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Unified Degradation Model in Low Gate Voltage Range During
Hot-Carrier Stressing of p-MOS Transistors’

Hu Jing, Mu Fuchen, Xu Mingzhen and Tan Changhua

(Institute of Microelectronics, Peking University, Beijing 100871, China)

Abstract: Hot-carrier effects of p-MOSFETs with different oxide-thicknesses are studied in low gate voltage
range. All electrical parameters follow a power law relationship with stress time, but degradation slope is dependent
on gate voltage. For the devices with thicker oxides, saturated drain current degradation has a close relationship
with the product of gate current and electron fluence. For small dimensional devices, saturated drain current degra—
dation has a close relationship with the electron fluence. This degradation model is valid for p-MOSFETs with

0. 25um channel length and different gate oxide-thicknesses.
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1 Introduction

One of the most serious problems posed by the
continuing integration of silicon CM OS transistors
into the submicrometer gate length range is the hot
carrier effects (HCE]'I_ . which occurs when en-
ergetic carriers cause interfacial damage or oxide
trapping. The degradation of the resulting current
drive of the transistors eventually causes circuit
failure. Recently, more and more attentions have
been paid to p-MOSFETs with the characteristic
size scaling down. Although under the same bias,
there are fewer hot carriers in p-MOSFET “s than
those in n-MOSFET “s, they may create different
kinds of device instabilities, which degrade small-

dimension p-MOSFET rapidly'". In addition, sev—
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eral techniques for improving the hot carrier per—
formance of n-MOSFETs do not necessarily work
for p-MOSFET.

However, there are no satisfied degradation
models for p-MOSFETs which can be applicable
for different range of working conditions since the
mechanism of p-MOS devices” degradation is more
difficult to understand than that of n-
MOSFETs'" . The purpose of this paper is to de—
velop a unified degradation model in low range of
gate voltage to give an empirical unified model for
p-MOSFETs with different gate oxide-thickness—
es. Experimental details are demonstrated in Sec—
tion 2. The degradation mechanisms for p-MOS-
FETs in low gate voltage range are discussed in
Section 3. A new degradation model which is re-

sponsible for p-MOS devices in low voltage range
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is developed in Section 4.

2 Experiment

In order to develop a unified model, we de-
signed a series of experiments with stress voltages
near the threshold voltage ( Vi) of the device,
which can be classified into 3 groups. All the de-
vices have the same drain voltage stress. These 3
groups are as follows.

(1) The gate voltage (| V.| ) was always high—
er than | Va| of p-MOSFETs; (| Vi > | V)

(2) The device worked between overlapping
region, which means that | V| =| Vuo| (Vo is the
fresh threshold voltage) (or | V| < | Vio| ) was at
first, then after a long period of stressing, it became
[V <1Vl Cor [Vl > [ Val)s (I Vel =] Val)

(3) The device’s gate voltage (| V.| ) was low—
er than threshold voltage (| Vol ); (| Vil < | Vu|)
all the time

Conventional p-MOSFETs with oxides of 4.0
and 9. Onm and channel length of 0. 25um were em—
ployed. The thickness of oxide was measured by
using high<requency C-V method. All the devices
were fabricated through the same standard CMOS
processes. The stresses and normal /-V measure-
ments were performed by means of precision semi-
conductor parameter analyzer HP4156B. All experi-
ments were done al room temperature, i. e. 300K,
and all the instruments were controlled by a PC us-

ing GPIB interface.

3  Degradation characteristics and
mechanisms in low voltage range

Under the condition of first group (| V| >
| Vio| ), after a long period of stressing, it was
found that the degradation characteristics for 2
gate oxide—thicknesses are different. dfaa (( /o —
Laao) /Taca0) and AVa(AVa= Va— Vo) are positive
for 9nm gate oxide( Vo is about — 0.95V), while
negative for 4nm gate oxide ( Vo is about -

0.45V). In other words, | laa |

increases with

stressing time for 9nm p-MOSFET, while it de-
creases with stressing time for 4nm p-MOSFET.
The shift of Viu(AVuw) is on the contrary to that of
| 7aa| . The possible reason of the difference of
degradation characteristics for p-MOSFETs with
different oxide-thickness may be that trapping ox-
idevolume decreases with the decrease of oxide-
thickness and interface-state generation becomes
more and more important in device degradation'”.
The exact reason needs further research. For sim-
plicity, we use the absolute value of d/uw to com—
pare the degradation characteristics of two gate ox—
ide—thicknesses below.

