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This work investigates impact of mechanical strain on gate-induced-floating-body-effect (GIFBE) for partially de-
pleted silicon-on-insulator p-type metal-oxide-semiconductor field effect transistors (PD SOI p-MOSFETs). First
part, the original mechanism of GIFBE on PD SOI p-MOSFETSs is studied. The experimental results indicate that
GIFBE causes a reduction in oxide electric field (E,), resulting in an underestimate of negative-bias temperature in-
stability (NBTI) degradation. This can be attributed to the electrons tunneling from the process-induced partial n™
poly gate and anode electron injection (AEI) model, rather than the electron valence band tunneling (EVB) widely
accepted as the mechanism for n-MOSFETs. And then, the second part shows that the strained FB device has less

NBTI degradation than the unstrained devices. This behavior can be attributed to the fact that more electron accu-
mulation was induced by strain-induced band gap narrowing, reducing NBTI significantly.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Even silicon-on-insulator (SOI) CMOS devices are attractive for
switching application because of their high speed, lower power dissi-
pation, and the ability to restrain latch-up, SOI devices has some crit-
ical issues leads instabilities such as floating body (FB) effect. For
partially depleted (PD) SOI devices, due to their relatively thick thin
films, the impact ionization mechanism near the drain will cause
the ionization charges to accumulate in the neutral region, leading
to the instability of body potential [1]. With aggressive scaling of
the gate oxide, the floating-body (FB) potential is controlled not
only by well known impact ionization mechanisms but also by a grad-
ual increase of the tunneling current. This new FB effect, called
gate-induced-FB-effect (GIFBE), has been observed in both PD SOI
MOSFETSs [2,3] and fully depleted transistors [4]. However, the origin
of these electrons is not clear yet due to the fact that the electron con-
centration is insufficient in the p™ poly gate of p-MOSFETs. To the
best of our knowledge, several studies consider that the model of
electron valence band (EVB) tunneling should be responsible for the
GIFBE in SOI n-MOSFETs [2-4]. But, the new mechanism for SOI
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n-MOSFETs has been reported which demonstrates the GIFBE is due
to impact ionization, named anode hole injection (AHI) [5-7]. As de-
vices turn on, inversion layer supplies carriers to result in gate tunnel-
ing current, generating electron-hole pairs due to impact ionization
within poly gate depleted region. Therefore, ionization-induced
holes tunnel back toward active layer and gather at body to attribute
to GIFBE.

However, there are a few studies confirming the validity of
EVB-induced GIFBE for p-MOSFETs. Therefore, the aim of this
work is to clarify the origin of electrons on the GIFBE in PD SOI
p-MOSFETs by adopting systematical operation conditions. The ex-
perimental results reveal that the GIFBE in p-MOSFETSs can be partial-
ly attributed to the process-induced partial n* poly gate of body tied
devices. However, the major electron source generated by NBTI stress
is significantly related to the inversion channel supplied from the
source and drain, and then reducing NBTI due to lower oxide electric
field [8-10]. Therefore, GIFBE in SOI p-MOSFET is dominated by the
anode electron injection (AEI) model which is similar to the anode
hole injection (AHI) [5] in this work, to explain how this main elec-
tron origin is generated during NBTI. In detail, AEI is a mechanism
which is associated with S/D. As channel invert, channel holes come
from S/D could leak toward gate by tunneling, and then inducing
electron-hole pairs. After that, impact-induced electrons can tunnel
back to channel again, leading floating body effect (FBE). In addition,
strained silicon technique offers an alternative method to enhance
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the SOI performance as devices are scaled down below 90 nm, requir-
ing increase in channel doping [11]. Therefore, the use of strained sil-
icon technique offers an alternative method to enhance the SOI
performance through an increase in channel mobility. According
that, to comprehend the influence of the strain effect on GIFBE
seems to be necessary and interested. In this part, the mechanical
strain effect on GIFBE was observed from NBTI behavior. It can
be found that the GIFBE becomes significant under mechanical
strain which is obtained from a decreasing NBTI behavior. This
paper investigates the GIFBE for PD SOI p-MOSFETSs in first part, and
discussing the impact of strain on GIFBE by analysis of NBTI behavior
secondly.

