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Abstract: The 1/f” noise characteristic parameter Sf” model in an n-MOSFET under DC hot carrier stress is studied. A
method characterizing the MOSFET abilities of an anti-hot carrier with noise parameter Sf” is presented. The hot carrier
degradation effect of n-MOSFET in high-,mid-,and low gate stresses and its 1/f” noise feature are studied. Experimental
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results agree well with the developed model.
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1 Introduction

The increase of integration density needed in sys-
tem miniaturization requires shrinking MOS device si-
zes and drastically reducing dimensions. Design and
implementation of the recent developments in ad-
vanced MOS devices motivated investigations on new
characterization techniques to give reliable device pa-
rameters and to take care of the physical and electri-
cal induced gate/substrate currents, mainly SILC cur-
rent and drain-source currents'''. Previously, we used
the AV, and Ag, character MOS device hot carrier
effects based on the charge pumping technique. How-
ever,the charge pumping current is in direct propor-
tion to the scale down gate area. With the reduction
of device dimensions,it has become so small that it is
difficult to measure. In order to overcome these limi-
tations,an improved method is necessary. This method
must give precise characteristics of the MOS device
hot carrier effect. Developing the method is an im-
portant reliability issue. For example, Xu et al. re-
searched the 1/f noise degradation mechanisms in
three different stresses of the MOS device hot carrier
effect”. But, a model that includes the physical
meaning of 1/f noise degradation for the MOS device
hot carrier effect still has not been developed.

In this paper,we research the 1/f noise parame-
ter Sf” degradation in n-MOSFET under DC hot carri-
er stress. We perform an experiment for the n-MOS-
FET hot carrier effect under high-, middle-, and low
gate voltage. We develop a method to characterize the
MOS device anti-hot carrier effect using the 1/f noise
parameter Sf”. We propose a nondestructive measure
for n-MOSFET under DC hot carrier stress.
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2 Theoretical model

When the MOS device is in DC stress,the energy
of the carriers increases and some “lucky electrons”
become hot carriers. High energy carriers near the
gate oxide interrupt the Si—Si bond;low energy carri-
ers interrupt the Si—H bond or Si—OH bond. They
produce several kinds of defects,including oxide traps
and deep and shallow energy level interface states.
Their energy level is nearly the same as the Fermi en-
ergy level. After stress or other influences,an energy
level transition occurs. Then, carriers capture or emit
in the channel of a MOS device. New defects are pro-
duced that result in AV,,Ag,,and a change of the 1/f
noise parameters,even device invalidation.

According to the excess noise model of channel
resistance fluctuations,the dependency of the current
noise of the n-channel devices on frequency, drain-
voltage, and gate-voltage can be simply represented
by[SJ

K Vi
fr(Vy = V)
where K is the “noise level” of a device. When y=1,
the unit of K is V*.If traps exist in the oxide with u-

Sv(f+ VeV = (D

niform energy and space,charge carriers tunnel in and
out of these traps with a probability that decreases ex-
ponentially with distance into the oxide. The spatial
distribution of traps results in a distribution of trap
times,and a corresponding frequency spectrum for the
1/f noise is:

"V, = q- X Vi X
SvifsVar Ve) (LWC,)? "~ f(V,— V)
kg TLWD (ER) (2)

ln( [max/tmin)

(©2008 Chinese Institute of Electronics



1264 e

¥ 29 %

where C,, is the oxide capacitance per unit area,
Dy(Ey) is the defect density per unit energy per unit
arca at the trap quasi-Fermi level Er, L and W are
the transistor channel length and width, respectively,
q is the magnitude of the electronic charge, ky is the
Boltzmann constant, and ¢, and f,. are the mini-
mum and maximum emit or capture times,respective-
ly. Scofield et al.™ found that the emitting time of
changing carriers between the oxide traps and chan-
nels was 0. 3~12ps; Militaru er al."™ found that the
capture time of changing carriers between the inter-
face states and the channels was 10~10*us. The above
spectrum is valid when 1/, << f<C1/tm. . Equations
(1) and (2) show that the model correctly describes
the dependencies of the 1/f noise on f, V,. V, for our
n-channel devices. At a given temperature, only a
small fraction of oxide traps,whose energies are with-
in kg T of the quasi-Fermi level, contribute to the
measured 1/f noise.

