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Degradation of pMOSFETs with Ultrathin Oxide and
Different HALO Dose’
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Abstract: The effect of HALO dose on device parameter degradation of pM OSFET with 2. Inm oxide and 0. 135um
channel length at hot carrier stress is analyzed. It is found that the degradation mechanism is not sensitive to HALO
dose changing, but the degradation quantities of linear drain current, saturation drain current, and maximum
transconductance increase with HALO dose enhancing and are larger than those of speculated before. T he degrada—
tion of device parameters (linear drain current. saturation drain current, and maximum transconductance) is at—
tributed to not only the drain series resistance enhancing induced by interface states under spacer oxide and carrier
mobility degradation but also the threshold voltage variation and initial threshold voltage increasing with HALO

dose enhancing.
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structure devices have been published'®”, the ef—

1 Introduction fect of HALO dose on device degradation at hot
carrier stress has not been reported and the analyt-
For short channel VLSI transistors, the drain ical model of drain current degradation at hot carri-
to source punch through is a serious problem when er stress due to HALO dose changing has not been
device scaling goes on continuously. HALO struc- studied carefully.
ture is added to prevent punch through and to im- In this paper, the effect of HALO dose on
prove the threshold voltage roll-off characteris— pMOSFET device performance ([/asu, Laine, gm, and
tic'"*. Some results about HALO structure have V) degradation under hot carrier stress is investi-
been reported” *'. It is found that, larger tilt im—  gated. At first, the experimental set in this work is
plant low energy HALO devices show less degrada- described. In the second part, the experimental re-
tion at hot carrier stress. However, when device sults are shown to study the correlation between
characteristic dimension comes into sub-0. 15ym degradation mechanism and HALO doses after hot
and the gate oxide is ultra thin, though drain cur—  carrier stress. Finally, then the difference of param—-
rent model and hot carrier degradation of HALO eter degradation quantities due to the HALO dose
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changing is discussed and modeled.

2 Experiment

All measured devices are pMOSFETs with
10um channel width ( W) and 0.135um channel
length (L ). The gate oxide thickness is about
2. Inm measured by C¥ and simulation method.
The test devices are divided into three groups by
the HALO dose. Group [ named P1,its HALO dose
is minimum, group II named P2 and group III
named P3, their HALO doses are respectively two
and four times of the group I . Other technology
conditions are similar to Ref.[ 5].

HP4156B semiconductor parameter analyzer
and HP16440A pulse generator were used to per—
form the hot carrier stress, to monitor device per—
formance degradation, and to measure charge
pumping current. The stress drain bias is from
— 2.6V to = 3.0V at room temperature. T he linear
drain current is extracted by biasing at V.= -
1.5V, Va= —= 0. 1V; the saturation drain current is
extracted by biasing at V.= Va= - 1.5V; the
threshold voltage is extracted by the defined drain
current W/L X107 ’A, and the maximum transcon—
ductance is extracted by the maximum differential
value of the transfer characteristic curves in linear
region. The saturation drain current degradation
d/ aca( Al dine/Taa0) , the linear drain current degrada—
tion dfaine( Al wine/Taineo) , the threshold voltage vari—
ation AVu(Vu— Vi), and the maximum transcon-—
ductance degradation dgw(Agw/gwo) are examined
to characterize the device performance degradation

at hot carrier stress.
3 Results and discussion

Figure 1 shows the /aa degradation of P3 un—
der Vo= Vaand V.= Vu/2 stress modes, the drain
bias is from = 2.6V to = 3.0V.In this plot, at the
same stress mode, the higher the stress voltage, the
higher the saturation drain current degradation, al-

so, the degradation lines are parallel to each other.

0.1p

N

Fig. 1
P3 under Ve= Vaand V.= Va/2 stress modes

T degradation of devices with HALO dose

[t can be seen that all characteristic lines fol-
low the wellknown power law'®". The relationship

can be written as

A= At (1)
where A is the parameter degradation quantity, ¢ is
stress time, n is the degradation time factor which
is sensitive to degradation mechanism and technol-
ogy. It can also be seen that all degradation lines at
each stress mode fit well, the degradation time fac-
tor, n, under Vy= Vi stress mode is about 0.3 by
linear fit, but n is about 0.6 under the V.= V./2
stress mode. It indicates that V= Va/2 stress mode
is the worst-case stress mode after long time accel-
erated stress, so following studies would focus on
Ve= Va/2 stress mode.

The saturation drain current degradation of
P1, P2, and P3 stressed under V.= V4/2= - 1.4V
is shown in Fig. 2(a). The three degradation lines
are parallel and the degradation quantity increases
as HALO dose increases. For other biased drain
voltages from — 3.0V to — 2. 6V, the experimental
results are similar. Using other parameters charac—
terizing the devices degradation, such as the degra-
dation of maximum transconductance in Fig. 2(b)
and threshold voltage variation in Fig. 2(¢), the
same degradation law can be found. T hus, it can be
concluded that the degradation mechanism is not
sensitive to the changing of HALO dose, while the
parameter degradation quantities are sensitive to
the changing of HALO dose.

