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Abstract: Gate current for pMOSFETs is composed of direct tunneling current, channel hot hole, electron injection

current, and highly energetic hot holes by secondary impact ionization. The device degradation under Vi= Va/2 is

mainly caused by the injection of hot electrons by primary impact ionization and hot holes by secondary impact ion-

ization, and the device lifetime is assumed to be inversely proportional to the hot holes, which is able to surmount

518102 barrier and be injected into the gate oxide. A new lifetime prediction model is proposed on the basis and val-

idated to agree well with the experiment.
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1 Introduction

Hot carrier degradation has been recognized as
a major reliability and performance concern in
submicron complementary metal oxide
semiconductor ( CMOS) field effect
(FET) technology'™ *. Although the nMOSFETs

have been extensively investigated, the hot carriers

today s

transistor

in pMOSFETs have received relatively less atten—
tion due to their historically low impact to the reli-
ability of conventional CMOS circuits. As the
CM OS technology enters the submicron and deep—
submicron regions, the degradation caused by the

pMOSFETs has become comparable with that of
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the nMOSFETs. Then it is very important to in-
vestigate the behavior and underlying physics of
pMOSFETSs hot carrier degradation mechanism'".
The physical mechanism responsible for the
gate current increase is a chain of impact ionization
events leading to carrier pair generation deep inside
the MOS depletion region'” *. The high electric
field is responsible for the heating of electrons cre—
ated by primary impact ionization at the drain
edge. Next, these hot electrons ionize deep in the
substrate by the acceleration of high lateral and
vertical electric filed and generate secondary holes
(h3), which flow toward the Si-8iO: interface. It
has been demonstrated that the high energies of

the h3 are at the origin of interface states creation
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and of electric parameters degradation in pMOS-
FETs"™". The influence of the secondary impact
ionization on the hot hole degradation is believed to
be enhanced for scaled down devices'"”

Drain avalanche hot carrier degradation occur-
ring around a maximum substrate condition (about
Ve= Va/2) is serious in pMOSFETs, where inter—

. - 2
face state generation reduces the drain current'”. In

addition, the mode is projected to be the worst-case
stress bias condition for pMOSFETs in deep sub-
micron technologies'”’. A simple and physical life—
time prediction model in good agreement with the
data is needed both for reliability evaluation of fab-
rication processes and for circuit level reliability
simulation.

A simple relationship to describe the substrate
current as a function of effective channel length is
developed as a function of drain voltage and effec-
tive channel length'®. The relation is then put into
the lifetime prediction model and the device life—
time has a power law relationship with effective
length. However, the relationship of substrate cur—
rent and drain voltage has not been widely accepted
in the model and the power law relationship with
channel length is overestimated in comparison with
other models” ™.

In this paper, the gate components are ana—
lyzed and the device degradation under Vi= Va/2
stress mode is discussed. A new lifetime prediction
model is proposed on the basis. The commonly ac—

'is then put into

cepted substrate current equalion“1
the new lifetime prediction model including explic—
itly the channel length and applied voltage depen-—

dencies.

2 Model

Because gate current, /¢, is a sensitive measure
of the high energy tail of the hot carrier distribu—
tion function, understanding their origin is essential
for understanding the hot carrier effects in MOS-
FETs. To this end, the gate current of pMOSFETs

will be investigated in theory. The device degrada-

tion mechanism will be analyzed accordingly.
Figure 1 shows the gate current mechanism
for pMOSFETs. Electrons at the poly-gate can be
accelerated by high electric field between gate and
substrate and then injected into the oxide with the
assistance of tunneling ( Mechanism (i)). Direct
tunneling itself does not cause charge trapping in
the gate oxide'™. If the stress voltage is compara—
tively high, the channel holes can gain sufficient
energy from channel acceleration to surmount Si-
Si0:2 barrier with the help of tunneling to overcome
an unfavorable gate to drain potential difference
and be injected into the gate oxide to form gate
current ( Mechanism (ii))'”. In the case of ex-
tremely short channel devices with ultra-thin gate
oxides, more holes are enough to become highly en-
ergetic. Carriers can only contribute to gate current
if their energies are above the effective Si/SiOz.
Clearly, in this case, channel carriers cannot con-

tribute a finite gate current for pM OSFET s.
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Fig. I  Gate current mechanism for pMOSFET s
(i) electron tunneling from gate to substrate by di-
rect tunneling, (ii) channel hot hole injection, ( iii)

electron injection by primary impact ionization, and

(iv) hole injection by secondary impact ionization

In the region of the channel close to the drain
of a device biased into the saturation region, the
gate potential (relative to the channel) appears
positive for a pMOSFET and the internal electric
field distributions then favor electron injection the

gate oxide''"'"". The gate current of pMOSFETs
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results from electrons(e2) rather than hole injec-
tion into the oxide because electrons have a longer
mean free pathI "T'( M echanism (iii)). Also, the Si—
Si02 barrier height is lower for electrons and the
vertical field at a low gate voltage favors electron
illjectionml. Even under a low stress voltage, the
component still exists. For the gate current under a
high drain voltage it always lies below that under
low drain voltage in Fig. 3. The existence of elec-
tron current has been widely accepted and demon—
strated to be related to the device degradation'” of
pM OSFETs.

