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Hot carrier degradation and a new lifetime prediction model
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The hot carrier effect (HCE) of an ultra-deep sub-micron p-channel metal–oxide semiconductor field-effect transistor
(pMOSFET) is investigated in this paper. Experiments indicate that the generation of positively charged interface states is
the predominant mechanism in the case of the ultra-deep sub-micron pMOSFET. The relation of the pMOSFET hot carrier
degradation to stress time (t), channel width (W ), channel length (L), and stress voltage (Vd) is then discussed. Based on
the relation, a lifetime prediction model is proposed, which can predict the lifetime of the ultra-deep sub-micron pMOSFET
accurately and reflect the influence of the factors on hot carrier degradation directly.
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1. Introduction
As the device dimensions are continuously shrunk, the

hot carrier effect (HCE) is becoming more and more seri-
ous, and has long been one of the most important reliabil-
ity issues for metal–oxide semiconductor field-effect transis-
tor (MOSFET) devices.[1–4] Most of the research about HCE
concentrates on n-channel MOSFETs (nMOSFETs) rather
than p-channel MOSFETs (PMOSFETs), because hot-carrier-
induced problems are more serious in nMOSFETs due to the
longer mean-free path, hence higher energy of electrons. How-
ever, when the devices enter into ultra-deep sub-micron range,
the aggressive scaling of the feature size and reduction of sup-
ply voltages have rendered HCE induced performance degra-
dation of a pMOSFET comparable to that of an nMOSFET.[5]

Therefore, an investigation of the HCE degradation and a
model to extrapolate the lifetime in pMOSFETs are especially
necessary.

Several HCE degradation models of pMOSFETs have
been proposed to predict the lifetimes of long channel devices
and their results coincided well with experimental data.[2,6,7]

However, these models lack precision in predicting the life-
time of the ultra-deep sub-micron device and cannot give a
direct relation between the various factors and the hot carrier
degradation.

In this paper, the hot carrier degradations of pMOSFETs
with different sizes are investigated under different stress con-

ditions. By analyzing the influence factors of the HCE, we
propose a new lifetime model to predict lifetime about HCE
degradation for ultra-deep sub-micron device technology.

2. Devices and experiments

To study HCE degradation of devices, pMOSFETs with
gate lengths varying from 90 nm to 0.16 µm and gate widths
changing from 2 µm to 20 µm were tested. Gate oxide thick-
ness for each of the devices with the decoupled plasma ni-
tridation (DPN) process was 1.4 nm. The devices used here
were of surface channel. They were fabricated using a 90-
nm process technology with lightly doped drain (LDD) struc-
ture and shallow trench isolation (STI) scheme. A Keithley
4200SCS, a high precision semiconductor parameter analyzer,
was used to characterize the performances of devices. The
experiments were conducted at room temperature. Figure 1
shows the schematic plot of hot carrier stress. In the experi-
ments, the gate and drain voltage stresses Vgstress = Vdstress =

−2.0 V/−1.8 V/−1.2 V were applied to the devices and other
terminals were grounded. In all cases, the stress was briefly in-
terrupted to measure its effect on device characteristics. Based
on the analysis of the change in electrical characteristic of de-
vice, the degradations of the threshold voltage (Vth), the max-
imal transconductance (Gmmax), the drain linear current (Idlin)

and the drain saturation current (Idsat) were obtained.
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Fig. 1. Schematic plot of hot carrier stress.

3. Results and discussion
Figures 2(a) and 2(b) show the transfer characteristic

degradations of pMOSFETs at Vd = −0.05 V and Vd = −1 V
under hot carrier stress, respectively. The degradations of
Gmmax, Idlin, and Idsat degradations are observed. In addition,
the peak transconductance shifts to more negative Vg. There-
fore, the Vth extracted from the Idlin by the Gmmax method is
more negative with the increase of stress time, indicating a
positive charge build-up in the gate dielectric.
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Fig. 2. Transfer characteristics degradations under hot carrier stress at
(a) Vd =−0.05 V and (b) Vd =−1 V.

The positive charge can result either from hole trapping
in the dielectric or from the creation of positively charged in-
terface states at the dielectric interface. We believe that the
interface state generation is predominant, as the electric field
near the drain does not favor the hole injection in the dielec-
tric in the case of Vg =Vd.[8] Furthermore, as shown in Fig. 3,

under hot carrier stress condition, normalized degradations of
device parameters (Vth, Gmmax, Idlin, and Idsat) can be approxi-
mately expressed by a power-law function of time as

∆Vth%(Gmmax%, Idlin%, Idsat%) ∝ tn, (1)

which is consistent with the interface state generation
model.[9] The power-law slope n is in a range of 0.25∼0.27.
Since the degradation of Vth is much higher than those of
Gmmax, Idlin, and Idsat, we take Vth degradation to analyze the
hot carrier degradation in this paper.
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Fig. 3. Normalized degradations of device parameters under the stress
condition of Vgstress =Vdstress =−1.8 V.
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Fig. 4. Energy-band diagrams and donor-type interface traps for pMOS-
FETs in the conditions of (a) depletion and (b) inversion.

