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Hot carrier effects of SOI NMOS�
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Abstract: Hot carrier effect (HCE) is studied on annular NMOS and two-edged NMOS such as H-shape gate NMOS,
T-shape gate NMOS and common two-edged NMOS. Based on the chemical reaction equation of HCE degradation and
a geometry dependent reaction diffusion equation, a HCE degradation model for annular NMOS and two-edged NMOS
is proposed. According to this model, we conclude that the time exponent of the threshold voltage degradation depends
on the configuration of the gate, and annular NMOS has more serious HCE degradation than two-edged NMOS. The
design, fabrication and HCE experiments of these NMOS in a 0.5-�m PD SOI process verify the correctness of the
conclusion.
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1. Introduction

For devices that need to operate for a very long time in
space radiation environments, long term reliability issues such
as negative bias temperature instability (NBTI) and hot carrier
effect (HCE) should be considered in addition to radiation in-
ducing long term degradation such as total ionizing dose effect
(TID). Besides TIDŒ1�3�, NBTI and HCE are also very impor-
tant reasons for long term degradation of the devicesŒ4�6�.

Since common two-edged NMOS is sensitive to TID, an-
nular NMOS and special two-edged NMOS such as H-shape
gate NMOS and T-shape gate NMOS are commonly used in
radiation environment due to their high resistance against TID.
However, in bulk silicon process, the experimental results pro-
duced by Silvestri et al. have shown thatŒ7; 8�: annular NMOS
have more serious HCE degradation than common two-edged
NMOS, and that the time exponent (n) is 0.65 for annular
NMOS but only 0.5 for common two-edged NMOS in their
experiments, thus the implication is annular NMOS may have
shorter lifecycle than that of our expectation because of our
ignorance about its worse HCE degradation.

In the SOI process, whether annular NMOS havemore seri-
ous HCE degradation is still not verified in the experiments; at
the same time, the special two-edged NMOS such as H-shape
gate NMOS and T-shape gate NMOS are also other important
TID hardenedNMOS in the SOI process, whether these NMOS
have more serious HCE degradation is also not clear, so it’s
very important to widely investigate HCE of various TID hard-
ened NMOS to exactly expect the lifetime of them.

2. Theoretical model

In MOSFETs, a portion of channel carriers receiving
enough energy can overcome the surface barrier and inject into
the oxide layer, a fraction of the injected hot carriers can be

trapped by oxide traps and become the surplus charges, and in-
terface states occur at the Si/SiO2 interface in this process, then
Vt and other important electrical parameters gradually degrade
over time.

Silicon dangling bond (� Si�/ at the Si/SiO2 interface is
one of the primary interface states which comes from the chem-
ical reaction between silicon hydrogen bond (Si–H) and posi-
tive hydrogen (HC/, and the chemical reaction equation is as
followsŒ4�:

Si3 � Si–H C HC
C e�

! ŒSi3 � Si�� C H2: (1)

And some scholars have also further proposed the other chem-
ical reaction equationŒ9�:

Si3 � Si–H C HC
! ŒSi3 � Si�� C H2; (2)

which is more likely to be the main HCE degradation mech-
anism when NMOS work under normal operating voltageŒ9�.
H2 produced from the chemical reaction will diffuse into the
oxide.

Based on Eq. (1) or Eq. (2), and according to a novel re-
action diffusion equationŒ5; 10�, we propose that the generation
rate of Nit follows the formula:

dNit

dt
D kfŒN0 � Nit�NHC � krNitN

.0/
H2

: (3)

Here, kf and kr are the forward and reverse reaction rate of
Eq. (1) or Eq. (2), N0 is the maximum density of available
Si–H bonds, N

.0/
H2

is H2 density at the Si/SiO2 interface, NHC

is HC density at the Si/SiO2 interface. The interface states gen-
eration process is a competing process between Si–H breaking
and passivation. Since the rate of H2 generating from the chem-
ical reaction is far greater than the rate of H2 diffusing into the
oxideŒ5�, the diffusion rate determines the generation rate and
further determines the chemical reaction rate and the genera-
tion rate of Nit.
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Fig. 1. Hydrogen diffusion in the interface of the gate. (a) Diffusion
region. (b) H2 density profile.

Meanwhile, H2 diffusion rate follows the diffusion equa-
tion:

dNH2

dt
D DH2

�
@2NH2

@x2
C

@2NH2

@y2
C

@2NH2

@z2

�
: (4)

Here, DH2 is the diffusion coefficient of H2. From Eq. (4), the
diffusion rate of H2 depends on the geometry of the diffusion
region, and the diffusion region can be divided into 1-, 2-, 3-
dimensional diffusion region, as shown in Figs. 1(a), 2(a), 3(a)
respectively.

