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ABSTRACT In this study, we examined electrical stability of the p-channel feedback field-effect transis-
tors (FBFETs) under negative bias stress (NBS) and positive bias stress (PBS). The intact FBFETs have a
subthreshold swing (SS) of 0.12mV/dec, an on-current of∼10−4 A, and a threshold voltage (VTH) of –0.76V.
There is a negligible change in the on-current and SS when the FBFETs are stressed by a gate-bias voltage
corresponding to an electric field of 5.4 MV/cm across the gate oxide. On the other hand, as the duration of
the stress increases to 1000 s, the VTH shifts to –0.89 V and –0.67 V for NBS and PBS, respectively. The VTH
was recovered to over 83% at a recovery bias voltage of ±5 V. The electrical stabilities of FBFETs under
NBS and PBS are discussed in this study.

INDEX TERMS Field-effect transistor, positive feedback loop, reliability, bias stress, recovery.

I. INTRODUCTION
Feedback field-effect transistors (FBFETs) have recently
emerged as promising devices for next-generation electronics
owing to their unique characteristics that allow their appli-
cation in memory and switching devices [1]–[6]. FBFETs
having p+-n-p-n+ structures are operated by positive feed-
back (FB) loops that are the reciprocal interaction between
potential barriers and charge carriers. When a potential bar-
rier formed in the p-doped region is lowered by the accumu-
lation of holes, electrons in the n+ source are accumulated
in the n-doped region. Consequently, electrons flow toward
the p+ drain, and the accumulation of electrons prompts the
injection of holes. More recently, their neuronal oscillation
and spiking behaviors have opened their potential applica-
tions in neuron devices [7], [8]. In order to use FBFETs in
next-generation electronics, it is essential to examine their
reliabilities under various conditions, including temperature
and gate-bias stresses. To date, studies on the reliabilities
have been conducted using simulation models to determine
the dependence of their electrical properties on tempera-
ture [9]–[11]. Nevertheless, there has not been any research
reported on their electrical stability under gate-bias stresses.

Considering the trend of the scaling down of the gate
dielectric thickness in FETs, gate-bias stresses are one of
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the crucial issues affecting the electrical stability because
the electric field across the gate oxide (EOX) increases
as the thickness of the gate dielectric decreases [12], [13].
In particular, the electrical properties of p-channel FETs
are significantly damaged under negative gate bias stress
(NBS) [14], [15]. Therefore, in this study, we investigate the
electrical stabilities of p-channel FBFETs under positive gate
bias stress (PBS) and NBS with a gate-bias voltage corre-
sponding to a 5.4 MV/cm of EOX. Furthermore, we examined
recovery characteristics of the FBFETs treated with NBS and
PBS in terms of the threshold voltage (VTH).

II. EXPERIMENTAL
Figure 1 shows a schematic of the p-channel FBFET on a
silicon-on-insulator wafer with 340 nm-thick Si layer. The
n-type well was formed by implantation of P+ ions (a dose
of 3 × 1013 cm−2 and an energy of 60 keV) and annealing
at 1100 ◦C for 30 min. A 22-nm thick silicon dioxide (SiO2)
gate dielectric was thermally grown at 850 ◦C, and a poly
silicon gate was formed on top of the channel using low-
temperature chemical vapor deposition and photolithography.
Prior to the ion implantation process of the p-type dopants,
sidewall spacers were formed to make the gated region with
a length of 2.5 µm by suppressing the lateral diffusion of
the dopants. The sidewall spacers were made of tetraethyl
orthosilicate with a length of approximately 200 nm, and the
p-type non-gated region was formed by implantation of BF+2
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FIGURE 1. A schematic of the p-channel FBFET.

FIGURE 2. Represent transfer curve of the p-channel FBFET and the
optical image (inset).

ions (a dose of 6× 1013 cm−2 and an energy of 40 keV). The
p+ drain and n+ source regions were formed by implantation
of BF+2 and P+ ions at a dose of 3×1015 cm−2 at ion energies
of 30 keV (for BF+2 ) and 100 keV (for P+), respectively.
Thereafter, the annealing process was carried out at 1000 ◦C
for 30 min and subsequently at 1050 ◦C for 30 s using a rapid
thermal annealing system to activate the implanted dopants.
Finally, the drain, source, and gate electrodes were made of
Ti/TiN/Al/TiN metal alloy using sputtering and photolithog-
raphy.

In this study, gate-bias stresses of –12 V and +12 V were
applied in case of NBS and PBS, respectively, and the elec-
trical properties were measured at room temperature with an
Agilent HP4155C semiconductor parameter analyzer in the
dark.