2. Experiment

Using 65-nm SOI CMOS technology, partially depleted SOI p-channel
metal-oxide-semiconductor field-effect transistors (PD SOI p-MOSFETSs)
with p™ poly-Si gate are produced in a T-gate structure. The SOI film and
buried oxide thicknesses are 75 and 145 nm, respectively. The gate oxide
has a thickness of 12 A, and the channel doping concentration is about
3%10'® cm™3. The channel is along the <110> direction on the (100)
substrate. In this letter, devices have channel lengths (L) of 0.2 um and
widths (W) of 1.0 um. A stress gate voltage of — 1.8 V + Vi, was applied
to the gate electrode at 125 °C for NBTI, while the source and drain were
grounded. The threshold voltage (Vi) was defined as the maximum of
transconductor (Gmax) in the linear region. All electrical characteristics
were measured using an Agilent B1500 semiconductor parameter
analyzer.

3. Result and discussion

3.1. Part I: gate-induced-floating-body-effect (GIFBE) on PD SOI p-channel
MOSFETs

Fig. 1 shows the NBTI-induced threshold voltage (V) shift versus
time for the PD SOI p-MOSFET FB (floating body) and GB (grounded
body) devices. It can be seen that the FB device has less shift than
GB device significantly. This is because electrons accumulate at body
terminal to make the oxide electric field (Eox) lowering effectively

during stress, therefore reducing NBTI degradation. The gate current
is shown in the inset of Fig. 1, which also decreases simultaneously,
evidencing the restrain of Ey. To examine these additional carriers,
Fig. 2(a) shows the Ip-V and G-V at Vp=—0.05 V. It can be ob-
served that the Vy, shifts toward left and G,, enhances under linear
region which seems FB effect behavior. We suggest that the accumu-
lation of elections result from gate-induced-floating-body-effect
(GIFBE), since the thickness of gate oxide as thin as inducing the leak-
age current by tunneling.

Furthermore, Fig. 2(b) shows the gate current (Ig) and the body
current (Ig) versus the gate voltage (V¢) for different areas of p™
poly gate (1-0.2 um?), while the source/drain (S/D) and body are
grounded. It can be seen that Iz enhances as Ig increases, which
means the original source of Iy is associated with I strongly. In addi-
tion, regardless of the different areas of poly gate, Iz always shows a
linear increase until Vo= —1V, after that shows an exponential in-
crease as Vg<—1 V. This phenomenon exhibits that the mechanisms
closely related to the gate leakage current should be the attribution
for these two stages of I, leading the GIFBE. In order to analyze
those body current, it has been reported that gate leakage consists
of the following three components as shown in the inset of Fig. 2, in-
cluding 1) hole tunneling from the valence band (HVB), 2) electron
tunneling from the valence band (EVB) and 3) electron tunneling
from the conduction band (ECB). Both components of ECB and EVB
can be observed from the body terminal, which seem to contribute
on the two stages of I, respectively. The ECB first occurs as a gate
bias is applied. And then, as the V is large enough, the EVB should in-
duce additional electrons, resulting in the second stage of Iz. Addi-
tional, due to the negligible electron concentration in the p* poly
gate, there are insufficient electrons to supply since the doped type
of gate is p*. Therefore, it is impossible for ECB to occur from
poly-gate and result in the significant increase in Ig as V¢ is applied.
The possible region providing sufficient electrons can be attributed
to the partial n™ poly gate area of body-tied SOI devices. By cutting
the T-gate structure along A-A’, a cross-sectional structure can be
obtained and is shown in the inset of Fig. 3. It can be observed that
part of the poly gate near the body contact has been covered by an
n" doped. Therefore, the ECB becomes significant between the n™
section of the poly gate and the n substrate when Vg applying,
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Fig. 1. NBTI-induced threshold voltage shift versus stress time for SOI p-MOSFETs under GB and FB operations. The inset shows the gate current comparison of GB and FB devices.
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Fig. 2. (a) Ip-V characteristic and corresponding G~V under GB and FB operations. (b) Ic-V and Iz-V curves for different p* poly gate areas. The inset shows the schematic
diagrams of the different gate tunneling mechanisms in ultra thin gate oxide p-MOSFETSs.