From Refs. [5, 10], in 1-dimensional region, along with
y axis, H2 density profile can be approximated in Fig. 1(b).
Since every two interface states correspond to one H2, the to-
tal amount of generated interface states is two times more than
the total amount of generated H2. The total amount of H2 can
be obtained by quadraturing the curve in Fig. 1(b). So, assume
the degraded interface area is A, then:

Nit.t/ D 2 �
1

A

Z p
DH2

t

0

ANH2
.y; t/ dy

D
2

A

Z p
DH2

t

0

AN
.0/
H2

 
1 �

yp
DH2

t

!
dy

D N
.0/
H2

p
DH2

t : (5)

Similarly, in 2-dimensional region, H2 density profile can
be approximated in Fig. 2(b), assume the gate width is W , de-
graded interface area is B , then:

Nit.t/ D
2

B

Z p
DH2

t

0

1

4
W N

.0/
H2

 
1 �

rp
DH2

t

!
2�r dr:

D
W �

6B
N

.0/
H2

DH2 t: (6)

In 3-dimensional region, H2 density can be approximated
by Fig. 3(b), assume degraded interface area is C , then:

Nit.t/ D
2

C

Z p
DH2 t

0

1

8
N

.0/
H2

 
1 �

rp
DH2 t

!
4�r2dr:

D
�

12C
N

.0/
H2

.DH2 t/
1:5: (7)

Similar to Ref. [5], assume a relatively slow generation rate
of interface state under steady state condition, then dNit

dt
D K

(constant), and assume HC with a sufficient stable quantity at
the Si/SiO2 interface, then NHC D M (constant), and Nit �

N0, so Equation (3) can be simplified as:

Fig. 2. Hydrogen diffusion in the edge of the gate. (a) Diffusion region.
(b) H2 density profile.

Fig. 3. Hydrogen diffusion in the corner of the gate. (a) Diffusion re-
gion. (b) H2 density profile.

K D kfMN0 � krNitN
.0/
H2

: (8)

According to Eq. (5), N .0/
H2

D Nit.t/
p

DH2 t , and introduce
into Eq. (8), then:

Nit.t/ D

s
kfMN0 � K

kr
.DH2

t /0:25
D at0:25: (9)

Similarly according to Eqs. (6)–(8), then:

Nit.t/ D

s
W �.kfMN0 � K/

6Bkr
.DH2

t /0:5
D bt0:5; (10)

Nit.t/ D

s
�.kfMN0 � K/

12C kr
.DH2

t /0:75
D ct0:75: (11)

So, from Eqs. (9)–(11), the generation rate of Nit follows
a power law of stress time and the time exponent (n) are 0.25,
0.5 and 0.75 for 1-, 2-, 3-dimensional HCE degradation respec-
tively.

Furthermore, �Vt is proportional to �Nit
Œ11�:

�Vt D

�
KIdsLeff

�0WeffCoxVds
C

q

Cox

�
�Nit: (12)

So, the degradation ofVt follows a power law of stress time,
that is:

�Vt D A.tstress/
n: (13)

And the time exponent (n) are 0.25, 0.5 and 0.75, for 1-, 2-,
3-dimensional HCE degradation respectively.

HCE degradation mainly occurs near the drain side, as
shown in the shaded area in Fig. 4, for two-edged NMOS
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Fig. 4. Hydrogen diffusion region. (a) In different 2-edged NMOS. (b)
In annular NMOS.

such as H-shape gate NMOS, T-shape gate NMOS and com-
mon two-edged NMOS, as shown in Fig. 4(a), H2 follows 3-
dimensional diffusion in the corner of the gate, 2-dimensional
diffusion in the edge of the gate, and 1-dimensional diffu-
sion in other degraded region; for annular NMOS, as shown in
Fig. 4(b), H2 follows 3-dimensional diffusion in four corners
of the gate, 2-dimensional diffusion in the edge of the gate,
and 1-dimensional diffusion in other degraded regions. Since
3-dimensional diffusion is the fastest and annular NMOS own
significantly greater 3-dimensional diffusion regions than 2-
edged NMOS, annular NMOS have more serious HCE degra-
dation and the time exponent (n) is larger than 2-edged NMOS.

