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Analysis of Abnormal GIDL Current Degradation
Under Hot Carrier Stress in DSOI-MOSFETs

Yijun Qian™, Yuan Gao

Tao Wu

Abstract—It is generally believed that the gate-induced
drain leakage (GIDL) current would increase with the hot car-
rier stress (HCS) time. As more interface electron traps are
generated near the drain side, it results in a steeper energy
barrier that makes the band-to-band tunneling (BTBT)
process much easier. In this work, however, an abnormal
decrease of such leakage current was observed in dou-
ble silicon on insulator MOSFET under floating body (FB)
condition. Through systematic characterization on different
devices and operation conditions, we find that this behavior
can be explained by the activation of lateral parasitic bipolar
transistor (PBT), and the subsequentreduction of its current
gain after the stress cycle. This is further supported by
the simulation results that the induced additional traps
would lower the amplified current by increasing the electron
recombination rate. Our findings would shed more light on
the roles of interface traps played in the MOSFET reliability
analysis.

Index Terms— Gate-induced drain leakage (GIDL) current,
hot carrier stress (HCS), parasitic bipolar transistor (PBT).

|. INTRODUCTION

ITH the continuous scaling of MOSFET, the OFF-state

leakage current increases significantly, resulting in the
ever-increasing static power consumption [1]. Many novel
device structures have been proposed in advanced technology
nodes to suppress this trend, including multigate structure [2],
silicon-on-insulator (SOI) substrate [3], junctionless device
[4], etc. Recently, double SOI (DSOI) substrate has attracted
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Fig. 1. (a) Schematic of DSOI-MOSFET with five terminals, including
source, drain, T-gate, body, and back gate. (b) Cross-sectional TEM
image of nMOS for device dimension illustration. (c) Typical Iy versus
Vgs curves of nMOS (solid line) and pMOS (dashed line) with different
Vbs and Vpack biases.

much attentions due to its improved isolation capability as
compared to the conventional single SOI counterpart [5].
As illustrated in Fig. 1(a), DSOI, with another buried oxide,
can effectively isolate the MOSFET on top from the bulk sub-
strate, eliminating any crosstalk from other circuitry compo-
nents. This added flexibility is very promising in realizing 3-D
fin waveguide fabrication [6], high resolution detectors [7], [8]
and even in situ sensing applications [9].

Gate induced drain leakage (GIDL) current (IgppL) is a
dominant OFF-state leakage component that has been inten-
sively studied in bulk Si MOSFET [10], SOI-MOSFET [11],
FinFET [12], etc. It mainly arises from the band-to-band
tunneling (BTBT) in the gate—drain overlapped region, and
therefore intuitively relies on the interface traps induced by
hot carrier stress (HCS) [13]. Normally, Igipr. would increase
upon stressing since these additional traps would give rise to a
steeper energy barrier that facilitates the BTBT process [14],
[15], [16].

Yet, some recent works reported a contradictory descend-
ing dependence of Igpp on stress time. In particular,
Ceccarelli et al. [17], [18] observed this abnormal trend in
the bulk oxide of high-x metal gate MOSFET underdrain
avalanche hot carrier (DAHC) stress condition. It is attributed
to the hole trapping caused by either vacancy-interstitial oxide
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TABLE |
COMPARISON OF THE FRESH DEVICE PERFORMANCE PARAMETERS

Device DSOI SOI
Type NMOS PMOS NMOS PMOS
Body terminal FB BG FB BG FB BG FB BG
Vin (V) 0.40 0.39 -0.36 -0.44 0.37 0.37 -0.41 -0.46
Ton/Iofs 51x10*  57x10°  1.9x10° 2.6x10°® 1.36x10* 1.24x10° 3.8x10° 4.2x10°
SS (mV/dec) 91 92 74 97 95 97 77 98
Gmmaaz (mS) 24 24 0.7 0.95 2.5 2.5 1.0 0.93
TABLE Il
APPLIED VOLTAGE BIASES IN THE MSM SEQUENCE
Symbol Definition NMOS (Vgg =1.2V) PMOS (Vygg =-1.2V)
Vistress Drain voltage during stress cycle 24V 24V
Vgstress Gate voltage during stress cycle 24V 24V
Vs, start Starting gate voltage during measurement cycle -1V 1V
Vys,end Stopping gate voltage during measurement cycle 12V -1.2V
Vs Body terminal connecting condition BG (0 V), FB BG (0 V), FB
Viback Back gate voltage applied all the time ov ov
Vs Source voltage applied all the time Grounded (0 V) Grounded (0 V)

defects [19] or by the diffusion of the metal gate ions in
the HfO, itself [20]. This explanation is further supported
by Dai et al. [21] and Tsai et al. [22] that a thinner HfO, can
result in a less descending trend of Igpr, due to the decrease of
trapping sites. However, it remains to be clarified whether the
hole trapping scenario occurs universally in MOSFET devices
with different gate stacks (e.g., Polysilicon/SiO,) or under
other stress conditions (e.g., channel hot carrier (CHC) stress
when the hole injection is suppressed) [23], [24], [25].