In Fig. 3, the d/aine, dlasu, dgw, and AV versus
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To investigate the experimental results, the
107 correlation between HALO doses and channel elec—
s tric field should be studied first. As we know, with
% /‘ enhanced HALO dose, the threshold voltage will be
3 107} . :
= higher. By three-transistor threshold voltage mod-
V=V, /2=-1.4V b :
——P3 el ", the threshold voltage can be expressed by:
10 Ny :
——P1 T k1 2Ly, i Vaiaio- Vi
s 5550 ; Vin= Viet ) 1+ I (e (2
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Fig.2 law degradation (a), g degradation (b). thresh—
old voltage variation (¢) of devices with HALO dose P1, 2 &Il :}I' Y. 2 &‘I ﬁh.} V. (3)

Va/2 stress mode

P2, and P3 under V.=

normalized HALO dose stressed at V.= Va/2= -
1. 4V stress mode after 12000s is plotted.

T, Twine, and gw degradation increase with the
HALO dose increasing, which are different from
using 0. 2um technology with extension HALO im-
plants and a physical oxide thickness of 3. 5nm re-

ported in Ref. [ 5]. But the threshold volt—
| V= V| wilee

Vg—

Viu= | V= Vll.l + L‘nf'u 1 +
Lok,
T hen, the maximum lateral electric field is:
o= Vi
E, ~ fl"" (5)

where Vic is the channel region threshold voltage,
Vinao is the HALO region threshold voltage; L is
the HALO region length; N1 is the HALO region
substrate concentration. For different HALO dos-
es, Vie is constant, but Vinaro increases when HALO
dose becomes larger.

So the saturation drain voltage Vasu, which can

1
be expressed by'"

1
_ 1 (4)
Vie— &:?Il]’l 1+ 2}2 h( I Vaneo~ Vi _ ]}
it will become larger with the increasing of HALO
dose.

The substrate current is decided by the maxi-
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mum electric field' ", trapping is negligible''”. In this paper, the gate ox—
Iy e B (6) ide thickness of all test devices is 2. Inm, so all de-
I "

When the HALO dose increases, the maximum
electric field augments, the I1/I4 will strengthen at
the same bias with HALO dose increasing. T he ex—
perimental results are shown in Fig. 4(a) and the
bigger | Va| ., the larger I/I4. Figure 4(b) is the
calculated lateral electric field versus HALO dos—
es, which directly proves that the maximum lateral
electric field, £, increases with the HALO dose in—
creasing which leads to the increasing of degrada-—

tion.
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LO dose (a) and the calculated maxi-
mum field
HALO dose (b) when biased on Ve=

Va/2 mode

electric versus normalized

Additionally, the impact ionization mainly gen—
erated at the peak spot of electric field, because the
maximum electric field locates in the LDD region,
the interface states and charges trapping will be
mainly produced there. Generally speaking, when

the gate oxide thickness is below 4. 5nm, the oxide

vice degradations are mainly influenced by interface
states' .

Figure 5 shows the correlation between stress
time and charge pumping current variation of P1,
P2, and P3. The tested devices were biased at V.=

Va/2 mode and the drain bias is — 2. 8V.
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Fig.5 Charge-pumping current variation versus the
stress time when stress at Vy= V4/2 stress mode

The drain bias is — 2. 8V.

Figure 5 shows that Al of P3 is the biggest,
Al of P2 is the smallest. That is to say, the en-
hancing lateral maximum electric field does not
necessarily lead to generate more interface states
with HALO dose increasing.

The generated interface state density can be
described by'""

]Ih B m

Ee En

where C is a fitting constant, ! is stress time, and m

Na(t) = Ct (6)

is a simulation parameter. m is about 0.48 in our
experiments. The generated interface state density
is a function of both impact ionization rate and
drain current. From the above discussion, the maxi-
mum lateral electric field increases with increased
HALO dose, but the drain current will decrease for
the enhanced threshold voltage. Thus, the lateral
maximum electric field enhancing does not neces—
sarily lead to more interface states with increased
HALO dose, just like what are deseribed in Ref.

[ 5] that the increased HALO doping concentration
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does not necessarily lead to more defect genera—
tions.

In Fig. 6, at the same linear drain current
degradation, such as 3% or 4%, the charge pump-
ing current variation decreases with HALO dose
increasing, and at the same charge pumping current
variation, the linear drain current degradation in-

creases and trends to saturate with HALO dose in—

creasing.
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Fig. 6 Relationship between Al.. — Al/Lgino, and
normalized HALO dose

According to the well known two-stage degra—
dation model'""!, the generated interface states are
distributed over channel region and under spacer
oxide region. The interface states under spacer ox—
ide region increase the drain series resistance; the
interface states near the drain edge decrease the
carrier mobility.

