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Abstract Ve Vp Vg Vp

In this paper, we propose a Hot Carrier Injection ﬂ j‘ I 7_;_,_‘ T
(HCI) induced gate leakage current model used for T
reliability simulations in 90nm n-channel MOSFETs = .
(n-MOSFETSs). As far as we have investigated, exastin

papers and reports regarding on HCI degradationeiod P substrate Poubstrate  foup

equations are based on the substrate current idduce ! l

the impact ionization effect. These degradation rsode Va . ) Ve )
(a) Channel Hot Carrier (b) Drain Avalanche Hot Carrier

cannot be applied for any circuit simulations witho
using the substrate terminal of n-MOSFETs. Since theFig. 1. Schematics of the HCI mechanism in
proposed model and extraction method estimate e H N-MOSFETSs: (a) channel hot carrier; (b) drain aveiten
current from the gate terminal, substrate termirafls hot carrier.

n-MOSFETs are not necessary for simulating

degradations in any circuit. The proposed HCI gate In this study, our goal is to develop the HCI
leakage model is implemented in BSIM4 source cafles degradation model of n-MOSFETSs that is not dependent
our SPICE3 fully compatible simulator (MDT-SPICE). on the structure. The proposed model is an attempt t
Model parameters including BSIM4 and our models are extract the HCI current from the gate terminal énig
accurately extracted with DC current measuremehts o implemented in BSIM4 source codes of our SPICE3
90nm n-MOSFETSs. It is confirmed that the proposed fully compatible simulator (MDT-SPICE) [1]. Model
model showed more accurate gate current simulationgparameters including BSIM4 and our models are
than BSIM4 model comparing with the measurement of accurately extracted with DC current measuremehts o

the gate current. 90nm n-MOSFETSs.
The organization of the paper is as follows: Section
1. Introduction presents the basic HCI mechanism and conventio@al H

In recent years, CMOS integrated circuits are ised degradation model. Problems of the conventional HCI
many electronic devices, and are realized as coredegradation model are also described. Section |l
function of the electronic devices in many cases. presents our proposed model and the HCI induced
Therefore, high reliability is the key specificatidar current extraction method. Section IV discusses the
CMOS integrated circuits. There is an increasirigrsst ~ measurement and simulation results, and the paper
in the reliability issues of CMOS transistors in Summarizes in Section V.
accordance with the recent advanced process texhnol
Especially, HCI degradation is the most important 2. Conventional HCI degradation models
phenomenon in high electric fields. For this reason In general, there are two different hot carrieeation
reliability simulation using the degradation modés  mechanisms [6] in an n-MOSFET: channel hot carrier
needed in order to develop robust analog and dligita (CHC) injection, drain avalanche hot carrier (DAHC)
CMOS integrated circuit designs. The mechanism of each mode is shown in Fig.1. When

There are two major effects in the degradation of the gate voltage is approximately equal to the ndrai
n-MOSFETs. One is the Positive Bias Temperature Voltage, the CHC injection effect is at its maximum
Instability (PBTI), which arises from positive vaia So-called ‘lucky electrons’ gain sufficient energy
stress for a long time. The other is the HCI, whidses ~ surmount the Si/Si©barrier at the drain end of the
from high drain currents in saturation region. Weus  channel, without losing energy due to collisionghwi
on HCI phenomenon for our characterizations beciuse atoms in the channel (see Fig. 1(a) ). At stresslitions
is more dominant than PBTI especially in analogutr ~ with high drain voltage and low gate voltage,
design. electron-hole pairs can be created due to impact
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(a) Symbol
Fig. 2. Butting contacted n-MOSFET structures.
(a) the circuit symbol; (b) the cross sectionalwie

(b) Cross-sectional View

ionization of the channel current near the draimieal.
Each of these electrons and holes can then aceelerat
trapped the channel electric field and can potiytia
surmount the Si/Si@barrier to get trapped or to create
interface state. This phenomenon is known as aviadanc
multiplication and results in drain avalanche hatrier
generation (DAHC) (see Fig. 1(b) ). Additionallpnse
of the generated carriers lead to a bulk currete T

DAHC injection mechanism causes the most stringent

Fig. 3. Basic concept of the gate leakage curient f

parameters such as the threshold voltége and the
carrier mobility u [5]:

AN
Vin =Vino +u and 3
- H
H 1+ AN, 4)

device degradation because a large amount of hotwhere Gy is the oxide capacitance per unit aMas, and

electrons are injected into the gate oxide at thmes
time.

Most HCI compact models available in literature are
based on the 'lucky electron' model (LEM) by Shockley
The concept was first introduced by Shockley in 1861
explain bulk phenomena and later became very popula
as the underlying mechanism in a lot of HCI models.
Chenming Hu was one of the first to introduce a HCI
model based on the lucky electron concept [2]. Mifst

recently published HCI models are based on the same

theory. In this model, HCI is expressed in termshaf
number of generated interface statey;;:
~f n

e¥En

|
AN, =C|t-9 , (1)
it 1 W

where lgs is the drain-source currend, is the electric
charge,En is the peak lateral electric field;; is the
critical energy for electrons to create an intezferap, 1

is the hot-electron mean-free patl, is the transistor
channel width,t is the stress timeC; and n are the
process-dependent constants, respectively. In EoE{1
is the most important parameter, but it is diffictd
obtain accurately with an analytical model. Therefor
especially in earlier models, HCI stress is typyical
captured as a function of the substrate currgnt

Lib)at”'
w

whereC,, a, andn are the process-dependent constants,
respectively. Eventually, the number of generated
interface states, can be related to a shift instsaor

AN, = CZ( )

U are the threshold voltage and carrier mobility dor
unstressed transistor respectivelg, is a process
dependent parameter.

