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Transient Characteristics on Super-Steep Subthreshold Slope
“PN-Body Tied SOI-FET” —Simulation and Pulse Measurement—

Takayuki MORI™®, Jiro IDAY, Members, and Hiroki ENDO", Nonmember

SUMMARY In this study, the transient characteristics on the super-
steep subthreshold slope (SS) of a PN-body tied (PNBT) silicon-on-
insulator field-effect transistor (SOI-FET) were investigated using tech-
nology computer-aided design and pulse measurements. Carrier charg-
ing effects were observed on the super-steep SS PNBT SOI-FET. It was
found that the turn-on delay time decreased to nearly zero when the gate
overdrive-voltage was set to 0.1-0.15 V. Additionally, optimizing the gate
width improved the turn-on delay. This has positive implications for the
low speed problems of this device. However, long-term leakage current
flows on turn-off. The carrier lifetime affects the leakage current, and the
device parameters must be optimized to realize both a high on/off ratio and
high-speed operation.

key words:  feedback, floating body effect, pulse measurement, SOI
MOSFET, steep subthreshold slope, thyristor, transient

1. Introduction

Technologies for the Internet of Things (IoT) and for arti-
ficial intelligence (Al) systems have been rapidly growing
in importance, with the goal of a highly automated society,
such as industry 4.0 [1] and society 5.0 [2]. IoT and Al sys-
tems require large quantities of computing devices, such as
large-scale integrated circuits (LSIs) and sensors, and their
power consumption has become an important issue. There-
fore, it is preferable that these devices operate with ultra-low
power.

To reduce the power consumption of LSIs, the sub-
threshold slope (SS) of the metal-oxide semiconductor field-
effect transistor (MOSFET) is a key parameter. Recently,
various types of steep SS devices have been proposed to
overcome the fundamental SS limitation of a conventional
MOSFET (60 mV/dec at room temperature). For exam-
ple, tunnel field-effect transistors (FETs)[3], [4] and neg-
ative capacitance FETs[5], [6] have been extensively re-
searched for the development of ultralow power LSIs. How-
ever, their experimentally obtained SSs have not been suffi-
ciently low. As an alternative, the super-steep SS of the PN-
body tied (PNBT) silicon-on-insulator field-effect transistor
(SOI-FET), which has a symmetrical source/drain structure
and shows the super-steep SS direct current (DC) charac-
teristics of SS < 1 mV/dec over several orders of the drain
current /4, has been proposed [7], [8]. Additionally, we have
researched the application of the PNBT SOI-FET to energy
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harvesting application devices [9]. The super-steep SS of
our device is assumed to come from the floating-body effect,
and from the conduction mechanism of the inherent thyris-
tor structure. Both mechanisms are generally expected to
have low-speed concerns because the carrier charging into
the body (channel) region, which is a key mechanism of
the floating-body effect, results in a delay, and the minority-
carrier lifetime limits the operation speed of the thyristor.
Therefore, it is very important to evaluate the transient effect
on PNBT SOI-FET. In this study, the transient characteris-
tics of the super-steep SS PNBT SOI-FET are investigated
using technology computer-aided design (TCAD) and pulse
measurements. We show the transient effect on the PNBT
SOI-FET and the carrier dynamics in the simulated device.
It was found that optimizing the gate width (W) and ad-
justing the gate overdrive voltage could reduce the turn-on
delay time. However, the flow of long-term leakage current
on turn-off is an issue in the PNBT SOI-FET. This paper is
based on Ref. [10] and Ref.[11], and included the detailed
explanation and the additional data.