resulting in a gradual increase of Ig. This can be demonstrated
completely by variation the device of widths (W) and lengths (L) dur-
ing Iz and Ig measurement, since the amount of current density
should be related to cross section of current flux, meaning the area
of n™ poly gate. Fig. 3 shows the Iz and I¢ at Vo= — 0.5 V with differ-
ent W/L for PD SOI p-MOSFETs. The experimental data indicates that
the first stage of I illustrates only linear dependence with L, rather
than W. On the other hands, the cross section of current flux does
change with L, instead of W, which proves that these electrons are
tunneling from the n™ poly gate, corresponding to the green area in
the top view of PD SOI p-MOSFETs with a T-gate structure. After
that, there is another origin to cause the FB effect at linear region
which indicates the exponentially increasing Iz at Vg<—1 V (second
stage of Ig). According to the I tunneling model we mentioned, this
could be caused by the EVB mechanism, as shown in the inset of

Fig. 2(b). Under a sufficiently large vertical electric field (Vc), elec-
trons tunnel from the valence band (Ey) of the poly-Si gate to the con-
duction band (Ec) of channel (Si substrate). However, it has been
reported that EVB only occurs as the V¢ applying exceeds —1.1 V to
separate the band structure with ultra thin insulator. Thus, carriers
have a probability to conduct by tunneling. Nevertheless, we would
like to propose another possible that is similar to the AHI model,
i.e., that of AEI, shown in Fig. 4(a), to explain the second stage of Ip.
The AEI mechanism comes if the gate oxide is thin enough, holes
can still tunnel from the inversion layer to the poly gate (anode)
and generate hot electrons by impact ionization in the poly gate
depletion region under higher Vg. Then, these hot electrons could
tunnel insulator directly or overcome the barrier height of oxide to
traverse toward the body (cathode). To confirm the strength of
this mechanism, there are two operations are introduced into
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distinguishing the different origins of I, resulting in the accumula-
tion of electron. The I and I versus V¢ of the device under floating
and grounded S/D operations have been measured. In Fig. 4(b), the
results show the Iz and Ig are insignificant with S/D floating, but I
is increasing related to Ig as S/D ground. It can be clearly seen that
the gate leakage current becomes deficient because the S/D cannot
supply sufficient minority carriers (holes) to the inversion layer. Ad-
ditional, the Iz exhibits only the linear component (first stage) of
the ECB as discussed previous. On the contrary, under grounded S/D
operation, I shows an obvious increase, and the second stage of I oc-
curs simultaneously. This proves that the exponential increase of Ig
can be attributed to the holes comes from the S/D as inversion layer
produces rather than the electron-hole pair separated in the Ey of
the p™ poly gate. This relationship is consistent with that in the AHI
model, which implies that AEI indeed exists and is the dominant
mechanism of the GIFBE in PD SOI p-MOSFETs.

3.2. Part II: influence of mechanical strain on gate-induced-floating-body-
effect (GIFBE) in PD SOI p-channel MOSFETSs through NBTI reliability

Furthermore, to introduce the mechanical strain into the investi-
gation of GIFBE on PD SOI p-MOSFETs, the second part will discuss
the impact of strain on GIFBE by NBTI analysis. Fig. 5 shows the
NBTI-induced threshold voltage (Vy,) shift versus time for the PD
SOI p-MOSFET FB and GB devices with strain and unstrain and the il-
lustration of bending sample as shown in the inset of Fig. 5. For
unstrained devices, it can be seen that the FB device has more insig-
nificant degradation than the GB devices, which has been explained
early. For strained devices, the NBTI reliabilities of FB and GB devices
are all improved under strained operation. In addition, Fig. 5(b)
shows a nearly unchanged thermal activation energy (E,) of NBTI
with strain (~0.085 eV). Also, it can be observed that the Vy, shift ver-
sus time shows a similar slope under logarithmic scale, meaning the
time-power law owns a close exponential value (n~0.24). This