Ve at all stress conditions for p-M OSFET with
gate oxide of 4nm and 9nm are summarized in
T able 1.

Table 1  Stress conditions ( Va= Vu= — 4. 6V)
9nm 4nm

(1 - 1.0 - 0.50

(2) ~0.9 - 0.45

-0.8,-0.7,-0.6, - 0. 40,

) -0.5.-0.3.-0.1 | - 0.35

Figure 1 shows the degradation characteristics
of laa under different stress voltages. For p-MOS-
FET with the same thickness, the higher stresses
are, the more significant device degradation is. Fig—
ure 1 also shows that shift of d/aa for different
thickness and different stress voltages is still loga-
rithmic in time. T he relationship can be expressed
as:

D= " (1)
where n is the slope of degradation and dependent
on stress voltage V.. The n increases with the de-
crease of stress voltage (| Vi ) for different thick—
nesses of gate oxide. T he increase of n with the de-
crease of | V¢ means that the degradation mecha-
nism changes with the change of stress voltage
(Vi)

Figure 2 shows the relationship of n vs nor-
malized stress voltage (Ve/Vwmo) for different gate
oxide-thickness. From the Fig. 2, it can be seen that

n of different oxide—thicknesses has a linear rela-
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tionship with V.. T he relationship can be expressed
as:
n= a+ bV,

(2)
where a= 0.64679, b= 0.50347 for 9nm p-MOS-
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Fig. 1

dl s degradation characteristics of p-M OSFET with 9.0nm(a) and 4nm(b) gate oxide

FET, and a= 1.88157, b= 2.54424 for 4nm p-
MOSFET.The a and b are two fitting parameters.
This shows the higher the stress voltages are, the

smaller the degradation slopes are.
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The gradient

varies with V.. The higher stress voltages are, the smaller the slopes are.
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Fig. 2 Relationship of stress voltage Vi vs n

For 9nm gate oxide, n is about 0.2 under | V|
Z| Vu| stress mode, but n is about 0.65 for 4nm
gate oxide at the same stress mode. The value of
0.2 and 0. 65 is typical for electron trapping and
interface-state generation for p-MOSFET for d/ .
degradation, respectively'”. So the main degrada—
tion mechanism is electron trapping for 9nm and
interface-states generation for 4nm when V. is
about Vu. For p-MOSFET with 9nm gate oxide,
when | V/Vuo| is about 0.5, nis 0. 5, which is typ—
When

. . . 5
ical for interface-state generation'
| Ve/Vuo| decreases below 0.5, n becomes higher

than 0. 5. Hu et al. demonstrated that the slope for

interface trap generation is expected to be between
0.5 (diffusion limited) and I(reaction limited)'®.
So, the point (V¢=Vu/2) is the exact turning point
of the change of degradation mechanism for 9nm
gate oxide. This shows that the main mechanism of
degradation for p-MOSFET with 9nm gate oxide
will change from electron trapping to interface—
states generation with the decrease of | V| .

For p-MOSFET with 4nm oxide, n is always
larger than 0. 6, so the device’s main mechanism of
degradation in the whole low voltage range is inter—
face-trap generation. n increases to 1. 1(> 1) when
| Vo/Vuo| decreases below 0.6, which seems to be
contrary to Hu’s model. The possible reason may
be that quantum-mechanical effects become notice—
able and leads to the accelerated degradation of
threshold voltage, channel mobility and transcon-
ductance when the thicknesses of gate oxide de-

1 8]
creases

4 Unified degradation model in low
voltage range

4.1 9nm p-MOSFETs

Figure 3 shows the relationship between [ua
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degradation and electron fluence Fi times gate cur—
rent /¢ in low voltage range with stress conditions
ranging from lower to higher gate voltages. As ex—
pected, the universal characteristics are valid for
various drain voltages. [t means that the values of
I:Fy are the same for different stress conditions
when the /4w degradation reaches the failure crite—
rion, though the lifetimes are different for different
stress voltages. The failure criterion is set to be
10% of Ilwa degradation. It can be derived from
Fig. 4 that the critical value of I:F for the failure

criterion is
(I1.F0)™ = 17D j‘(ht 8/qS) dt
= 1.215 X 10%A * em™*  (3)
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Vd= —4.6V’ VG=
=010 —=—~0.30
e .50 —+——0.60
- —0.70 - ~0.80
e =), 90 % =1.00
Verification:
wederom) 45 - —0 55