2. Device Structure and Experimental Setups

Figure 1 shows the device structure of the PNBT SOI-
FET. It consists of a conventional floating-body partially-
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Fig.1  Structure of PNBT SOI-FET: (a) bird’s eye view, (b) front view,
(c) top view, (d) schematic of PNBT SOI-FET, which has an inherent
thyristor structure.
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Tablel WGFMU key specifications [12].
Measurement Range 1 pA 1 mA
Minimum Measurement
Window 1.64 ps 40 ns
Settling Time 37 us 200 ns
Noise Level 425 pA 280 nA
Minimum Rise/Fall Time 70 ns
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Fig.2  Pulse waveform applied to the devices.

depleted SOI-FET in the source-to-drain direction, and a p-
n-p bipolar junction transistor in the neutral-body (channel)-
region-to-body-terminal direction, as shown in Figs. 1 (a)—
1(c). This means that the PNBT SOI-FET contains an n-
p-n-p thyristor between the source/drain and the body ter-
minal, as per the schematic shown in Fig.1(d). The ac-
tual devices were fabricated using a LAPIS semiconduc-
tor 0.2-um silicon-on-insulator (SOI) complementary metal-
oxide semiconductor (CMOS) process with 50 nm-thick
SOI (Ts;), a 200 nm buried oxide (Box) (Tgox), a 4.4 nm-
thick gate oxide (7o), 0.2 or 1 um gate length (L), and a
1.2 um n-region (base) width (W},). The gate has a T-shape
to maintain the overlay accuracy according to the layout
rules of the process that we used [8], [9]. We used a Keysight
B1500A semiconductor device parameter analyzer with a
waveform generator/fast measurement unit (WGFMU) for
DC and pulse measurements. Table 1 shows the key spec-
ifications of the WGFMU [12]. We measured the I of the
40 ns or 1.64 us time slot (measurement window as shown in
Table 1) when introducing the pulse gate voltage (V) with a
constant drain voltage (V4) and body voltage (V},) as shown
in Fig.2. A 3D TCAD “HyENEXSS” [13]-[15] was used
to analyze the current below the measurement limitation,
and to measure the carrier dynamics in the PNBT SOI-FET.
The Shockley—Read—Hall (SRH) generation/recombination,
Auger recombination, and band-to-band tunneling model
were used, and the carrier lifetime parameters in the SRH
model were set to the default lifetime X 0.02 to fit the mea-
surement results [16]. The concrete values are shown in the
appendix.

3. Results and Discussions

First, the DC and transient characteristics were compared
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between the conventional floating-body SOI-FET (L, =
0.2 um) and the PNBT SOI-FET. Figure 3 shows the mea-
sured /-V, characteristics of the floating-body and PNBT
SOI-FETs. The PNBT SOI-FET produces a super-steep SS
(= 0.6 mV/dec) when V;, = 1.0 V. In our previous studies,
the idea that the super-steep SS is induced by the positive
feedback of the floating-body effect, and that the thyristor
plays an important role in injecting carriers from the body
terminal to the body (channel) region was proposed [7]-[9].
While a conventional floating-body SOI-FET can also in-
duce a super-steep SS [17], [18], this would require the im-
pact ionization phenomenon; thus, a super-steep SS does
not occur in the floating-body SOI-FET at V4 = 0.1 V. In
the n-channel PNBT SOI-FET, the electrons diffusing from
the source to the base (n-region) decrease the base potential,
and this induces the injection of holes from the body termi-
nal to the body (channel) region, as shown in Fig.4. The
PNBT SOI-FET has hysteresis characteristics, as shown in
Fig.3 (a). This is also induced by the floating-body effect.
In this study, the hysteresis width is smaller than the pulse
swing (0-Vgon). Additionally, the PNBT SOI-FET needs
the V,, and the body current [, flows from the body terminal
to the source as shown in Fig.3 (b). I, is smaller than I4;
thus, the body power consumption may be lower than the
drain power consumption. However, the body current in the
CMOS with the PNBT SOI-FET is a leakage current[19].
Hence, we need to consider this issue further. The oper-
ation mechanism of the PNBT SOI-FET is similar to that
of other metal-oxide semiconductor (MOS) gate-controlled
n-p-n-p devices, such as feedback FETs [20]-[23] and Z2-
FETs [24]-[26]. However, the inherent thyristor plays only
a subsidiary role in the PNBT SOI-FET. The main current
flows along the source-to-drain direction.

