Trans. Nucl. Sci., vol. 38, no. 6,
pp. 1124–1129, Dec. 1991.

[13] A. Balasinski and T.-P. Ma, “Ionizing radiation damage near CMOS
transistor channel edges,” IEEE Trans. Nucl. Sci., vol. 39, no. 6,
pp. 1998–2003, Dec. 1992.

[14] A. Balasinski and T.-P. Ma, “Impact of radiation-induced nonuniform
damage near MOSFET junctions,” IEEE Trans. Nucl. Sci., vol. 40, no. 6,
pp. 1286–1292, Dec. 1993.

[15] T. Kudo et al., “Development of experimental methodology for highly
efficient wafer-level evaluation of X-ray radiation effects on semicon-
ductor devices,” IEEE Trans. Nucl. Sci., vol. 61, no. 3, pp. 1444–1450,
Jun. 2014.

[16] M. Okihara et al., “Progress of FD-SOI technology for monolithic
pixel detectors,” in Proc. IEEE Nucl. Sci. Symp. Med. Imag. Conf.
Rec. (NSS/MIC), Oct./Nov. 2012, pp. 471–474.

[17] F. Faccio and G. Cervelli, “Radiation-induced edge effects in deep
submicron CMOS transistors,” IEEE Trans. Nucl. Sci., vol. 52, no. 6,
pp. 2413–2420, Dec. 2005.

[18] F. Ichikawa et al., “Fully depleted SOI process and device technology
for digital and RF applications,” Solid-State Electron., vol. 48, no. 6,
pp. 999–1006, 2004.



IE
EE

Pr
oo

f

6 IEEE TRANSACTIONS ON ELECTRON DEVICES

[19] K. Terada and H. Muta, “A new method to determine effective MOSFET
channel length,” Jpn. J. Appl. Phys., vol. 18, no. 5, pp. 953–959, 1979.

[20] H.-F. Wei, J. E. Chung, and N. K. Annamalai, “Buried-oxide charge
trapping induced performance degradation in fully-depleted ultra-thin
SOI p-MOSFET’s,” IEEE Trans. Electron Devices, vol. 43, no. 8,
pp. 1200–1205, Aug. 1996.

[21] S. Xue et al., “Impact of proton-radiation-induced spacer damage
on the dc characteristics degradation in deep-submicron metal-oxide-
semiconductor field effect transistors,” J. Appl. Phys., vol. 105, no. 8,
p. 084505, 2009.

Ikuo Kurachi received the B.S. degree in applied
physics from the Tokyo University of Science,
Tokyo, Japan, in 1983.

He joined OKI Electric Industry Company, Ltd.,
Tokyo, in 1983. He joined High Energy Accelerator
Research Organization, Ibaraki, Japan, in 2014, as
a Professor. His current research interests include
interface property of Si-SiO2, MOSFET reliabil-
ity, and process integration technology for memory,
logic, and sensor devices.

Kazuo Kobayashi received the B.E. degree in
electronic engineering from Kobe University, Kobe,
Japan, in 1985.

He joined OKI Electric Industry Company, Ltd.,
Tokyo, Japan, in 1985. He joined RIKEN SPring-8
Center, RIKEN, Hyogo, Japan, in 1995, and col-
laborated to launch SPring-8. He joined the Japan
Synchrotron Radiation Research Institute, Hyogo,
in 2009.

Mr. Kobayashi is a member of the Accelerator
Division.

Masao Okihara (M’12) received the B.S. and
M.S. degrees in physics from Ehime University,
Matsuyama, Japan, in 1988 and 1990, respectively.

He joined OKI Electric Industry Company, Ltd.,
Tokyo, Japan, in 1990. He has been with Lapis
Semiconductor Company, Ltd., Yokohama, Japan,
since 2011, where he has been involved in the
sensing devices development.

Hiroki Kasai received the B.S. degree from Niigata
University, Niigata, Japan, in 2001.

He joined Oki Electric Industry Company, Ltd.,
Tokyo, Japan, in 2006. He has been with Lapis Semi-
conductor Miyagi Company, Ltd., Miyagi, Japan,
since 2011. He is currently involved in the process
development of sensing devices.

Takaki Hatsui received the B.S. and M.S. degrees
in chemistry from Kyoto University, Kyoto, Japan,
in 1994 and 1996, respectively, and the Ph.D. degree
in science from the Graduate School for Advanced
Studies, Hayama, Japan, in 1999.

He was with the Institute for Molecular Science,
Okazaki, Japan, as an Assistant Professor. He joined
RIKEN SPring-8 Center, RIKEN, Hyogo, Japan, in
2007, and leading the development of X-ray detector
systems.

Kazuhiko Hara received the B.S. and Ph.D. degrees
in science from the University of Tsukuba, Tsukuba,
Japan, in 1980 and 1985, respectively.

He joined the University of Tsukuba in 1989,
where he was an Associate Professor of Particle
Physics. His current research interests include the
development of radiation hard pixel detectors for
particle physics experiments.

Toshinobu Miyoshi was born in Miyagi, Japan,
in 1973. He received the Ph.D. degree in Science
from Tohoku University, Miyagi, in 2003.

He joined High Energy Accelerator Research
Organization, Ibaraki, Japan, in 2008, where he has
been involved in SOI monolithic pixel sensor.

Yasuo Arai (M’87) received the Ph.D. degree in
nuclear science from Tohoku University, Sendai,
Japan, in 1982.

He has been with High Energy Accelerator
Research Organization (KEK), Ibaraki, Japan, since
1982. He has been involved in the development of
readout LSI for radiation detector since 1987. He is
currently a Professor with the Electronics System
Group, KEK.


