ELECTRON DEVICES SOCIETY

Received 6 May 2019; revised 15 July 2019 and 26 August 2019; accepted 11 October 2019. Date of publication 16 October 2019; date of current version
8 November 2019. The review of this article was arranged by Editor T.-L. Ren.

Digital Object Identifier 10.1109/JEDS.2019.2947695

A T-Shaped SOI Tunneling Field-Effect Transistor
With Novel Operation Modes

CHENHE LIU

12 QINGHUA REN', ZHIXI CHEN', LANTIAN ZHAO'2, CHANG LIU!, QIANG LIU'2,

WENIJIE YU (Member, IEEE)'-2, XINKE LIU3, AND QING-TAI ZHAO * # (Member, IEEE)

1 State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai 200050, China
2 College of Materials Science and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China
3 College of Materials Science and Engineering, Shenzhen University, Shenzhen 518060, China
4 Peter Griinberg Institute 9, Forschungszentrum Jiilich, 52425 Jiilich, Germany

CORRESPONDING AUTHOR: W. YU (e-mail: casan@mail.sim.ac.cn)

This work was supported in part by the Natural Science Foundation of China under Grant 61674161 and Grant 61504083, in part by the National Science and Technology Major Project of the
Ministry of Science and Technology of China under Grant 2017Z2X01032101-002, and in part by the Open Project of State Key Laboratory of Functional Materials for Information.

ABSTRACT We present a novel T-shaped tunneling field-effect transistor (TFET) on Si-on-insulator (SOI).
The asymmetric source-drain structure can effectively suppress the ambipolar switching. The on-current
(Ion)/off-current (Iofr) ratio reaches very high value of ~108 at V4 = —0.5 V with a smaller tunneling
junction width at the drain. The innovative T-shape design allows integration of both TFET and metal-
oxide semiconductor field-effect transistors (MOSFET) operation modes in one structure. Both TFET and
MOSFET operation modes are experimentally demonstrated in this device structure, which provide the
implementation of the selector function with the single device.

INDEX TERMS TFET, SOI, ambipolar, low power.

I. INTRODUCTION
Power consumption is becoming one of the major chal-
lenges as the scaling of traditional MOSFETs to adapt the
rapid development of semiconductor industry [1]. Tunneling
field-effect transistors (TFETs), due to the band to band
tunneling (BTBT) carrier drift mechanism, have intrin-
sic advantages over standard MOSFETs in low power
application by breaking through the limit of sub-threshold
swing (SS) = 60 mV/dec at 300 K [2], [3]. However,
application of TFETs is still limited by some chal-
lenges such as low on-current (Iy,) [4]1-[8], SS degrada-
tion caused by trap assisted tunneling (TAT) [9], [10],
and ambipolar switching behavior resulted from the PIN
structure. The low I,, TFET could be used in artifi-
cial organ especially as the replacement surgery makes
great progress [11]-[15]. The ambipolar behavior in larger
Vgs bias makes TFETs difficult for logic applications,
causing the TFET circuit design more complicated than
CMOS [16]-[18].

One intuitive method to suppress ambipolar behav-
ior is to use a lightly doped drain. However, previous

investigations didn’t reveal expected results, especially for
the ultrathin SOI and nanowire structure devices [19]-[21].
Another reported method is to use different materi-
als for the source and drain. This is achieved by
using a relatively narrow bandgap material at the source
region and a wide bandgap material at the drain
region [22]-[24]. Although this method can effectively
suppress the ambipolar conduction effect, using of differ-
ent materials will greatly increase the complexity of the
fabrication process.

In order to reduce the off-state current and obtain a high-
performance TFET device, we present a T-shaped SOI TFET
with different widths of tunneling junction of source and
drain. The preparation process was described in detail and
the electrical characteristics of the device were measured and
analyzed. In addition, the device of this special structure can
also work in MOSFET operation mode at appropriate biases
and the electrical results in this mode were also character-
ized. Thus, in this work we present our novel switch based
device on this special structure that can work in the double
operation mode.
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FIGURE 1. SEM image of a T-shaped mesa (a), SEM image after gate
formation (b) and Microscope image of the fabricated TFET structure (c).
Cross-section views along the direction from source to source (d) and
drain to gate (e). (f) Process flow of the device fabrication. (g) Schematic
diagram of the T-shaped TFETs with unequal widths between source and
drain.