In order to understand the correlation between
AV, and the noise level K, we assume that both the
hot carrier induced threshold shift V, and the 1/f
noise are related to Dy(E) . The threshold shift AV,
and the number per unit area of hot carrier induced
defect charges AN, are simply related by
qAN,

Cox
AN, is proportional to the total number of defects
Ng.i.e.,

3

AV, =
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where Ev and Ec are the valence band and conduction

band energies of the oxide. The proportionality con-

stant 0<CA<C1 increases with the hot carrier damage.

ANd:Wd:J

If the defects are uniformly distributed in energy, we
then have

ANy == AE, Dy, (5
where E, = Ec — Ev is the bandgap of the oxide and
D, is the (constant) defect density. Substituting Eqgs.
(3) and (5) into Eq. (2) and letting Co = €0/ fox»
where t,, is the thickness and e, is the dielectric con-
stant of the gate oxide,we have

— kg Tto AV
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Comparing Eqgs. (6) and (1), we see that the above
assumptions lead to the conclusion that the noise level K
and defect threshold shift AV, are related by

gk s Tt o
Xeox Eg LWINCE o/ £ i)
Substituting Eq. (7) into Eq. (1) ,we have
Vi
(V, = V)
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Given device and stress,
Sy(f V3.V, X fr = CAN, (9
where C is a constant. The left side of the above for-

(8

mula is the power spectrum and the right side is the
product between the change in defects and a con-
stant. From this,we find that the number of defects is
in direct proportion to the power spectrum Sf”. So,
the change of device power spectrum before and after
hot carrier injection reflects the change of the defect
number before and after hot carrier injection. Then,
we can use the device power spectrum before hot car-
rier injection to characterize its anti-hot carrier effect
ability. If the power spectrum of the device before hot
carrier injection is greater, its anti-hot carrier effect
ability is lower. On the contrary,if the power spec-
trum of the device before hot carrier injection is low-
er,its anti-hot carrier effect ability is higher.

3 Experiment

We use the change of traditional electronic pa-
rameter Vi and gunmao as the standard to validate the
relationship between device disfigurement and 1/f
noise. According to the model of the 1/f noise param-
eter Sf” in MOS devices, there is a close relationship
between the stress and 1/f noise. We carry out the ex-
periment at three different stresses: high gate voltage.
middle gate voltage,and low gate voltage. The devices
are short channel n-MOSFETs fabricated by the Hua-
jing corporation’s 1. 0CMOS process (the gate oxide
thickness is 20 £ 1. 5nm., and the proportion between
width and length is 50/1.0). Its high gate voltage,
middle gate voltage, and low gate voltage are Vp =
4.5V, V5= V:=0.2V, V, =4.5V, V5 =2.25V, and
Vo= Vs =4.5V,respectively.

We use the semiconductor parameter analyzer
HP4156B to mecasure the electronic parameters Vi
and gumw Of the device before and after hot carrier
injection. The change of electronic parameters before
and after hot carrier injection is standard to validate
the legitimacy of the experiment. We compare it with
the noise parameter change to get the sensitivity char-
acteristic of the device hot carrier effect. After an-
nealing,some oxide traps are recovered in the device,
but the interface state is unchanged. In order to dis-
tinguish them,the device is annealed after hot carrier
injection. In the process of the experiment, the source
and drain of the device are grounded, meaning Vg =
Vi =0V.All tests are carried out in a shield room at
room temperature.
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4 Results

4.1 Device electronic parameter and noise parameter
change under low gate voltage stress

First, hot carrier injection was performed under
low gate stress Vi, =4.5V, Vs — V1 =0.2V for 1800s,
followed by annealing at room temperature for 2000s,
under Vs =1.2V, V, =0V stress. Figure 1 shows the
noise power spectrum density plot and the I- Vg plot
of the device. Table 1 shows the change of the param-
eters before and after annealing.

4.2 Device electronic parameter and noise parameter
change under middle gate voltage stress

Hot carrier injection was performed under mid-
dle gate stress Vp =4.5V, V5 =2.25V for 1800s.

Figure 2 shows the noise power spectrum density
plot and the I-V plot of the device. Table 2 shows
the change in the parameters before and after stress.