We define the V, at which Iy = 1 pA flows as the turn-
on trigger V; in pulse measurements, as shown in Figs. 3 (¢)
and 3(d). Figure 5 shows the measured waveform of I,
when the gate turns on (V, = 0 V to trigger V) and off
(Vg = trigger V,; to 0 V). The turn-on characteristics shown
in Fig.5 (a) were measured in the 1 mA range because it
has the shortest minimum measurement window and settling
time in the selectable WGFMU range. On turn-on, a near-
zero delay was observed with the floating-body SOI-FET.
This can be expected, because the gate delay of the 0.2 um
MOSFET technology is below 1 ns[27]. This suggests that
the WGFMU data below the settling time, which are used
in later measurement results, are also expected to be reli-
able. In contrast, a delay of approximately 500 ns was ob-
served with the PNBT SOI-FET. These are clear data due to
be over the settling time. The delay is considered due to the
time taken by the carriers charging into the body (channel)
region, and it poses a problem, limiting the operation speed
of the PNBT SOI-FET.

The turn-off characteristics shown in Fig.5 (b) were
measured in the 1 yA range to measure the transient low
leakage current level. It was noted that the time resolution
of the 1 uA range was lower than that of the 1 mA range.
The turn-off characteristics just after the off state could not
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Fig.3  Measured /-V, characteristics. (a) Double sweep 14—V charac-
teristics of the PNBT SOI-FET, and (b) /q and /,—V, characteristics of the
PNBT SOI-FET. Definition of trigger V,; on (c) the floating-body SOI-FET,
and (d) the PNBT SOI-FET.
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Fig.4 Illustration of super-steep SS mechanism on PNBT SOI-FET.
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Fig.5 Measured waveform of turn-on (a) and turn-off (b) leakage current
of Iy with both floating-body SOI-FET and PNBT SOI-FET.

be ascertained because of measurement limitations. How-
ever, leakage current flow at 50-100 us was observed with
the PNBT SOI-FET, but was not observed in the floating-
body SOI-FET. It is considered due to the carrier discharg-
ing from the body (channel) region. These data are also ex-
pected to be reliable because, as expected, the SOI-FET has
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no such leakage current, although the current level is below
the WGFMU specifications.

Second, we simulate the transient characteristics of the
PNBT SOI-FET for a more detailed analysis. The discus-
sion of this simulation is based on a prior study conducted
by us[11]. Figure 6 shows the simulated /;—V, characteris-
tics of the PNBT SOI-FET. The simulated device structure
is also shown in Fig. 6; it can be seen that the simulation can
reproduce the super-steep SS DC characteristics. Ty is set
to 5 nm, which is a different value than in the actual struc-
ture. Figure 7 shows the transient Iy and I, characteristics
and the hole concentration at the center of the SOI when
Ve = 0-0.4 V on turn-on. An Iy of less than 0.1 uA flows
just after V, = 0.4V, after which the mode of the /; flow
shifts to 10 pA. Essentially, the device switches via a two-
step change. There is an abrupt increase in the number of
holes in the body (channel) region and the base (n-region)
during the second step, as shown in Fig. 7 (b)-(2). The two-
step change is explained as follows. First, a conventional
subthreshold current flows between the source and the drain
immediately after the on-state is reached. Next, the elec-
trons diffuse from the source to the base (n-region), and this
induces positive feedback (as in a thyristor), which results
in the floating-body effect and a large current. The current
in the second step of the simulation corresponds to the de-
lay time in the measured data, as shown in Fig.5 (b). The
holes are provided from the body terminal, and they diffuse
to the body (channel) region. However, because this is af-
fected by the recombination at the base (n-region), time is
taken for the arrival of the holes in the channel region, and
the distance between the body terminal and the body (chan-
nel) region affects the delay time. We assume that the hole
arrival time is the origin of the delay time.