3. Experimental verification

3.1. Experimental set and test devices

HCE tests are usually carried out under three kinds of bias
stress conditionsŒ13; 14�, including: high gate voltage stress con-
dition (Vgs � Vds/, middle gate voltage stress condition (Vgs �

Vds/2) and low gate voltage stress condition (Vgs � Vds/4). In
the tests, source and substrate are held at ground potential, then
gate and drain are both biased under corresponding voltage,
and Vds is typically above normal operating voltage (Vdd/ to
speed up the tests. In our experiments, Vds is 1.6 times than
Vdd, that is, Vds D 8 V, then Vgs D 8, Vgs D 4, Vgs D 2 V for
high, middle and low stress conditions respectively. Tests are
carried out at room temperature and Agilent-4156C precision
semiconductor parameter analyzer is used for the tests. Dur-
ing the tests, we periodically interrupt the stress, to measure
Ids–Vgs and Ids–Vds curves, which are used to extract the main
electrical parameters, including Isat, transconductance, Vt, etc.
The passivation of the stress-induced defects during the mea-
surement period may affect the accuracy of the tests; we use
the automatic mothod to control the test process with the pur-
pose to decrease the switch time. This method agrees with the
one used in Refs. [7, 8].

NMOS used in our experiments were manufactured by a
domestic foundry in a 0.5-�m PD SOI process. The gate oxide
thickness (Tox/ is 12.5 nm, channel doping concentration (Nch/

is 4.0329000 � 1012 cm�3, source/drain junction depth (Xj/

is 100 nm, Vth0 = –0.929208 V. All NMOS used the body tied
technology to suppress the impact of floating body effects. The
layouts of NMOS used in the experiments are shown in Fig. 5.

Fig. 5. Layout of the devices with body tied. (a) Common 2-edged
NMOS. (b) H-shape gate NMOS (c) T-shape gate NMOS. (d) Annular
NMOS.

Fig. 6. Linear region (Vds = 50 mV) Ids–Vgs curves at different stress
times.

3.2. Experimental results and results analysis

3.2.1. HCE degradation for annular NMOS and common
two-edged NMOS

Figure 6 shows the linear region (Vds = 50 mV) Ids–Vgs
curves of annular NMOS (L D 0:5 �m, W D 9:4 �m) at
different stress time. The curves positively drift with the stress
time, and Vt also positively drifts; when the stress time is up to
512 s, the degradation reaches saturation.

Undermiddle gate voltage stress conditions, in order to ver-
ify whether the annular NMOS has more serious HCE, we ex-
tract �Vt for common two-edged NMOS and annular NMOS
at different stress times from the linear region (Vds D 50 mV)
Ids–Vgs curves by using parabolic interpolation to find the gate
bias at which the maximum transconductance occurs, then we
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Fig. 7. Degradation of Vt between annular NMOS and common two-
edged NMOS under middle gate voltage stress.

Fig. 8. Degradation of Vt between annular NMOS and common two-
edged NMOS under high gate voltage stress.

fit the data in Matlab based on Eq. (11). As shown in Fig. 7,
the time exponent (n) of common 2-edged NMOS is 0.275, but
the time exponent (n) of annular NMOS is 0.420, which sig-
nificantly increased by 52.7%, and the absolute value of �Vt
of annular NMOS is far greater. Annular NMOS has more se-
rious HCE degradation than two-edged NMOS under middle
gate voltage stress conditions.

Under high gate voltage stress conditions, we use the same
method to extract �Vt for both the two NMOS at different
stress times. Test results are shown in Fig. 8; the time expo-
nent (n) of common two-edged NMOS is 0.212, but the time
exponent (n) of annular NMOS is 0.261, which significantly
increased by 23.1%, and the absolute value of �Vt is also far
greater. Annular NMOS also has more serious HCE degrada-
tion than two-edged NMOS under high gate voltage stress con-
ditions.

As shown in Figs. 7 and 8, the experiments basically ver-
ify the theoretical prediction. Annular NMOS has more serious
HCE degradation and the time exponent (n) is larger than two-
edged NMOS.

Under low gate voltage stress conditions, as shown in
Fig. 9, the results show a little difference, Vt degradation of an-

Fig. 9. Degradation of Vt between annular NMOS and common two-
edged NMOS under low gate voltage stress.

nular NMOS rapidly reaches saturation, and Vt degradation of
common two-edged NMOS after a brief rise also soon reaches
saturation. The absolute value of �Vt of annular NMOS is also
far greater than common 2-edged NMOS. Annular NMOS also
has more serious HCE degradation than two-edged NMOS un-
der low gate voltage stress conditions.

As shown in Fig. 9, the time exponent (n) of annular
NMOS is not larger than two-edged NMOS and the degrada-
tion quickly reaches saturation. This is a little inconsistent with
our model. But our model is based on the assumption that the
generation rate of H2 from the chemical reaction is far greater
than the diffusion rate of H2, so the diffusion rate of H2 deter-
mines the chemical reaction rate and then further determines
the generation rate of Nit. However, under low gate voltage
stress, the hot carriers injecting into oxide were relatively small
which can produce relatively small HC in the oxide. Then due
to the low gate voltage, vertical electric field favors to prevent
HC from reaching the interface to participate in the chemical
reaction, so less than the enough amount of HC becomes the
major factor to make the chemical reaction can’t continue, thus
the degradation of Vt reaches saturation quickly.