Table 1 Change of variety parameter before and after anneal
at low gate stress
Sf7 Vr &m(max) Y
Before anneal  4.47X10°7 5.01xX10°' 3.02X10°* 1.03
After anneal 6.08X10°7 6.05X10°! 2.60x10°* 0.95
Change ratio 36% 20. 8% -14.1% —7.73%
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Fig.2 (a) Noise power spectrum density of the device before
and after stress; (b) Ip-Vg plot of the device before and after

stress

4.3 Device electronic parameter and noise parameter
change under high gate voltage stress

Hot carrier injection was performed under high
gate stress Vp =4.5V,V5=4.5V for 1800s.

Figure 3 shows the noise power spectrum density
plot and the Iy-V plot of the device. Table 3 shows
the change of the parameters before and after stress.

5 Discussion

After hot carrier injection under low gate voltage
stress ( Vg = V/5), the short channel effect in the
device produced a hot-hole and neutral clectron trap.
Because hot-holes can not enter into oxide deeply,
most of them appear near the interface. A neutral ox-
ide trap and tunnel electron from silicon substrate
combining and forming an electronegative center is
essential to annealing. Then, the electronegative cen-
ter counteracts with a nearby positive electricity cen-

Table 2 Change of variety parameter before and after middle

gate stress

Sf7 Vo g m(max) Y
Before stress  1.11X10°7 5.47X10° 1 3.52X10°* 1. 06
After stress 1.39x10°¢ 5.7x10°!' 3.29%x10°¢ 1. 06
Change ratio 115% 4. 84% —6.57% 0. 246%
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Fig.3 (a) Noise power spectrum density of the device before
and after stress; (b) Ip-Vs plot of the device before and after
stress
Table 3 Change of variety parameter before and after high
gate stress
Sfr Vr &m(max) Y
Before stress 1.39%x10°8 1.11 2.50%x10°4 1.16
After stress 4.98X10°7 1.14 2.49 1. 04
Change ratio 349% 2.44% -0.6% -10.3%

ter'™ . The oxide trap decreases,and the interface state
remains unchanged. Figure 1 shows that the 1/f noise
power spectrum is elevated. From Table 1, compared
to the electronic parameters,the 1/f noise parameter
Sf” change ratio is 36%. It is the most sensitive pa-
rameter for the hot carrier effect under low gate volt-
age stress.

After hot carrier injection under middle gate
voltage stress (Vs = V/2) ,both electrons and holes
inject into the gate oxide near the interface. The elec-
trons and holes recombine, which produces an oxide
trap or interface state. Meanwhile, the quasi-Fermi
energy level of electron debases. The injection hole
and capture electron are conducted. So, after hot car-
rier injection under middle gate voltage stress, both
the oxide trap and interface state increase. Figure 2
shows that the 1/f noise power spectrum is higher

than before. From Table 2,compared to the electronic
parameters.the 1/f noise parameter Sf” change ratio
is 115% . It is the most sensitive parameter for middle
gate voltage hot carrier stress.

After hot carrier injection under high gate volt-
age stress ( Vs = V), electrons mostly inject. Captu-
ring electrons in a gate oxide produces an oxide trap
or interface state. Here, most defects are far from the
interface. A number fluctuation of the carrier hap-
pened at an electron trap far from the gate oxide. Mi-
gratory fluctuation of the carrier happened between
the old interface state and the new interface state.
Figure 3 shows that the 1/f noise power spectrum is
elevated. From Table 3, compared to the electronic
parameters.the 1/f noise parameter Sf” change ratio
is 349%. It is the most sensitive parameter for hot
carrier effect under high gate voltage stress.

6 Conclusion

In this paper.we researched the characteristics of
the 1/f noise parameter Sf” in n-MOSFET hot carrier
degradation under low, middle,and high gate voltage
stress, respectively. We developed a method to charac-
terize the ability of the MOS device anti-hot carrier
effect using the 1/f noise parameter Sf”. We per-
formed an experiment on the n-MOSFET hot carrier
effect under low, middle, and high gate voltage stress
to validate its legitimacy and sensitivity. The result
agrees well with the developed model. We proposed a
nondestructive measure for n-MOSFET under DC hot
carrier stress.
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