In this work, we extend the study to the DSOI MOSFETs
under floating body (FB) and body grounded (BG) operation
conditions that are widely employed in integrated circuits. The
results show an unexpected decreasing Igppr, with HCS time
in nMOS under FB condition, while it keeps increasing in
nMOS under BG condition and pMOS. With the assistance
from technology computer-aided design (TCAD) simulation,
this abnormal trend is found to correlate with the parasitic
bipolar transistor (PBT) effect that is only evident in FB
condition. Consequently, Igpr, in this case, is dominated by
the electron emission current from PBT, which is further
lowered by an enhanced electron recombination with the pres-
ence of additional HCS-induced interface traps. Our findings
show that it is of significant importance to take MOSFET
operation conditions into account in the analysis of GIDL
current degradation.

[I. EXPERIMENT SETUP

All characterized DSOI-MOSFETs were fabricated by the
processes described in previous work [26]. Fig. 1(b) shows an
example of cross-sectional transmission electron microscope

(TEM) image of nMOS to illustrate the device dimension.
The device channel length is 102 nm and the gate-stack is
Polysilicon/SiO,. The thickness of gate oxide, top silicon,
middle silicon, and two buried oxide (BOX1 and BOX2) is
2.5, 80, 140, and 140 nm, respectively. The device operation
voltage (Vyq) of nMOS (pMOS) is 1.2 (—1.2) V. As shown in
Fig. 1(c), the typical |ly| versus Vg curves of DSOI-MOSFET
can be controlled by both body (Vi) and back biases (Vpack)-
As further tabulated in Table I, the fresh device performances,
in terms of threshold voltage (Vi), ON-OFF ratio (Zox/loer),
subthreshold swing (SS) and transconductance (Gpmax), are
comparable to single SOI-MOSFET fabricated using similar
processes.

The HCS measurements were performed using
Keysight 1500 A semiconductor analyzer. As tabulated
in Table II, measurement-stress-measurement (MSM)
sequence was adopted for accelerated aging test with constant
Vistress and Vigress during stress cycle. In particular, Vigress
should be less than 80% of the drain to source breakdown
voltage determined at 3.7 V. Also considering that Vegess
should be larger than the device operation voltage (Vgq)
of 1.2 V, Visress = 2.4 V is thus the minimum bias value
preferred for an extended stress time. Accordingly, the bias
condition for CHC is Viggsyress = Vaswess = 2.4 V, and that
for DAHC is Vggyress = 0.5Visess = 1.2 V. To exclude any
hole trapping process that may complicate the discussion,
hereafter we mainly focus the analysis on the results obtained
under CHC condition unless otherwise specified. Between
two stress cycles, the measurement cycle takes place when
Ves was swept from Vi gare 10 Vggena With fixed Vg = Vaa.
In particular, Vy is either grounded (0 V) or floating for
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Fig. 2. (a) and (b) Iy versus Vys curves of nMOS at different CHC

stress time under BG and FB condition, respectively. (c) and (d) —/q
versus Vgs curves of pMOS at different CHC stress time under BG and
FB condition, respectively. (e) and (f) Stress time dependence of Iy sat
and IgpL, respectively. Insets in (a)—(d) are the zoomed-in curves at
OFF-state region.

BG or FB case while Vy,x and Vi are always kept at 0 V
throughout the sequence. The total stress time is 5000 s.
Drain current (I3) with Vg = Vyq in the OFF-state region is
treated as IgipL as other leakage components (e.g., junction
leakage) can be generally negligible [27].

I1l. RESULT AND DISCUSSION

Fig. 2(a)-(d) show the CHC stress evolution of Iy (—I3)
versus Vg for nMOS (pMOS) under BG and FB conditions,
respectively. The OFF-state regions are enlarged in the insets
for clarity. More quantitatively, the degradation dependence
of ON-state saturation current (/4 s) and OFF-state IgipL are
extracted and plotted in Fig. 2(e) and (f). As can be seen, I4 sat
always decreases with stress in all cases due to the mobility
and threshold voltage degradation, in accordance with other
reports [28], [29], [30]. The degradation is even more severe in
nMOS than pMOS, which can be understood as the increased
difficulty in hole injection due to its higher energy thresholds
than electron injection [25]. On the other hand, the dependence
of IgpL relies on the specific operation condition. It monoto-
nously increases with stress time in both nMOS and pMOS
under BG condition. This agrees with the conventional view
that the HCS-induced interface traps can act electrostatically
on the BTBT energy barrier, leading to a steeper barrier height
for an easier electron-hole pair generation [31]. It should be
noted that bulk traps can also be induced by HCS, affecting the
overall device degradation behavior [32], [33]. While the exact
type of traps cannot be distinguished in our measurements,
and their influences on Igp;, are reported to be similar as
the interface ones [34]. Therefore, for convenience, only the
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Fig. 3. Schematics of nMOS under BG condition (a) before and (b) after
stress. For comparison, schematics of the PBT effect in nMOS under FB
condition (c) before and (d) after stress. Schematics of pMOS under FB
and BG conditions with suppressed PBT (e) before and (f) after stress.