I[:."i Illlld lllldl‘ 4 assusd ‘““‘ lll'ﬂ “"‘ asanml o I|
10° 106 100 108 10° 10° 10" 102 10 10"
L,Fy/(Arem™?)

Al

10-?

Fig. 3 Unified degradation model for p-MOSFETs

with 9nm oxide and verification

To get the lifetime of the device, it must be
known the corresponding stressing time when I:Fu
reaches (I.F1)™. where T is the lifetime, ¢ is unit
electron charge and S is gate area of device.

It is found that I.Fv has a power law relation—
ship with respect to stressing time, as shown in
Fig. 4. The curves of I:Fb vs t in logdog scale can
be fitted linearly very well. And the curves are par—
allel. It can be obtained from Fig. 6 that for any
stress voltages

I.Fy= AVl (4)
where A (V:) is dependent on stress voltage and
device fabrication processes, n= 0.89 is a constant

that is dependent on device fabrication processes

and structures. A and n are two fitting parameters.

104 - -0.80 & =070 -—7--—0.80

019 —-+-030-0--0,50
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Fig. 4

Relationship between electron fluence Fi times

gate current [ and stress time

It can be seen from Eq. (3) and Eq. (4) that if
A is known for any stress voltage. the lifetime can
be calculated directly. So the degradation prediction
method is changed to be the extrapolation method
for the parameter A.

Figure 5 shows the relationship between logA

and gate voltage V. logA “s are the interceptions of

11F tp =9nm, 5n7, 300K V4= -4.6V
[ Experimental results
i * Linear it

18 o Verification experimental

result

210 -08 -0.6 -04 -02 00
VeV

Fig. 5 Relationship between logd and gate volt-

age Vi and verification

the fitted lines in Fig. 4. The linear fit line is also
shown in this figure. The slope and intercept of
A (V) are not fixed for different stress voltages
and have a inflexion at | V| =| Vu| /2, but a good
linear relationship is found between logA and V. in
the region of | V.| > 0.5 and | V| < 0.5. The linear
relationship of logA for any gate voltage can be ex-

pressed as:
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logA(Ve) = B+ CVq (5) [

where B= 4.6544 and C= - 13.6157 under the 10°'F

condition | Ve| =| Vu| /2, and B= 3.3585 and C= I

— 1.36445 under the condition | V| < | V| /2. 10'35“

The reason for the inflexion may be that the 310-:'.— . ‘q,.g;"'-.,'\'gﬁ'

degradation mechanism changes from electron = r,"".f'”';.:?{’i}‘(_’l'i J."'“=4m, £=0.25 yum, 300K

trapping to interface traps generation with the de- ()t o -1{'. ’I Va= =4.6V V=

crease of | V| as discussed before. The inflection - ‘{1..1.'! _:_—-gﬁ—:-_—gg B

(| Vel 2| V| /2) is the exact turning point of the lﬂ": ' Yf_iﬁ%:_*.__u_zs__,__o_ 0

degradation mechanism.

To verify this model, we performed an experi—
ment under stress voltages less and larger than
| Vi/2| . Figure 3 also shows the lau degradation
characteristics under Ve= = 0.45V (| V| < | Vu|)
and Ve= — 0.55V(| V| > | V| ). It can be seen
that under these stress voltages, the degradation is
also aligned into the universal curve. Figure 5 also
shows the comparison between verification experi-
ment and the lifetime prediction model. The experi-
mental results have a good agreement with the
model. Therefore, this degradation model should be

valid for the whole low voltage range.
4.2 4nm p-MOSFETs

Figure 6 shows the relationship between [
degradation and electron fluence Fu in low voltage
range with stress conditions ranging from lower to
higher gate voltages. As expected, the universal
characteristics are valid for various gate voltages. It
means that the values of Fu are the same for differ—
ent stress conditions when the /aa degradation
reaches the failure criterion, though the lifetimes
are different for different stress voltages. T he fail-
ure criterion is set to be 10% of [ degradation. It
can be derived from Fig. 6 that the critical value of

Fu for the failure criterion is

(F)™ = ﬁﬁl'nclt/qS = 1.345 X 10%em ™ ? (6)

To get the lifetime of the device, it must be
known the corresponding stressing time when Fu
reaches (F1) ™, where Tis the device lifetime.