. 15
As we know, Jain can be described as'"

L= uoCos 'y (Va= Vao= 0.5V Va (1)

But, after hot carrier stress, laine should be written
as

Ho
1 + BNil

- 0.5V1Va’ (8)

!1||i||=' "=

Cﬂ\ If’[ Vg - ( Vlh!} + AVlh)

where Va'= V= [iAR4is the effective drain voltage
dropped into the source and channel region, ARu is
the increased drain series resistance caused by in-
terface states under the spacer silicon oxide, it de—
creases the effective drain voltage. Here threshold

voltage and the carrier mobility becomes Vio+ AV

Degradation of pMOSFETs with Ultrathin Oxide and *** 1101
__Ho . .
and respectively because of generated in-
1+ ﬁN it

terface states, where B is a fitting constant and
varies with different HALO doses.

Then the linear drain current degradation can
be described as
AT dtine/ T dtinee =

Va— TLiAR4| 1 +

1+ BN | Vy
AVﬂu

(Ve= Vao— 0.5Vy) Vi

0. SfdARd
(Ve= Vo= 0.5Va)Va

I (9)

From equation (9), the linear drain current degra—
dation is a function of drain series resistance AR,
threshold voltage Vo, and threshold voltage varia—
tion AVw. AR trends to saturate after long time
stress and increases with HALO dose increasing. In
our experiments AR is less than 20Q extracted by
S&R method'"”™ and the maximum difference of ARq
between P1, P2, and P3 is about 14Q. The linear
drain current, /4, which are about 0.45, 0.5, and
0.65mA for P3, P2,
threshold voltages of P3, P2, and P1 before hot
0.4, - 0.3, and

- 0.1V, respectively. The threshold voltage varia—

and PI1, respectively. The
carrier stresses are about -

tions AVuw of devices with different HALO doses
are about 20mV. Thus with the threshold voltages
increasing, the linear drain current degradation in-
creases. In other words, the increasing threshold
voltage mainly affects the linear drain current
degradation as HALO dose increases. Because the
threshold voltage of P2 and P3 are close and larger
than that of PIl, the linear drain current degrada-
tions increase with HALO dose increasing and
trend to saturate. With suitable fitting parameter
B. the calculated linear drain current degradations
by equation (9) are consistent to experimental re—
sults.

—~ . . 15
Similarly, the Juu can be expressed as'"

Liw = 1o [Ec‘,x(vg— Vao)2(1+ AVa)

After hot carrier stress, /daa should be written
as

Ho
1+ BNir

L' = X t,v le Ve ( Vo + AV:I.}JE X
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[1+ A(Va- TiAR4)]

Then
1| Ve= Vie- M/lh‘ :
&Id-:ul/ld-:ulll— |+ ﬁNr‘:’ Vg_ Vlh!} ><
AltlAHrl
"'1+ m"] (10)
5)

Also. gm can be expressed as'"
g = 2u0 %cm( V= Vao)(1+ AVa)

After hot carrier stress,

. 2u0
&" = 14+ BN

[1+ A(Vai- LARJ)]

So, gw degradation should be

X %cm[vg— (Vao+ AVa)] X

~ 1 ’ Ve — Vo — QV”‘I
Agm/gmﬂ - l + B‘Nil VF - Vlllﬂ ><
MJAR ‘
’I_1+ N2 (1h

here A is the channel length modulation factor.
From equations (10) and (11), the saturation
drain current degradation and the maximum
transconductance degradation are also associated
with the drain series resistance, threshold voltage
and threshold voltage variation. Because A is about

0.1V and 74 is about 10" °A, thus AluAR«< 1+ AVa,

AJARy .
and the effect of I+I}\V[|| is negligible, so the [

and gw degradation are also mainly determined by

threshold voltage and threshold voltage variation.

4 Conclusion

In this paper, the effect of HALO dose on de-
vice degradation of pMOSFET with 2. Inm ultra-
thin gate oxide and 0. 135 pm channel length under
Ve= Va/2 stress mode is investigated. As the HA-
LO dose increases, the drain current decreases and
the threshold voltage increases. After HCI stress,
the device degradation mechanism is not sensitive
to HALO dose changing, but the device parameter
degradation worsens with HALO doses increasing
and the difference of parameter degradation quanti-
ty is larger than that of speculated in published ref—

[5] m . . .
erence . The analytical expressions of the device

parameter (d/aine, dl 4w, dgm) degradation are mod-
eled and discussed. The parameter degradations
(dZaine, dl o, dgw) are attributed to drain series re—
sistance increasing and carrier mobility reduction
caused by interface states. The quantities of device
parameter degradation are determined by the evo-
lution of drain series resistance, threshold voltage,
and threshold voltage variation. Though the gener—
ated interface states do not necessarily increase
with HALO dose increasing, the initial threshold
voltage plays an important role in the degradation
and determines the parameter degradation finally.
So,when the HALO structure is used to reduce the
device short channel effect and restrain punch-
through, the lower HALO dose should be chosen to

decrease the device parameter degradations.
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