However, these degradation models cannot be applied
for any circuit simulations without using the subst
terminal of n-MOSFETs such as structure of shown in
Fig.2. Therefore, in this paper, we propose a neseh
and the extraction method to estimate the HCI atirre
from the gate terminal. Substrate terminals of
n-MOSFETs are not necessary for simulating
degradations in any circuit with the model.

3. HCI induced gate leakage current model

The gate current and the substrate current in HCI
model by Chenming Hu are expressed as follows [3]:

4
|, =Cl 6% and (5)
~&
— AE, 6
I, =C,l % 6)

where ¢; is the minimum energy that a hot electron
must have in order to create an impact ionizatigp, is

the barrier energy at the Si-Sitterface, andC; andC;

are process-dependent constants, respectivelye $Hiec
substrate current depends on the probability of the
occurrence of impact ionization, the gate curremt i
dependent on the probability of electrons whicldrae

the Si-SiQ interface. Difference between the Egs (5) and
(6) is the difference of probability. BSIM4 moded i
employed to obtain accurate gate leakage current
simulations. The model supports substrate current
induced body effect (SCBE) caused by the impact



ionization effect as shown in the following equat[d]:

-B 0t
Vs Vst

Isub =§|ds(vds _Vdsit)e ’

()

where parametersA and B, are extracted with
measurementgs is the drain-source voltag¥ys: is the
saturation voltage, anitl is the characteristic drain field
length, respectively. To modify the ionization ratio
between the substrate and the gate currents, ttee ga
current due to HCI is simply written in Eq. (8) as
referred to Egs (6) and (7).

A
GB

—GB; itl

I ds (Vds _Vdsat )eVdS o ' (8)

l gs_HCI =

Fig. 3 shows the gate leakage current flow when HCI
effect is occurred. The HCI gate current path iwipe
added to the gate leakage current model of BSIM4 [4
Assuming that the gate leakage current flows oalyce
side under the HCI condition (¢=Vpp) and the
gate-to-bulk leakage currenlyd) is negligible because
sufficiently small in comparison to other leakagerent
in Fig.2, Model parameter§&A and GB; are extracted
with Eq. (9).

P

gs

(9)

wherelgs ot IS the total gate leakage currehgis the
leakage current between gate and source,l@gsid the

I gs_HCI = l gs_ total gcs !

current between gate and source through the channel

respectively. These are obtained by statiev
measurements.

4. Simulation and measurements

In this experiments, the n-MOSFET, whose gate width
and length are 10m and O0.im, respectively, is
fabricated with 90 nm CMOS process technology and
then measured for parameter extractions of drath an

gate leakage current models. The proposed model is

implemented in BSIM4 source codes of our SPICE3
fully compatible simulator (MDT-SPICE).
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Fig. 4. Measurement and simulation results of thte g
leakage current (lgs and Igcs) versus gate-to-sourc
voltage under non HCI condition. Where, Vds is &dri
from 50mV to 300mV (50mV step).
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Fig. 4 shows the simulation and measurement results Fig. 5 Measurement and simulation results of the

of the gate leakage -currentg( and lgs) versus
gate-to-source voltage under non HCI conditiororiter
to consider the dependence on the drain sourcagelt
of the gate leakage current, it is measured byingrthe
drain-to-source voltage in this measurement. Asvsho

drain leakage current versus gate-to-source voliager
non HCI condition. Where, Vds is varied from 50my/ t
300mV (50mV step).

drain leakage current versus gate-to-source voliager

in Fig. 4, the simulation curve and the measurementthe same conditions as Fig. 4. We have also coaéirm

results are in good agreement, including the dsairce
voltage dependence. This experiment yields that mode
parameters of a gate leakage currelt and lge)
required to calculate the HCI current in Eq. (9).

that the simulation and the measurement are in good
agreement in the weak inversion region. As disalisse
above, these simulation results indicate that tloeleh
parameters of leakage current are accurately amttac

Fig. 5 shows the simulation and measurement of theyith measurement in non HCI condition.



5. Summary and Future Work
@ o Measured ] In this paper, we propose an HCI induced gate lg@ka
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— simulated | current model used for reliability simulations iBrn

6 n-MOSFETs. We presented a new model and its
extraction method to estimate the HCI current fribr
gate terminal without using the substrate termifle
proposed HCI induced gate leakage model is
implemented in BSIM4 source codes of our SPICE3
fully compatible simulator (MDT-SPICE). Model
parameters including BSIM4 and our models are
accurately extracted with DC current measuremehts o
90nm n-MOSFETSs.

The simulation with the proposed model accurately
agreed with 90 nm n-MOSFET measurements under the
HCI conditions. It is also found that HCI inducedtey
leakage current is so small (few pico-amps) that th
' _ 3 accurate measurement is not easily performed.

Vgs [V] The proposed mode_l is applicable to estim_ate tinoke an

— — 8 temperature degradations of n-MOSFETs without using
the substrate terminal.

We continue this work to complete the degradation
60| model to be used in EDA environments.
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