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The behaviours of three types of hot-hole injections in ultrashort channel lightly doped drain (LDD) nMOSFETSs
with ultrathin oxide under an alternating stress have been compared. The three types of hot-hole injections, i.e. low gate
voltage hot hole injection (LGVHHI), gate-induced drain leakage induced hot-hole injection (GIDLIHHI) and substrate
hot-hole injection (SHHI), have different influences on the devices damaged already by the previous hot electron injection

(HEI) because of the different locations of trapping holes and interface states induced by the three types of injections,

i.e. three types of stresses. Experimental results show that GIDLIHHI and LGVHHI cannot recover the degradation

of electron trapping, but SHHI can. Although SHHI can recover the device’s performance, the recovery is slight and

reaches saturation quickly, which is suggested here to be attributed to the fact that trapped holes are too few and the

equilibrium is reached between the trapping and releasing of holes which can be set up quickly in the ultrathin oxide.
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1. Introduction

As the MOSFET technology migrates into the
ultra-deep submicron domain, the hot carrier effect
has aroused great research interest because of its im-
portance in device and circuit reliability.['"?! The hot
carrier effect induces the gate oxide damages includ-
ing the oxide-trapped charge and interface state at the
Si-Si0O, interface.l®4 As the gate oxides are continu-
ously being scaled down, positive charges formed near
the interface will become more important./®! Several
studies have been performed on the hot-hole injection
(HHI) mechanisms for nMOSFETs.[6-12]

There are basically three different stressed
conditions for HHI, ie, low gate voltage HHI
(LGVHHI),6-9] gate-induced drain leakage induced
HHI (GIDLIHHI),['9~12 and substrate HHI (SHHI).
These studies of HHI have mainly focused on con-
ventional nMOSFETs. However, there has been lit-
tle attention paid to the investigation of the HHI in
lightly doped drain (LDD) nMOSFETS so far, espe-
cially in ultrashort gate LDD nMOSFETSs with ultra-
thin gate oxides, even though scaling LDD MOSFETSs

have gained widespread use in integrate circuits.

LDD MOSFET exhibits additional high lateral
field peaks on the drain, thus aggravating hot-
carrier injection and degradation problems,!™? and
these peaks are related to avalanches and hot-
carrier phenomena and increase with decreasing gate
length and oxide thickness.'® The LGVHHI result-
ing from impact-ionization and GIDLIHHI are both
very closely related to the lateral electric field, and
then the degradation phenomena of the two types of
HHIs have changed much as the LDD nMOSFETS are
In addition, the mechanism of SHHI
in the ultrathin gate oxide is also different from that

scaled down.

in thick gate oxide. Therefore the insight into their
mechanisms is necessary step toward a more complete
understanding of HHI degradation phenomena in ul-
trashort gate LDD nMOSFETSs with ultrathin gate
oxide.

Distinguished from the previous work on
HHIs,[6—12] this paper investigates three types of HHIs
in the ultrashort gate (0.1 um) LDD nMOSFETSs with
ultrathin gate oxide (1.4nm). Through comparing the

recoveries of devices damaged by different types of

*Project supported by the National Natural Science Foundation of China (Grant No 60376024).

TE-mail: heellor@163.com
http://www.iop.org/journals/cp http://cp.iphy.ac.cn



No. 10

Comparison of hot-hole injections in ultrashort channel LDD nMOSFETSs with ... 3115

HHIs, the characteristics of the three types of HHIs
in the ultrashort gate LDD nMOSFETSs with ultra-
thin gate oxides are dealt with. It is found that not
all of HHIs can recover performances of hot-electron-
damaged LDD nMOSFETSs, and they were divided
into two types in this paper based on these differences
among the three types of HHIs. Furthermore, a new
recovery mechanism of SHHI in ultrathin oxide is pro-
posed. In addition, all of the relevant mechanisms are
also presented in detail.

2. Devices and experiments

The devices used in this study were LDD nMOS-
FET with n* poly-Si gate fabricated by 90nm com-
plementary metal oxide semiconductor (CMOS) tech-
nology. The physical thickness (Tiyx) of the gate oxide
was 1.4nm with decoupled-plasma-nitridation (DPN)
treatment. The gate length (L) was 0.1 um and gate
width (W) 10 pm. The effective channel length (Leg)
was 7hnm. Vi, was defined as the gate voltage for a
drain current of 0.1 yA*W/L with V4 = 0.05V, and
Vin was 0.25V.