From Fig. 7, it is found that F also has a pow—

er law relationship with respect to stressing time

10

-

Fy/em™*

Fig. 6 Comparison of experimental results with verifi-

cation and the other aging experimental results for 4nm

for p-MOSFETs with 4nm gate oxide. The curves
of Fuvs tin log-dog scale can be fitted linearly very
well. And the curves are parallel. It can be obtained
from Fig. 6 that for any stress voltages
Fo= AVt (7)

where A1 is a constant that is dependent on stress
voltage and device fabrication processes, n= 0.99 is
a constant that is dependent on device fabrication
processes and structures. A1 and n are two fitting
parameters.
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Vo= - 4.6V V=
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Fig. 7 Relationship between electron fluence Fi and

stress time

It can be seen from Eq. (6) and Eq. (7) that if
A1(Vg) is known for any stress voltage, the lifetime
can be calculated directly. So the degradation pre-
diction method is changed to be the extrapolation

method for the parameter A 1.
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Figure 8 shows the relationship between logA
and gate voltage V.. LogA “s are the interceptions
of Fu vs stressing time. A good linear relationship
is found between logA and V.. The linear fit line is
also shown in this figure. On this basis, the logd |
for any drain voltage can be expressed as:

logd (V) = Bi+ CiV, (8)

where B= 16.57168 and C= - 10.32574 are two
constants those are dependent on device fabrication
processes.
[ :_—4nm On, 300K Va= -4.6V
2.5r
L e T mesrﬁt
21 5- ‘= Vﬂiﬁmhme:pmmudal result

E:zu.s: \\
9.5} \\
b N

-06) -0.50 -0.40 -0.30 -0.20
VeV

Fig. 8 Relationship between logd and gate voltage V,

with verification

For 4nm device, the unified characteristics do
not have inflexion at | V.| = | Vu/2| like 9nm. The
reason for this is that its main mechanism of degra-
dation does not change in the whole range of low
voltage.

To verify this model, we performed an experi—
ment under stress voltages less and larger than
| Vil .
characteristics of 4. Onm p-MOSFET under V.= -
0.25V, Vo= = 0.20V (| Vel < | Vu])
0.55V (| Ve| > | vl )

these stress voltage, the degradation is also aligned

Figure 6 also shows the [uaa degradation

and V.= -
. It can be seen that under
into the universal curve. Figure 8 shows the com—
parison between verification experiment and the
lifetime prediction model. The experimental result
has a good agreement with the model. Therefore,
this degradation model should be valid in the whole
voltage range for p-MOSFETs with 4nm gate ox—

ide.

5 Conclusion

Hot-carrier effects of p-M OSFET s with differ—
ent oxide-thicknesses were studied under various
stress voltages. All electrical parameters have a
power law relationship with stress time, but degra-
dation slope (n) is dependent on stress voltage
(Ve) and has a linear relationship with the normal-
Ve/Vio).

reported that the degradation mechanism is depen-—

ized stress voltage ( Different literature
dent on the thickness of gate oxide at the same nor—
malized stress voltage (Ve/Vumo). Our results show
that the degradation mechanism is dependent on
the stress voltage for p-MOSFET with the same
thickness.

For the devices with thicker oxides, [ au degra—
dation has a close relationship with gate current
times electron fluence ( Fil¢). For small dimension—
al devices, luw degradation has a close relationship
with electron fluence (F1). Based on the universal
relationship, an empirical degradation model was
developed and verified through experiments. T his
degradation model is valid for p-MOSFETs with
0.25pm channel length and different gate oxide-
thickness working in low voltage range. The model
is only applicable in low voltage range and can not
be extrapolated to the whole region. The possible
reason is that p-MOS devices” degradation do not
follow the time power law in intermediate and high

voltage range.
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