suggests that the strain does not change the NBTI mechanism itself,
but only change the degradation level of NBTI. Therefore, the reduc-
tion of NBTI under strained operation should be attributed from effec-
tively Eox lowering. However, there are two different physical
mechanisms to reduce E,yx during NBT stress for FB and GB devices
as strain was introduced. Fig. 6(a) shows the I for GB device with
strained and unstrained operations. The slight decrease of Ig is
found under compressive strain, showing that the compressive strain
can reduce Ex effectively. As compressive strain is applied, the light
hole band (LH) is separated from two-fold degeneration and
transfers a lower energy state of hole. Therefore, there are amounts
of hole that tend to stay with the LH band which result to a larger bar-
rier height of Ey, leading to a reduction of tunneling probability, and
the illustration of band diagram is shown on the inset of Fig. 6(a). Ad-
ditionally, the results of theoretical calculations have shown that the
effective mass of hole indeed becomes large under uniaxial compres-
sive strain [12]. According to those, the reduction of Ig under uniaxial
compressive strain due to higher barrier height and larger effective
mass can diminish the penetration probability of hole [13], suppress-
ing the generation of interface states during NBTI. However, it can be
seen that the FB device has a significantly less degradation than GB
device under compressive strain. This is because the GIFBE becomes
more obvious since Ig increase under compressive strain as shown
in Fig. 6(b). As the result, it can be seen that the Iy curve of strained
device is larger than the unstrained one not only in the first stage
where is the tunneling current from n* poly gate by ECB but also
within the second stage which is result from AEL In order to compre-
hend the increase in Iz under first stage, the Iz with S/D floating for
strained and unstrained GB devices is measured as shown in
Fig. 7(a). The strained Iz with S/D floating enhances as V¢ increases,
since strain-induced band gap narrowing results more electron-hole
pairs. As electrons tunnel form n™ poly gate to channel, the potential
difference can make electrons to gain enough energy, ionizing the
stable Si-bond, therefore generating electron-hole pairs. Further
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Fig. 4. (a) The energy diagram of the AEI model for an ultrathin gate oxide in PD SOI p-MOSFETs. (b) Ig-V and Iz-V characteristics for PD SOI p-MOSFETs under S/D floating and
grounded operations. The inset shows the corresponding measurement method.

then, the second stage Ig also increases under strain operation as carriers and tunneling current. Generally, I is decreased since higher
shown in Fig 6(b). As we mentioned, the second stage I is attributed barrier height and larger effective mass as shown in Fig. 6(a), there-
to the AEI model which is associated with the amount of channel fore the AEI-induced I current should be suppressed. However, the
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strain effect increases the effective Iz especially over Vg=—1V,
which may be related to the first stage increase of Ig. To clearly distin-
guish the contribution of the strain effect on the second stage of I,
the pure AEl-induced electron current (effective Iz) was also
obtained, as shown in Fig. 7(b), by subtracting the ECB tunneling
component from the second increase of Ig. This unusual phenomenon
is caused by the band gap narrowing induced by the mechanical
strain effect. Because the impact ionization rate is exponential to
the energy band gap, the narrowing band gap induces more addition-
al electron generation in the poly depletion region by impact

ionization even though I decreases. Moreover, the decrease in pene-
tration probability of hole, the additional improvement on NBTI reli-
ability for strained FB device can be attributed to the significant
GIFBE, lowering the oxide electric field by more electrons accumulate
at body.

4. Conclusion

This work investigates the impact of mechanical strain on GIFBE
for partially depleted silicon-on-insulator p-type metal-oxide-
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semiconductor field effect transistors (PD SOI p-MOSFETSs). First part,
we demonstrate the original mechanism of GIFBE on PD SOI
P-MOSFETs results from the electrons tunneling from the process-
induced partial n™ poly gate and AEI model, rather than the EVB. In
addition to, the second part shows that the strained FB device has
less NBTI degradation than the unstrained devices. This behavior
can be attributed to the fact that more electron accumulation induced
by strain effect reduces the Ey significantly during NBTI stress. This is

because strain-induced band gap narrowing increases impact ioniza-
tion rate to generate additional electrons, reducing NBTL

Acknowledgment
Part of this work was performed at United Microelectronics. The

work was supported by the National Science Council under Contract
Corporation NSC100-2120-M110-003.


image of Fig.�6

W.-H. Lo et al. / Thin Solid Films 528 (2013) 10-18 17

a
08 r-rrr-rrrr-—r—mrrrrr-r-r-r--TTrrTTTTTT T T T T T T TTTTTTTTTT L e e e e
Band Gap Narrowing
_,-'--"}I ¥ -'m
os b "‘F':F"‘ P* poly gate R i
= 0 %
g N*body s ;
o N-substrate
S
g a7 b N* poly gate N- substrate
£ o
Q
)
Q
@
02 -
L/W=0.2/1.0pm
—— unstrained
S/D Floating —4— compressive
0.0 L 1 [ Il 1
0.0 0.2 04 -06 -0.8 -1.0 -1.2
Gate Voltage (V)
b
1.6
| Bond Gap Namrowing
14
i i palgesdie | P poly gate
[ 4
= AR
E 1.2 : —G jECB[AEl]
= i A N-substrate
g wor :
5 L v <)o
) i ¥
-§‘ ** T P*poly gate N- substrate
m i \
2 osf
E Effective I=1,{S/D Grounded}-1,{S/D Floating)
w04 " L/W=0.2/1.0um
LE— unstrained
| —e— compressive
00 & 1
0.0 -0.2 -0.4 06 -08 -1.0 -1.2