Three types of HHIs were applied to the devices
after HEI was performed on the devices. Four de-
vices A, B, C' and D which had the same geomet-
ric structures were utilized in this paper in order to
compare the three types of HHIs. They were all ap-
plied to the HEI (Vy = V4 = 2.0V) during period 1.
Then during period 2 LGVHHI (V; = Vi = 0.25'V,
Va = 2.2V) was applied to device A, GIDLIHHI
(Ve = —2.2V, Vg = 2.2V) was applied to device
B, SHHI (V; = —2.5V) was applied to the device
D. Other terminals were well grounded during the
stresses above. Every period was 500 seconds. The
HEI (Vg = Vg = 2.0V) was always applied to Device
C' in the whole stress process for comparison.

During the comparison, the degradations of vari-
ous device parameters such as threshold voltage Viy,
linear maximum transconductance Gax, linear drain
current Iqji,, and saturation drain current Iys.; were
characterized as a function of stress time under the
alternating stress. The roles of the hot holes in the
devices degradation were clarified by investigating the
relation among G ax degradation, Vi, degradation,
and the drain current degradation.

Both the source and the substrate were grounded

during measurements. All stresses and measurements

were performed by using HP4156B semiconductor pa-
rameter analyser at room temperature. In addition,
Sivaco software was used to simulate the electric field
under the stress condition.

3. Results and discussion

3.1. Experimental degradation charac-
teristics

Figure 1 shows the V;, degradation as a function
of stress time. Here the V;y, shift is plotted for dif-
ferent alternating stress conditions. Electrons are in-
jected into the devices during the first period for 500,
followed by hole injection (period 2) for 500s. Notice
that the V4, degradations of devices A, B and D in-
crease with stress time during period 1. During period
2 the shifts in V;y, for devices A, B and D appear dis-
tinctly in different situations due to different types
of HHIs. It is seen that the V;, degradations of de-
vices A and B do not recover though holes are injected
into the devices. On the contrary, the V;} degradation
rates become enhanced as shown in Fig.1. Notice also
that after SHHI (device D), the Vi, degradation recov-
ers, but the recovery quickly enters into a saturation
region.
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Fig.1. Vi degradation as a function of stress time mea-
sured under alternating stress conditions: 500s, period 1
(HEI); 5005, period 2 (HHI).

Gmax, which is a measure of the ability of gate
controlling the channel, is another important param-
eter in MOSFETs. The shift in Gax is plotted for
alternating stress conditions in Fig.2. After 500s HEI
in period 1, the shifts in Gyax for all devices become
negative and their absolute values become larger as
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the stress time increases. However, degradations in
Gax are different for the devices A, B and D in the
period 2. It can be seen that the degradations in de-
vices A and B during period 2 become large in com-
parison with that of device C, but the degradation
in device D recovers. Namely, LGVHHI and GIDLI-
HHI weaken the ability of gate controlling the channel
current further, while SHHI meliorates this ability.
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Fig.2. Gmax degradation as a function of stress time mea-
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sured under alternating stress conditions: 500 s, period 1
(HEI); 500s, period 2 (HHI).

The other two corresponding parameters, Iqiin
and Igs,t degradations of devices A, B, C' and D for
alternating stress conditions are shown in Figs.3 and 4,
respectively. The situations for Iqjin, and Iqs.c degra-
dations are similar to that for the Gp.x degradation
in Fig.2. It can be also seen that the degradations
in devices A and B during period 2 become large as
compared with that of device C, but the degradation
in device D recovers.
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Fig.3. I41jn degradation as a function of stress time mea-

sured under alternating stress conditions: 500s, period 1

(HEI); 500, Period 2 (HHI).
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Fig.4. I35, degradation as a function of stress time mea-

sured under alternating stress conditions: 500s, period 1
(HEI); 5005, period 2 (HHI).

3.2. Mechanisms of degradation
3.2.1. Period 1: HEI

Figure 5 shows the lateral electric field under
three stresses along with the channel. Notice that the
maximum lateral electric field under V, = Vg = 2.0V
lies in the LDD region. Since the impact-ionization
site is closely related to the lateral electric-field, the
maximum impact ionization occurs at the position
where the peak lateral electric field lies. So the hot
electrons produced by the impact-ionization are in-
jected into the interface around LDD region, accom-
panied with creating interface states. The process is
illustrated in Fig.6(a). In very short channel devices,
the degradation is primarily due to the generation of
interface state for the bias Vy = V. Thus, electrons
injecting into interface lead to an increase in parasitic
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Fig.5. Lateral electric fields in the HEI, GIDL HHI,
and LGV HHI, simulated by Sivaco software for LDD-
nMOSFET(Tox = 1.4nm, L = 0.1 um, Leg = 75nm).
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Fig.6. Illustrations of hot-carrier injection in LDD-
nMOSFET under stress conditions: (a) HEIL (b)
LGVHHI, (c) GIDLHHI and (d) SHHI. The open sym-
bol represents hot holes and the solid circle represents hot
electrons generated in the hot-carrier injection. X denotes
created interface states.