Here, we use energy-band diagrams to explain the inter-
face trap effect on device characteristics as depicted in Fig. 4.
When a pMOSFET is biased in the depletion condition, the
band edge bends upward near the surface and the intrinsic
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level (Ei) is closer to the Fermi level (Ef) as shown in Fig. 4(a).
The donor-type interface traps are full of electrons and become
neutral. When in the inversion condition, the bands bend even
more upward and the Ei at the surface passes over the Ef. The
donor-type interface traps between the Ef and the Ei are empty
and positively charged as shown in Fig. 4(b). From the above,
it is concluded that the generation of interface traps causes the
effective gate voltage to decrease and the mobility to degrade,
therefore negative Vth to shift and Gmmax, Idlin, and Idsat to de-
crease.
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Fig. 5. Plots of Vth normalized degradation versus stress time (a) with
different channel widths, (b) channel lengths, and (c) under different
stress voltages.

Figure 5 shows the plots of Vth degradation versus stress
time with different channel widths, channel lengths, and un-

der different stress voltages. All data are plotted in a log–log
scale. As can be observed, the shifts of Vth show excellent
accordance with tn in all curves. Figure 5(a) indicates the
degradation of the Vth is more serious as the channel width
decreases. The same study was done for different channel
lengths (see Fig. 5(b)) and the shorter channel length is ob-
served to be more degraded. In Fig. 5(c), the degradation aug-
ments as stress voltage increases.
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Fig. 6. Dependences of Vth degradation on (a) channel width, (b) chan-
nel length, and (c) stress voltage.

Figures 6(a)–6(c) show the dependences of Vth degrada-
tion induced by hot carrier stress after 105 s on channel width,
channel length, and stress voltage, respectively. In Figs. 6(a)
and 6(b) we plot the data in a log–log scale, and obtain the
power-law relationships between the Vth degradation and 1/W
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and 1/L as follows:

∆Vth% ∝ (1/W )a, (2)

∆Vth% ∝ (1/L)b. (3)

The parameter a in expression (2) is extracted from the

power-law slope and approximately equal to 0.31. The param-

eter b in expression (3) is extracted in the same way as the

above, and has a value of 3.51. A much larger value of b than

that of a indicates that the channel length has a more critical

effect on hot carrier degradation. The shift of Vth versus the

reciprocal of stress voltage 1/Vd is plotted in Fig. 6(c) with a

ln–linear scale, and all data under different stresses are fitted

with

∆Vth% ∝ exp(c/Vd). (4)

The parameter c extracted from the data of Fig. 6(c) is 7.73.

Hence, according to expressions (1)–(4), we can obtain

the Vth degradation model, including various factors affecting

hot carrier effects, which is expressed as

∆Vth% = Ctn(1/W )a(1/L)bexp(c/Vd), (5)

where C is a constant related to specific technology, which can

be extracted from the experiment data.

For an electronic device, the “lifetime” refers to life ex-

pectancy, the length of time a device is expected to remain

workable, i.e., the length of time an important device parame-

ter degrades to a point where the device can no longer function

properly in its intended application. Hence, by defining ∆Vth%

reaching some value P as the end of device life, the lifetime τ

can be expressed as

τ = P/[C(1/W )a(1/L)bexp(c/Vd)]
1/n. (6)

We take the 10% shift of Vth as the lifetime definition con-

ventionally. As shown in Fig. 7, the good agreement between

experimental data and modeling value demonstrates the valid-

ity of the proposed model in predicting device lifetime limited

by the hot carrier effect.
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Fig. 7. Comparison between measurement values and modeling values.

4. Conclusion

We examined the hot carrier degradations of ultra-deep
sub-micron pMOSFETs with different sizes under different
stress conditions and propose a new model on the HCE-
related device lifetime prediction. The generation of positively
charged interface states at the dielectric interface is identified
to be the predominant degradation mechanism in ultra-deep
sub-micron pMOSFETs. The relation of Vth degradation to t,
1/W , 1/L, and 1/Vd is derived respectively by the experimen-
tal data. Finally, the HCE degradation model dependent on t,
W , L, and Vd is obtained, which could be used to predict the
HCE-related device lifetime with great precision.
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