interface traps are referred to throughout this work following
the convention generally accepted in [13] and [14]. As further
illustrated in Fig. 3(a) and (b) for nMOS with Vg < 0 and
Vis > 0 under BG condition, the additionally generated holes
are collected by body (process 1), and the increased amount
of electrons eventually gives a larger I§;,; (aged device) than
IgipLo (fresh device) (process 2).

However, under FB condition, it is surprising to find an
abnormal decrease of Igpr. in nMOS. And moreover, although
it remains increasing in FB pMOS, the degradation is much
milder than that in BG pMOS. This obvious contradiction
cannot be simply explained by the hole trapping during the
stress cycle and motivates us to look into the subtle differences
between operation conditions. Therefore, it is still not very
clear about the mechanisms of Igp;, decreasing and thus moti-
vates us to look into the subtle differences between operation
conditions. Unlike the BG condition, the BTBT generated
additional holes could accumulate in the body until turning
on the source-body junction under FB condition [process 3
in Fig. 3(c) and (d)]. Consequently, the source would start
emitting electrons into the body that are eventually collected
by the drain (process 4). This gives an amplification of IgpL
by a factor of 14 S (i.e., the PBT effect), where f is the PBT
current gain. With the introduction of interface traps by stress,
the electron recombination would increase, which makes the
amplification f* (aged device) much less than gy (fresh device)
(process 5). Since fy is usually larger than unity in short-
channel device, the final Igpp in our device is thus mainly
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condition during measurement cycle using the same set of devices.
(b) —Iy versus Vgs of fresh and aged pMOS under BG and FB condition
during measurement cycle using the same set of devices. (c) Estimated
14 B versus | Vgs| of N(MOS and pMOS before and after stress. (d) | Vps|
versus | Vgs| of nMOS and pMOS under FB condition.

determined by the magnitude of £, and follows the decreasing
trend on stress time. It should be noted that PBT effect
should in principle occur in pMOS as well, but the amount of
electrons accumulated in the body are too few to activate PBT
[process 6 in Fig. 3(e)]. No obvious Igpp difference can be
observed by comparing the results of fresh FB and BG pMOS
in Fig. 2(c) and (d). In other words, S is almost zero and f*
remains close to zero after HCS. Therefore, IgpL in pMOS
follows the normal increasing dependence on stress time due
to an increased BTBT generation [again process 2 in Fig. 3(f)].
To further confirm that the difference indeed comes from the
operation conditions during measurement cycle, we measured
Iq versus Vg curves of nMOS [see Fig. 4(a)] and pMOS [see
Fig. 4(b)] using the same set of fresh and aged devices under
BG and FB conditions again. As can be seen, IgpL in the aged
nMOS device is always smaller than the fresh one as long
as its body is floating, while the situation becomes reversed
when the body is subsequently connected to ground during
the measurement. This observation undoubtedly excludes the
different carrier trapping process during the stress cycle (e.g.,
hole trapping) as the main cause for the abnormal Igp, trend
in our devices. As for pMOS, Igpr follows the same trend
as in Fig. 2(c) and (d) with little discernible difference in an
expected way.

For a more quantitative understanding, we argue that the
PBT gain 1+ f can be estimated as the ratio of Igp., obtained
under FB condition to that under BG condition [see Fig. 4(c)].
This is valid since PBT is supposed to be suppressed when
the body is grounded [35]. We do note that 1 + f is usually
extracted by the comparison of drain leakage between short-
and long-channel devices [36]. While such approach is not fea-
sible here for the HCS measurements as any hot carrier-related
process is highly bound to the device dimensions [37]. It is
not possible for aged devices of different channel lengths to
have similar trap distributions and thus preventing an accurate
1 + f extraction. Although our as-obtained 14 f§ can also be
underestimated due to the lowered lateral electric field under
FB condition [38], we can find that it is still quite large in fresh

and (d) /gpL under CHC condition at 373 K.

nMOS with the presence of PBT, and gets reduced to a small
value around unity after stress. In contrast, it is always around
unity before and after stress in pMOS where no sizable PBT
is present. By experimentally monitoring the body potential
(IVos|) during |Vg| sweeping in Fig. 4(d), we confirm the
appearance of strong hole accumulation in the nMOS body
with the increase of |Vis|; whereas the almost constant |Vig|
in pMOS implies the rather weak electron accumulation. These
additional measurement results in Fig. 4 demonstrate that the
abnormal Igpp. dependence is indeed originated from the PBT
effect and the stress-induced current gain reduction.