LDD resistance!’® and a reduction in carrier mobility.
Interface states increase with increasing stress time.
Because transconductance decreases when the defect
density increases,[lﬁ] Gmax degradation becomes se-
vere with increasing the stress time as shown in Fig.2.
In addition, the resistance in LDD region and the re-
duction in the carrier mobility increase with stress
time. Consequently, the drain current Iy (Iqin &
Tgsat) and Gax decrease as shown in Figs.2—4 dur-
ing period 1. Since we use the constant current Vi
extraction method, the V4, increases as shown in Fig.1
during period 1.

3.2.2. Period 2 in device A: LGV HHI

For the case of LGVHHI(V, = Vi, = 0.25V
and Vg = 2.2V), the lateral electric field is shown
in Fig.5. Similar to HEI stress, the hot holes from
impact—ionization generation of electron-hole pairs by
the channel hot electrons are injected into the in-
terface around the LDD region with the help of the
drain-to-gate voltage Vis. The process is illustrated
in Fig.6(b). In Refs.[7,9], it is shown that the Viy

of nMOSFET increases after HEI, and the following
LGVHHI injects positive charges accompanied with
the masking of the interface traps, causing V;y to drop
off correspondingly, which is contrary to the results
of our experiments. This is because in our exper-
iments these holes are injected into interface above
the LDD region, though part of them neutralize the
electron-charging traps created during period 1 in this
region, they cannot shorten the channel to mask the
influence of interface states like conventional nMOS-
FET. In addition, although the holes can be trapped
in the oxide around the interface above the LDD re-
gion, their number is very small because they are very
Con-
sequently, the effect of these few trapped holes on

difficult to exist in the ultrathin gate oxide.

compensating the interface-states-induced increase in
LDD resistance is little, which makes the interface-
states-induced increase in LDD resistance dominate
the damage process. At the same time, these hot-holes
create many neutral-electron traps!'” at the interface.
So as the stress time increases, the created interface
states and neutralized traps do increase, which leads
to the decrease in drain current. Because the ultra-
thin device degradation is mainly attributed to the
LDD resistance, the degradation due to previous HEI
cannot be recovered. Therefore, the V4, degradation
becomes large continuously, and Guax, Laiin and Igsat
degradations become large as shown in Figs.1—4.

3.2.3. Period 2 in device B: GIDLIHHI

In the case of GIDLIHHI, a negative voltage is
applied to the gate and a positive voltage is ap-
plied to the drain. Under this condition, the gate-
induced drain leakage (GIDL) current is formed due
to the band-to-band tunnelling. Therefore, some holes
created from band-to-band tunnelling in the deep-
deletion region of the drain can be injected into the
gate oxide in the overlap region as shown in Fig.6(c).
The hole injection generates a lot of interface states
and neutral-electron traps on interface in an overlap
region. A simple qualitative model can be used to ac-
count for hot-hole injection effects on a device under
a GIDL stress[19:12l

Qt o< Qop(l) = Qo exp(l), (1)

dp
=B 2
g by @

where p(l) is the probability that a hole travels a suf-
ficient distance [ to gain an energy ®p which is the
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barrier energy at Si-SiOs interface without a colli-
sion. g is the total charge quantity created from
GIDL. The number of injected holes is proportional
Ay is the

mean free path for holes, and @t is the charge quan-

to the created charges multiplied by p(l).

tity of holes trapped in the gate oxide due to B—B
tunnelling. Here, Ey; is the maximum lateral electric
field.

The lateral electric field under the GIDL con-
dition is shown in Fig.5. Because these holes cre-
ated interface states and neutral-electron traps are
also located in the interface above the LDD region,
these holes play the same role as the hot holes under
the LGVHHI stress. They cannot recover the device
degradation resulting from the electrons previously in-
jected into the overlap region. Moreover, they enhance
the device degradation as shown in Figs.1-4.