3.2.2. HCE degradation for H-shape gate, T-shape gate
NMOS and common two-edged NMOS

In our model, not only special two-edged NMOS but also
common two-edged NMOS should have the same time expo-
nent (n) because of the same configuration of the gate. We use
the same method to extract �Vt for H-shape gate NMOS, T-
shape gate NMOS and common two-edged NMOS (L D 0:5

�m, W D 2:0 �m) at different stress time and under mid-
dle gate voltage stress condition. The results are shown in
Fig. 10, the time-exponent (n) of these three NMOS is al-
most the same, the fitting results in Matlab are as follows:
n D 0:335, n D 0:342, n D 0:356, and H-shape gate NMOS
and T-shape gate NMOS have weaker HCE degradation than
common two-edged NMOS. Test results agree with the theo-
retical prediction.

3.2.3. HCE degradation for common two-edged NMOS
with different gate widths

In our model, as shown in Fig. 4(a), if two-edged NMOS
has the same gate length (L) but different gate widths (W ),
their 3-dimensional diffusion region will remain unchanged,
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Fig. 10. Degradation of Vt between H-shape gate NMOS, T-shape gate
NMOS and common two-edged NMOS.

Fig. 11. Time-exponent (n ) of Vt degradation for different gate width
of common two-edged NMOS.

but 1-, 2-dimensional diffusion region will decrease with W

decreasing. Since the proportion of 3-dimensional diffusion re-
gion increases and 3-dimensional diffusion is the fastest, the
time-exponent (n) of Vt degradation will increase with W de-
creasing for 2-edged NMOS.

We have further tested and extracted the time-exponent (n)
for four common 2-edged NMOS with L D 0:5 �m, W D 1:5

�m, 2.0 �m, 9.4 �m and 10.8 �m respectively. The results
are shown in Fig. 11. The time-exponent (n) are as follows:
n D 0:386, 0.335, 0.266, and 0.243 respectively. Test results
are consistent with the theoretical prediction.

4. Conclusion
In this paper, HCE was studied on annular NMOS and

two-edged NMOS such as H-shape gate NMOS, T-shape gate
NMOS and common two-edged NMOS in a 0.5-�m PD SOI

process. Compared with common 2-edged NMOS, annular
NMOS has more serious HCE degradation, the time-exponent
(n) of Vt degradation increased by 52.7% under middle gate
voltage stress condition, and increased by 23.1% under high
gate voltage stress condition, the absolute value of �Vt of an-
nular NMOS is also far greater than common 2-edged NMOS
under three different stress conditions; while special two-
edged NMOS such as H-shape gate NMOS and T-shape gate
NMOS have weaker HCE degradation than common two-
edged NMOS, and almost have the same time-exponent (n)
with common two-edged NMOS. Based on the chemical reac-
tion equation of HCE degradation and a geometry dependent
reaction diffusion equation, the HCE degradationmodel for an-
nular NMOS and two-edged NMOS is established. The exper-
imental results verified the correctness of this model.
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[6] Alam M A, Küflüoglu H, Varghese D, et al. A comprehensive
model for PMOS NBTI degradation: recent progress. Microelec-
tron Rel, 2007, 47: 853

[7] Silvestri M, Gerardin S, Paccagnella A, et al. Degradation in-
duced by X-ray irradiation and gate hot carrier stresses in 130-nm
NMOSFETs with enclosed layout. IEEE Trans Nucl Sci, 2008,
55: 3216

[8] Silvestri M, Gerardin S, Paccagnella A, et al. Gate hot carrier
stress on irradiated 130-nm NMOSFETs. IEEE Trans Nucl Sci,
2008, 55: 1960

[9] Pantelides S T, Tsetseris L, Rashkeev S N, et al. Hydrogen in
MOSFETs—a primary agent of reliability issues. Microelectron
Rel, 2007, 47: 903

[10] Kufluoglu H, AlamMA.A geometrical unification of the theories
of NBTI and HCI time-exponents and its implications for ultra-
scaled planar and surround-gate MOSFETS. IEDM, 2004: 113

[11] Hai Y, Liu H X. Micro-nano-MOS device reliability and failure
mechanism. Beijing: Science Press, 2008: 136

[12] Liu A Y, Du L, Bao J L. Research on correlation of 1=f 
 noise
and hot carrier degradation in metal oxide semiconductor field
effect transistor. Acta Phys Sin, 2008, 57: 2468

[13] Ren H X, Hao Y. Study on the hot-carrier-degradation mecha-
nism and hot-carrier-effect immunity in advanced grooved-gate
PMOSFET. Acta Phys Sin, 2000, 49: 683

074006-5