Gate Voltage (V)

Fig. 7. (a) Ig-V curves with floating S/D for strained and unstrained GB devices. The inset shows the schematic diagram of electrons tunneling from conduction band (ECB) from the
partial n* poly gate for an ultra thin gate oxide in PD SOI p-MOSFETs and a cross section of the device. (b) Comparison of effective body current versus gate voltage for compressive
strained and unstrained devices. The inset shows the cross section and the schematic diagram of AEI mechanism under strain.

References

[1] S. Abo, M. Mizutani, K. Nakayama, T. Takaoka, T. Iwamatsu, Y. Yamaguchi, S.
Maegawa, T. Nishimura, A. Kunomura, Y. Horino, M. Takai, in: Proc. Conf. lon Im-
plantation Technol, 2000, p. 285.

[2] A. Mercha, J.M. Rafi, E. Simoen, E. Augendre, C. Claeys, IEEE Trans. Electron. De-
vices 50 (2003) 1675.

[3] J. Pretet, T. Matsumoto, T. Poiroux, S. Cristoloveanu, R. Gwoziecki, C. Raynaud, A.
Roveda, H. Brut, in: Proc. ESSDERC, 2002, p. 515.

[4] M. Casse, ]. Pretet, S. Cristoloveanu, T. Poiroux, C. Fenouillet-Beranger, F. Fmleux,
C. Raynaud, G. Reimbold, Solid State Electron. 48 (2004) 1243.

[5] CH. Dai, T.C. Chang, AK. Chu, Y.J. Kuo, S.C. Chen, C.C. Tsai, S.H. Ho, WH. Lo,
Guangrui Xia, Osbert Cheng, C.T. Huang, IEEE Electron Device Lett. 31 (2010) 540.

[6] C.H. Dai, T.C. Chang, AK. Chu, YJ. Kuo, S.C. Chen, C.T. Tsai, W.H. Lo, S.H. Ho,
Guangrui Xia, Osbert Cheng, C.T. Huang, Surf. Coat. Technol. 205 (2010) 1470.

[7] W.H. Lo, T.C. Chang, C.H. Dai, W.L. Chung, C.E. Chen, S.H. Ho, Osbert Cheng, C.T.
Huang, IEEE Electron Device Lett. 33 (2012) 303.

[8] R.Mishra, D.E. loannou, S. Mitra, R. Gauthier, IEEE Electron Device Lett. 29 (2008) 262.


image of Fig.�7

18 W.-H. Lo et al. / Thin Solid Films 528 (2013) 10-18

[9] R.Mishra, S. Mitra, R. Gauthier, D.E. loannou, C. Seguin, R. Halbach, Microelectron.
Eng. 84 (2007) 2085.
[10] C.H. Dai, T.C. Chang, AK. Chu, Y. Kuo, F.Y. Jian, W.H. Lo, S.H. Ho, Guangrui Xia,
Osbert Cheng, C.T. Huang, IEEE Electron Device Lett. 32 (2011) 847.
[11] T. Ghani, K. Mistry, P. Packan, S. Thompson, M. Stealer, S. Tyagi, in: VLSI Symp.
Tech Dig, 2000, p. 174.

[12] X. Yang, ]J. Lim, G. Sun, K. Wu, T. Nishida, S.E. Thompson, Appl. Phys. Lett. 88
(2006) 052108.

[13] T.Irisawa, T. Numata, E. Toyoda, N. Hirashita, T. Tezuka, N. Sugiyama, S.I. Takagi,
IEEE Trans. Electron. Devices 55 (11) (Nov. 2008) 3159.



	Impact of strain on gate-induced floating body effect for partially depleted silicon-on-insulator p-type metal–oxide–semico...
	1. Introduction
	2. Experiment
	3. Result and discussion
	3.1. Part I: gate-induced-floating-body-effect (GIFBE) on PD SOI p-channel MOSFETs
	3.2. Part II: influence of mechanical strain on gate-induced-floating-body-effect (GIFBE) in PD SOI p-channel MOSFETs throu...

	4. Conclusion
	Acknowledgment
	References