III. RESULTS AND DISCUSSION
Figure 2 exhibits the optical image and representative transfer
curve of a p-channel FBFET at a VDS of 1 V. As VGS is swept
from −0.65 V, the IDS increases abruptly at VGS = −0.76 V
that is defined to be VTH; the abrupt increase in the current
is called the latch-up phenomenon. The ‘OFF’ (‘ON’) state
of the FBFET are determined before (after) the latch-up phe-
nomenon is generated. Owing to the positive FB mechanism,
the FBFET exhibits an extremely low subthreshold swing (SS,
0.12 mV/dec), a high on-current (∼10−4 A), and a low off-
current (∼10−13 A). Herein, the VTH was extracted using

the transconductance change method, the SS was extracted
from the equation of dVGS/dlog(|IDS|), and the on-current was
measured at VGS = 0.9 V. Moreover, the open window in the
transfer curve shows the presence of bistable states which is
prerequisite condition to act as a memory device.

For the p-channel FBFETs under NBS and PBS, the trans-
fer curves and VTH shifts are plotted in Fig. 3 as a function
of the stress time. As the NBS time increases to 1000 s,
the VTH negatively shifts from –0.76 to –0.89 V (1VTH =
0.13 V), as shown in Figs. 3(a) and (b). On the other hand,
as the PBS time increases to 1000 s, the VTH positively
shifts from –0.76 to –0.67 V (1VTH = 0.09 V), as shown
in Figs. 3(c) and (d). The VTH shift results from interface
traps between the channel and the gate dielectric layer, and
these interface traps are identified as oxide traps associated
with oxygen vacancies on the surfaces of the SiO2 gate
dielectric [16]. The oxide traps become positively charged
by hole trapping or neutralized by electron trapping through
the oxide electric field [17]. According to previous studies
on the electrical characteristics of p-channel FETs under
gate-bias stresses [18], [19], the negative shift of VTH under
NBS is attributed to interface traps (positive oxide traps)
acting as donor-like defects, and the positive VTH in PBS is
ascribed to interface traps (neutralized oxide traps) acting as
acceptor-like defects. For the p-channel FBFETs, the shift in
VTH under the gate bias stresses is consistent with that for
other p-channel FETs. Nevertheless, considering that other
p-channel FETs are highly vulnerable to NBS [20]–[22],
the electrical characteristics of p-channel FBFETs are rela-
tively reliable even under NBS. In addition, the degradation
mechanisms of the FBFETs and conventional FETs are dif-
ferent since these FETs have their different operation mech-
anisms although the shift of VTH of the FBFETs under PBS
and NBS is consistent with that of conventional FETs. For
the FBFETs, the interface traps generated under NBS and
PBS do not hinder the generation of the positive FB loop that
enables them to operate. Contrary to the VTH, the change in
the on-current and SS is subtle, even though gate-bias stress
is applied on the FBFETs for 1000 s (see supplementary
information). In terms of the SS and on-current, the electrical
stability of the p-channel FBFETs under PBS and NBS is
superior to those of conventional FETs because the FBFETs
operated by interplay between the potential barriers and
charge carriers are relatively immune to the interface traps
generated by PBS and NBS, compared to conventional FETs.
Once the positive FB loop is generated, the SS and on/off
current are nearly identical. Moreover, the electrical stability
of the n-channel FBFETs is expected to be similar to that of
the p-channel FBFETs. The n-channel FBFETs are operated
by the positive FB loop as well.

Figure 4 represents the recovery in theVTH of the p-channel
FBFETs that had already suffered from NBS and PBS. The
recovery rate increased when a recovery bias voltage was
applied to the FBFETs, irrespective of the stress bias condi-
tions; the recovery rate dramatically increased within seconds
and was maintained after approximately 200 s. The recovery
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FIGURE 3. Transfer curves and threshold voltage (VTH) shifts under (a-b)
NBS and (c-d) PBS.

FIGURE 4. The percentage scale of the normalized VTH recovery rates for
(a) NBS and (b) PBS.

rate in the VTH reaches up to 83% (92%) when a recovery bias
voltage of+5V (–5V)was applied to the FBFETs stressed by
NBS (PBS). This indicates that the recovery bias contributes
to compensating the defect traps. Full recovery in the shift of
VTH was not observed in any event, which was due to per-
manent irrecoverable defect components [23]. On the other
hand, after 1000 s the VTH is naturally recovered without a

recovery bias at room temperature, up to 48% and 71% for
the FBFETs stressed by NBS and PBS, respectively. In terms
of the VTH, the resilience of the FBFETs is superior to that of
other FETs that are not retained at amaximumof 30% at room
temperature. The self-recovery of VTH enables the p-channel
FBFETs to be more profitable than other p-channel FETs.

IV. CONCLUSION
In this study, we examined electrical characteristics of the
p-channel FBFETs under NBS and PBS to confirm the elec-
trical stability of the FBFETs. The change in the on-current
and SS of the FBFETs is negligible even under gate-bias
stresses corresponding to a 5.4 MV/cm of EOX for 1000 s.
On the other hand, the VTH shifts to –0.89 and –0.67 V for
NBS and PBS, respectively, as the stress time increased to
1000 s. The VTH was recovered to over 83% when a recovery
bias voltage of ±5 V was applied. The reliability of the
FBFETs was confirmed from their electrical stabilities under
NBS and PBS.
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