The secondary holes(h2) leaves through the
drain while the secondary electrons (e2) diffuse
through the drain to the junction between sub-
strate and drain. The generated energetic electrons
by primary impact ionization are accelerated by the
electric field between substrate and drain and ionize
deep in the substrate and generate secondary pairs
of electron-holes. The hot holes by secondary im-
pact ionization (h3) will fall back through the po-
tential drop of drain-substrate junction and are in—
jected into the drain where they can diffuse to the
oxide surface!™'™. The hot holes can also fall
through the vertical potential drop beneath the
channel to the oxide interface just to the left of the
drain. It has been demonstrated that the high ener-
gies of hole current by the secondary impact ioniza—
tion are at the origin of interface states creation
and of electrical parameter degradation in MOS

3125 The generated holes will flow

transistors'
toward the Si-8i0: interface by the acceleration of
lateral and vertical electric field and be injected into
the gate oxide, which will form positive gate cur—
rent (Process (iv)).

With the decrease of device dimensions and
corresponding decrease of the drain voltage
(| Vd| ), channel electric field acceleration is unable
to provide enough energy for holes to be injected
into the gate oxide. However, the primary impact
ionization under low stress voltages still exists and
results in high energetic holes by secondary impact

ionization. The mechanisms (iii) and (iv) will be-

come dominant in the components of gate current
with the decreasing dimensions and corresponding
decrease of stress voltage.

V.= Va/2 stress mode basically corresponds to
the maximum impact ionization rate and the num-
ber of energetic electrons is maximum'®'. General-
ly, the injected amount of hot holes and hot elec—
trons is not equal under V,= Va4/2 stress mode. The
amount of injected holes by secondary is generally
smaller than that of injected electrons for two rea—
sons. First, the Si-8i02 barrier for holes is much

U In addition, tertiary

larger than that of electrons
holes are generated by secondary electrons. So the
device degradation should be decided by the holes
for the efficiency for creating interface traps per
electron is much smaller than per recombination
event'”. Furthermore, hole trapping efficiency and
electron capture cross section of trapped holes are
very high'”.

The proposed model assumes that the device
lifetime is inversely proportional to the amount of
holes by secondary impact ionization that can be
able to surmount Si-S8i02 barrier. The device life-
time can be written as

1
T

o< [/ W (1)

where I3 is the hot holes by secondary impact ion-

ization, which is able to surmount Si-8i0: barrier

and be injected into the gate oxide. W represents
channel width.

Tas o= I(E7)[Mu(EL) = 1]Te(EL)  (2)

I, o< Liexp(—- ®/gMEw) (3)

Vul - Vul:am

Eu=""7, (4)

where I is the substrate current, Ew is the maxi-
mum channel electric field; /.3 is decided by the
secondary electron multiplication coefficient (M)
and the fraction of tertiary holes injected back to
the gate(T's), which is proportional to /v at certain
bias. These two parameters are mostly sensitive to
the vertical field (E1) in proximity of the drain
junction. Ew is the maximum channel electric field;

lais drain current, Vaw is pinch-off point potential
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and lais characteristic length of velocity saturation
region, and Va is drain voltage. Vaw can be deter—
mined by experiment'".

Holes by secondary impact ionization are gen—
erated by secondary electrons. The maximum elec—

tric field between the drain and substrate junction

[2NA yoy v
R =51

can be approximately expressed as
for a specific value of the substrate doping concen-
tration Na near the junction in the full depletion
approximation. Vi is junction built-in potential be-
tween substrate and drain. ¢ represents the electron
charge and €si is the dielectric permittivity of sili-
con.
Based on lucky electron model'”, M. can be
expressed as
D

My = 1o exp(- ) (5)

GAe Jllqé\‘r__:\(]/'l+ Vi)

si
where A= 9. 2nm is the electron free paths'” and &
= 1.3eV'" is the eritical energy for impact ioniza—
tion.