To provide more evidences, we also checked the degradation
behavior under DAHC condition or at an elevated temperature.
As summarized in Fig. 5(a), Iqs under DAHC condition
keeps decreasing as the stress time evolves in all cases. Again,
the abnormal decreasing Igpp, in Fig. 5(b) is only observed in
FB nMOS, while the rest exhibit the normal increasing depen-
dence. Moreover, the extracted results in Fig. 5(c) and (d) also
show that there is generally no qualitative difference for the
14 st and Igipr, dependence under CHC at 373 K as compared
to the room temperature ones. Any difference with Fig. 2(e)
and (f) is more of a quantitative nature. In particular, both Igpr.
and the associated initial PBT current gain f increase with the
rise of temperature, in agreement with other previous studies
[39]. Nonetheless, Sy still decreases upon the application of
HCS, eventually leading to the decrease of Igpr, as illustrated
in Fig. 3(c) and (d). These additional experimental results
in Fig. 5 demonstrate again that the abnormal Igpp trend is
closely related to the PBT current gain. As long as a sizable
fo (much larger than unity) exists in fresh devices, this type of
decreasing Igpr, dependence can be robustly observed. In fact,
we also obtained similar results in conventional single SOI
devices fabricated using similar processes (not shown here),
which confirms the universality of our proposed explanation.
It is noticed that Yeh er al. [40] has previously reported a
similar Igpr, reduction in single SOI devices, and attributed
to the HCS-induced drop of body to drain potential. However,
according to the 2-D GIDL current model [38], this potential
drop instead should lead to the increase of lateral electric field
that eventually increases Igppp through an enhanced BTBT
process. With all the experimental results presented above, we,
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Fig. 6. (a) and (b) Doping concentration and OFF-state bias conditions

of nMOS used in simulation. (c) and (d) BTBT generation rate (G).
(e) and (f) eGapStatesRecombination rate (R = 0 in fresh device).
(9) and (h) GIDL current density (JgipL) along the Si-SiO interface for
BG and FB condition before and after stress, respectively.

therefore, believe that it is more attempting to invoke the PBT
effect to account for the abnormal Igpr, dependence on HCS.

To further reveal the underlying factors contributing to the
reduction of 1 + f, the influence of PBT on Igp; upon
stressing was investigated using commercial TCAD simulator.
The doping concentration and OFF-state bias conditions of the
simulated nMOS are presented in Fig. 6(a) and (b). We set
zero traps for the fresh device, and the HCS degradation model
with Vigress = Veswess = 2.4 V was employed under 5000 s
transient simulation to generate interface traps [41] for the
aged one. The influence of these traps are considered from
the following aspects in the simulation: 1) an increased BTBT
generation from the increase of the electric field near the
drain side [42]; 2) an enhanced recombination with electrons
along the channel [43]; and 3) a degraded mobility by sev-
erer Coulomb scattering [44]. Consequently, for a qualitative
comparison, Fig. 6(c)—(h) plot the obtained BTBT generation
rate (G), eGapStatesRecombination rate due to traps (R) and
OFF-state leakage current density (JgipL) extracted along
Si-SiO, interface (Y = 0). The increase of Igmpr, under BG
condition after stress [see Fig. 6(g)] can indeed be attributed
to the slight G increase [see Fig. 6(c)]. In contrast, there
is no discernible change in G when the body is floating

[see Fig. 6(d)]. Instead, as shown in Fig. 6(e) and (f), R
increases dramatically under FB condition after stress; while
it is still quite small under BG condition due to the fewer
electron flux in the lateral channel. It should be noted that
since it only accounts for the recombination rate by traps [45],
R is automatically equal to zero when we set zero traps
in the fresh device. Therefore, it is this increased surface
recombination in aged device that lowers the electron emission
current and eventually leads to the decrease of 1+ f and IgpL
[see Fig. 6(h)].

IV. CONCLUSION

In summary, an abnormal decrease of Igpr dependence
on HCS was observed in DSOI-MOSFETs under FB con-
dition. Through combined experimental and TCAD analysis
on different devices and operation conditions, we verify that
the origin is related to the activation of PBT effect by hole
accumulation in the body. Consequently, the HCS-induced
interface traps would weaken the PBT effect through enhanced
recombination with emission electron from the source, which
eventually results in the descending Igppr trend. Our work
unveils an alternative influence of the HCS-induced interface
traps on GIDL degradation that has often been overlooked
and elucidates its abnormal degradation trend especially in the
advanced short channel devices where PBT is hard to be fully
suppressed [46], [47], [48].
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