Figure 8 shows the transient I3 and I, characteristics,
and the hole concentration when V, = 0.4-0 V on turn-off.
Iy and I, decrease immediately after V; = 0 V and exhibit
a long-term leakage current, which was also observed in the
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measurements. It requires 1 s for the device to reach the
off-state (I3 < 0.1 pA). The holes in the base (n-region) de-
crease at the point V, = 0V, as shown in Fig. 8 (b). How-
ever, some holes still accumulate in the body (channel) re-
gion. Figure 8 (c) shows the hole concentration at the front
of the device. The remaining holes in the body (channel)
region eject to the source; however, the ejection speed is
slow. The potential of the body (channel) region decreases
when some of the holes in the body (channel) region are
discharged to the source as the forward current of the p-n
junction. The lowering of the potential decreases the for-
ward current of the p-n junction and slows the ejection of
the remaining holes. It is known that the potential in the
body (channel) region decreases logarithmically because of
the above effect [28]. This effect also occurs in conventional
partially depleted SOI-MOSFETs, and it induces the history
effect and pass-gate leakage [29]. In Fig.5 (b), we assume
that the floating-body SOI-FET operating at V4 = 0.1 V does
not show the floating-body effect because the hole injection
quantity is not adequate to modulate the body (channel) re-
gion potential. This is considered to be the reason for the
lack of long-term leakage current in our floating-body SOI-
FET. However, the PNBT SOI-FET shows the floating-body
effect because the body (channel) region potential is modu-
lated by sufficient hole injection from the body terminal, and
thus, it shows long-term leakage current.
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according to Vg and V4, as shown in the DC characteristics,
and the delay time decreases when V4 and V,, increase. It
was also found that when Vj is set to approximately the trig-
ger V,, value, the delay time does not decrease to nearly zero.
V4 modulates the depletion width of the drain-side p-n junc-
tion. Therefore, the volume of the neutral-body (channel)
region also modulates. Additionally, V;, affects the quan-
tity of injection holes, and thus, the delay time decreases.



MORI et al.: TRANSIENT CHARACTERISTICS ON SUPER-STEEP SUBTHRESHOLD SLOPE “PN-BODY TIED SOI-FET”

1E4
W ﬁ
1E6 1.0 pm
< O
Pt =—5.0 ym
S 1E8 |
= Ly=1.0 pm
o V,=01V
g1E10 v =10v
g
o
1E-12 *'“‘N lw'}n"ﬁ' i Trigger
i 9
1E-14 L "/
-0.5 0 0.5 1.0
Gate Voltage (V)
(a)
1E4 ¢ 1.1
E Wg
—1.0 V14 l"/g = :)(: tm 0.9
- —50pum V4q=0. s
< = <
= V,=1.0V 0.7 3
151E-5 E U RovgghafYrs e 05§
© e o
£ 037w
o (V]
o
0.1
1E-6 L -0.1
-5e-7 4.5E-6 9.5E-6
Time (s)

(b)

Fig.14  Turn-on delay time dependence on Wy. (a) 14—V characteristics,
(b) turn-on characteristics.

However, the delay time is nearly zero on all V4 and V}, when
Vg = 1.0 V. Therefore, V, has the most significant effect on
the operating speed.

We measured the turn-on delay time of I3 on the sec-
ond pulse, as shown in Fig. 12, to check the effect of the
charged carrier at the first pulse. The V, was set to be the
trigger V, of the super-steep SS, and the interval time be-
tween the first and second pulses was changed. Figure 13
shows the measured turn-on waveform of the PNBT SOI-
FET dependence on the interval time, and a summary of the
delay time on the second pulse vs. the interval time. It was
found that, when the interval time increases to 10 s, the de-
lay time on the second pulse increases to equal the single
pulse delay time. These data clearly indicate that the charg-
ing carriers from the first pulse remain in the body (channel)
region. The turn-on delay time of the second pulse decreases
to nearly zero when the interval time between the pulses is
below 10 ms, even if the gate voltage value is around the
trigger V. This is because the remaining carriers assist the
turn-on at the second pulse. This is a concern in circuit de-
sign; however, these characteristics may also be utilized for
memory applications [23], [24], [26].