The holes, h3, which come back through DBJ
(drain-substrate junction) into the drain, dominate
the high energy DF(distribution function) and can
lead to significant gate current. T his occurs for two
reasons. First, the high field DBJ] potential drop,
which includes the junction built-in potential, is
larger than channel potential drop Ven. For reason-
able junction dopings, the field in the DBJ will be
high enough for significant feedback. Second, each
successive Il generate secondaries with non-zero
energy. Therefore, the holes reaching the drain
have energies greater than the DBJ] potential
drop''”.So T's can be written as

D

Ty == exp(- i ) (6)

!
/ 2‘*’3 " Vat Vi)

(]An

where Av= 4.3nm is hole free paths'” and @ =
4.5eV'" is the critical hole energy for creating
ml

24N s
qAn \}ll;qE{Vl_{ Va+ Vi)

) of Eq.(6)

damage. exp(-

is the rate of supply of hot holes by secondary pos-

sessing energies greater than &n.
Take Egs. (5) and (6) into Eq. (1), the life—
time model can be expressed as

Dl 1

In(a/W) << qAn ) ( Va= Vi
A] @‘ ].
(0 @) ) (7)
EAd(Va+ Vi)
k=l X \;'I ?qu Yo 2la/ JEZEsi/qN A (8)

li can be derived from the unified relationship

of Iv/Iivs Va= Vaaw and then k can be extracted.

] Ah cbh
ing 4 versus N o X
Plotting Tlu versus (V‘ T ( AT q:q)
D, ) .
L ). q)“l can be derived, which should

kl(Vis Vi)

be identical to the values extracted from Eq. (2).

3 Experiment

The pMOSFETs with 2. 5nm gate oxide used
for the study had 0. 165, 0. 15, and 0. 135um effec-
tive channel length and 10 and 0.3um channel
width, which contain a shallow source/drain exten—
sion junction and a counter-doped halo to suppress
short channel effects. The devices were stressed at
various drain voltage under V.= Va/2 stress mode.
The degradation of saturated current dlaw (=
(Iaw— Taa(0) /Taw(0)) was monitored for evaluat—
ing the hot carrier lifetime and 10% d/uaa« is taken
as the device lifetime. T he thickness of oxide was
measured by high-requency C+V method. All the
devices were fabricated through the same standard
CMOS processes. The stresses and normal -V
measurements were performed by means of preci-
sion semiconductor parameter analyzer HP4156B.
All experiments were done at room temperature, i.
e. 300K, and all the instruments were controlled by

a PC using GPIB interface.

4 Model validation

! extracted by Eq.(2)

To verify the model,
’ qAn
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can be effectively used to fit Eq. (7). Figure 2
shows the relationship of impact ionization rate I/
laversus 1/(Vai= Vau). A straight line is obtained

under different bias conditions and device dimen-—

T.. =2.5nm, W/L=
410/0.165 v 10/0.150

. 010/0.135 ©0.3/0.150

e’r In(l,/1,)=2.6 +18.8/(V,-V, )
Srsdt
-“'ﬁ

e®L

-0.48 -0.54
P
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Fig. 2 Relationship of the ratio of Iv/la versus 1/
(V= Vi)

sions. Vaa is extracted from the experiments'™.
For pMOSFET s with different gate oxide, the rela—
tionship of Iv/I1versus 1/(Vi= Vau) can be writ—
ten as

In(lv/1d)) = - 2.6+ 18.8/(Vi- Vaa) (9)
la can be calculated from Eq. (10) for pMOSFETs
with 2.

la

Snm gate oxide:
18. 8/(®/gA) = 18.8/(3.7 X 10°)

= 5.7 X 10" °em (10)
For our samples, the doping concentration of sub-
strate is about 10" "em™* for pMOSFETs. So k can

be calculated:

k= 2L/ 2e/gNs ~ 1.1
Data have been plotted T4 vs m +
Aw + Cph) 1
MR (Vas V)

with different channel length and width. Very good

(

in Fig. 3 for pMOSFETs

agreement is found between the model and the ex-
perimental data, and the results indicate that the
present model can accurately predict the lifetimes

of MOS devices beyond those being measured.

5 Conclusion

Gate current for PMOSFETs is composed of

i 25 4
T, =2.50m, WiL=
. o 10/0.135 o 10/0.15
¢F o & 10/0.165 + 0.3/0.15
e’

71 /(s-A)
[+ ]

e F
e’r
e!r
26 24
1 .i‘Jn. ?ih 1 1
SRR Ay e
Fig.3 Tavs ; e rlk for
Vi= Vi A+ D I I( Vi+ '/|.i)

pMOSFETs with different channel length and width

under Ve= Va/2 stress mode.

four parts, which are direct tunneling current,
channel hot hole, electron injection current, and
highly energetic hot holes by secondary impact ion-
ization. The device degradation under V.= Va/2
stress mode is caused by the recombination of elec—
trons and hot holes by secondary impact ioniza-
tion, and the device lifetime is assumed to be in-
versely proportional to the amount of holes by sec—

ondary. A new lifetime prediction model 4 versus

1 A o, 1

+ ) ;
V: - V(hill An fh |
S El(Vas Vi)

proposed on the basis and validated to agree well

has been

with the theory. This model is extremely useful in
the estimate of the MOS applied voltage range
needed for ensuring a long device lifetime with the

presence of hot-carrier induced degradation.
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