3.2.4. Period 2 in device D: SHHI

SHHI provides uniform (rather than localized)
hot holes in device. As shown in Fig.6(d), the holes
are forced to be injected into the oxides above the
channel by the vertical electric field under the SHHI
condition. Figure 7 shows a schematic band diagram
of behaviours of hot holes during SHHI. It is seen that
the hot holes coming from the substrate are divided
into three parts when they achieve the interface. One
part of holes with enough energy (which are called
‘luck-holes’) surmount the barrier to arrive at the gate.
Some part of holes directly tunnel into the oxide. The
remaining part of holes are trapped in the interface
states.

When carriers are trapped uniformly in the gate
oxide, the trapped charge quantity QT can be de-
scribed by'8!Qr o T,yx. Because the gate oxides in
the devices are only 1.4nm thick, most of holes tun-
nel or surmount barrier to arrive at the gate, while
very few holes can be trapped in the oxide (process
(). However the trapped holes are easy to release
from the traps by tunnelling because of the ultra thin
oxide (process (2)). There can be reached an equilib-
rium between the trapping and releasing of holes in
the ultra-thin oxide.

These trapped holes in the oxide above the chan-
nel lead Vi, to decrease and make Gy, drain current
large. Therefore, these holes compensate the degra-
dation induced by the electron trapping in the LDD
region under the HEI stress. Consequently, V;y, shifts
negatively after the SHHI and Giyax, laiin and Igsat

have recovered.

SiO2

Poly- silicon

R
)

Substrate: p-silicon

Fig.7. Schematic band diagram showing behaviours
of hot holes during SHHI. (D is trapping process while
@ is the release process for holes.

As the SHHI stress time increases, the recov-
ery reaches the saturation quickly. This is because
the equilibrium between the trapping and releasing
of holes in the ultra-thin oxide are reached quickly
and the number of trapped holes keeps almost con-
stant. Therefore, the recovery due to SHHI after 100s
does not increase as shown in Figs.1-4. Meanwhile,
bear in mind that the trapped holes are very few
in the 1.4nm thick gate oxide, which is mentioned
above, though the substrate-to-gate Vi is very large
(Vo = Vg =2.5V). Few trapped holes result in a small
compensation of electron trapping, and accordingly
the recovery of degradation is small.

Based on the mechanisms mentioned above, we
can explain the differences among the three HHI-
induced degradation slopes in period 2 in Figs.1-4
as follows: trapped holes created during SHHI (ap-
plied on device D) in the oxide above the channel
lead Vi, to decrease and make Ghax, drain current
large. Therefore, these holes compensate the degra-
dation induced by the electrons trapping in the LDD
region under the HEI stress. Thus V4, shifts nega-
tively after the SHHI and Gax, Iqiin and Iqsa; have
recovered. On the contrary, LGVHHI (applied to de-
vice A) and GIDLIHHI (applied to device B) cannot
recover the device degradation resulting from the trap-
ping electrons previously in the LDD region because
these trapped holes during LGVHHI and GIDLIHHI
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are also located in the interface above the LDD region.
Moreover, they enhance the device degradation slopes
due to the additional hot-hole-induced interface states
in Figs.1-4. So during the period 2, compared with
the device C, the absolute values of degradation slopes
of the devices A and B are large and that of device D
is small. Although the absolute value of degradation
slope of device A is larger than that of device B, this
difference between their degradation slopes just indi-
cates that the degradation extents are different due to
different stress conditions.

4. Conclusion

This paper discusses the behaviours of three types
of hot-hole injections under an alternating stress in ul-
trashort channel LDD nMOSFET with ultrathin ox-
ide, i.e. LGVHHI, GIDLIHHI, SHHI. On account of
the different locations of hot-holes-created damages

and their different influences on recovering the degra-
dation induced by HEI, they can be divided into the
following two types:

1) holes created in the HHI are located at the in-
terface in the LDD region, i.e. LGVHHI and GIDLI-
HHI;

2) holes created in the HHI are located at the
interface in the channel region, i.e. SHHI.

For LGV and GIDLIHHI it is found that they
cannot recover the device degradations induced previ-
ously by the HEI (V; = V4) in the alternating process.
On the contrary, they still make the device degenerate
continuously. However, the trapped holes generated in
the SHHI are located on the interface of the channel
and they compensate the degradation resulting from
the increase in LDD resistance and the reduction in
carrier mobility during the HEI. So after SHHI, the
device degradation can be recovered. But this recov-
ery is small and the saturation is reached quickly due
to the ultrathin gate oxide.
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