Finally, we investigate the impact of device size and
carrier lifetime on high-speed operation. Figure 14 shows
the measured W, dependence of the PNBT SOI-FET char-
acteristics. When V, > trigger V,, Iy is not proportional
to Wg. Additionally, the increase rate of Iy is different
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between W, = 1 um and W, = 5 um, as shown in Fig. 14 (a).
We consider that these are induced by the difference in the
strength of the feedback. W, affects the strength of the feed-
back because the PNBT structure is asymmetry in the body
terminal direction. In this case, the elongated W, weak-
ens the feedback. Furthermore, the strong feedback induces
the parasitic bipolar effect (PBE), similar to a conventional
floating-body SOI-FET, and then the Iy flows within the en-
tire SOL. In our previous study, we have reported the PBE
and confirmed the /3 enhancement effect [30]. V, controls
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the surface potential only and therefore, the /4y controllabil-
ity decreases when the 13 flows through the entire SOI. This
leads to the following results. (1) In terms of the Wj ratio,
the Ig at Wy = 5 um is smaller than Iy at W, = 1 um owing
to the weak feedback. (2) The operation mode at Wy, = 5 um
does not change to the flowing entire SOI mode. Therefore,
the increase rate of I, is different due to the difference in the
gate controllability. The delay time of the PNBT SOI-FET
is reduced with a narrow W, as shown in Fig. 14 (b). The
charged carrier is expected to be small when the Ly X W,
dimensions are small; this result suggests that carrier charg-
ing in the body (channel) region also plays a key role. Fig-
ure 15 shows the simulated carrier lifetime dependence of
the PNBT SOI-FET characteristics. The carrier lifetime af-
fects the carrier injection efficiency from the body terminal
to the body (channel) region. The trigger voltage shifts in
the negative direction in the long carrier lifetime condition,
because it is prone to strong positive feedback for high car-
rier injection efficiency [16]. It improves the turn-on delay,
as shown in Fig. 15 (b); however, as shown in Fig. 15 (¢), it
also deteriorates the turn-off leakage current. These char-
acteristics show a trade-off relationship. This method needs
improvement; however, the turn-off leakage current prob-
lem has the possibility of being mitigated in the short carrier
lifetime condition. We can control the carrier lifetime using
ion implantations, such as with Ar [31] or Ge [32].

4. Conclusion

We investigated the transient characteristics on the super-
steep SS PNBT SOI-FET using TCAD simulation and pulse
measurements. The turn-on delay, the turn-off leakage cur-
rent, and the carrier charging effect were observed. Those
characteristics come from the turn-on speed of the inher-
ent thyristor and the floating-body effect. It was found that
the turn-on delay time decreased to near zero when the gate
overdrive was set to 0.1-0.15 V and/or the interval between
pulses was set to below 10 ms. This is good news for the
low speed concern of the PNBT SOI-FET. Additionally, W,
scaling also reduced the turn-on delay time. However, the
leakage current on turn-off is still a critical issue for ultralow
power operation. We consider that a greater number of op-
timized device parameters are needed to realize both a high
on/off ratio and high-speed operation.
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Appendix:

In this appendix, we show the details of the parameter in the
HyENEXSS’s SRH model.

The generation/recombination rate Ugry is calculated
using the following Eq. (A- 1):

2 _
n; — pn

Usrny = (A1)

Tp(n+n) + 14(p + 1)
where T is the carrier lifetime, 7; is the intrinsic carrier den-
sity, n is the electron concentration, and p is the hole concen-
tration. 7 is also calculated using the following Eq. (A- 2).

(A-2)

n,p n,p
T -7 .

_ n,p max min

Tnp = Anp| T )

M (NN ) B
The model parameters are shown in Table A- 1. In this study,

we controlled the carrier lifetime by changing the values
of A.

Table A-1  Model parameters in HYENEXSS’s SRH model.
parameter Electron (n) Hole (p)
Timax 1.137x10° s 3.707x107 s
Tiin 3.0x107 s 1.0x107 s
N, 2.5%10" cm?
A 0.01, 0.02, 0.04
B 0.5
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