Il. FABRICATION AND DEVICE STRUCTURE

The T-shaped transistor in which tunneling junction was
formed by an ion implantation into NiSi, silicide was fabri-
cated on SOI substrate. Fig. 1(f) shows the main process
steps of the fabrication, including mesa patterning, gate
stack patterning, NiSiy silicidation, ion implant, rapid ther-
mal annealing (RTA) and metallization. The original SOI
substrate has a top p-type lightly-doped silicon of 12 nm and
a 145 nm-thick buried oxide (BOX) layer. E-beam lithog-
raphy was used to pattern the T-mesa. Scanning electron
microscope (SEM) image of a T-shaped mesa is shown
in Fig. 1 (a). After RCA standard cleaning, a 3 nm-thick
high-x gate dielectric HfO, film was deposited by atomic
layer deposition (ALD). Then a TiN film of 60 nm was
deposited by atomic vapor deposition (AVD) method. After
the gate formation as shown in the Fig. 1(b), a 3 nm-thick Ni
film was deposited on the top Si surface by sputtering and
followed by rapid thermal annealing at 700 °C for 30 sec-
onds to form self-aligned NiSiy at source and drain region.
Then phosphorus and boron ions were implanted under a tilt
angle of 45 ° or 135 ° as shown in Fig. 1(d) and (e).
The dopants were activated by using a 10 seconds RTP at
600 °C for phosphorus and at 500 °C for boron, respectively.
During this process dopant segregated at the NiSi»/Si channel
interface to form the tunnel junction. Finally, the gate, source
and drain contacts were formed with Pt/Cr (150 nm/5 nm)
by lift-off process. The final device structure was shown
in Fig. 1(c).

As showed in Fig. 1(g), unlike normal field-effect tran-
sistors, the mesa fabricated here is a T shape. The gate
stack covers the intersection of the “T” to form the four-
terminal devices. The two ends of the horizontal line of the
“T” were defined as the sources and the bottom along the
vertical line represents the drain for the TFET. For p-type
TFET device, the source is n+ doped and the drain is p+
doped. The widths of the mesa where implanted by phos-
phorus and boron were defined as tg and tp, as shown in
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FIGURE 2. Measured transfer characteristics (a) and SS-14¢ (b) of

a T-shaped TFET. (c) Comparison of the transfer characteristics of T-shaped
TFETs with different tp. (d) Measured transfer characteristics of the device
at 80 K and 300 K. (e) Extracted Ea as function of the gate voltages at

V4s = —0.3 V. (f) The SS-145 curves at 80 K and 300 K.

Fig. 1(a). Therefore, in this T-shaped structure, the width of
the source/channel tunneling junction is 2tg because there
are two source regions, while the width of drain/channel tun-
neling junction is tp. In this work, tg is 200 nm whereas tp
is 100 nm/200 nm, respectively. Fig. 1(d) and Fig. 1(e) show
the cross-section views along the direction from source to
source and drain to gate.

11l. RESULTS AND DISCUSSION

For TFET measurements, the both source contacts were
grounded (Vs = 0 V), while the drain is biased with Vg.
The solid lines in Fig. 2(a) shows the measured transfer
characteristic of a T-shaped p-TFET with tg = 200 nm and
tp = 100 nm. Compared with the transfer characteristic
result from the planar TFET with symmetric source and
drain shown in the dashed lines in Fig. 2(a) from [25],
the device here exhibits good switching performance as
the ambipolar turn-on current is significantly suppressed at
Vgs > 0 V. Furthermore, with |Vgs| increasing, the Iog
still keeps at very low level. The Ion/Iofr ratio remains
very high with the largest I,,/Iofr ratio as high as 108 at
Vgs = —0.5 V. Due to the T-shaped structure, the width
of the source/channel tunneling junction in our device is
four times of the drain/channel tunneling junction. Then the
n-type current was significantly suppressed in p-TFET at
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FIGURE 3. (a)Transfer characteristic curves in MOSFET operating mode.
(b) Schematic diagram of the T-shaped switch. Vg dependence of currents
at P¢ (c) and Py (d).

Vgs > 0 V. Therefore, the T-shaped transistor basically avoid
the ambipolar conduction.

The SS-I4 was extracted from the transfer characteristic
curve and shown in Fig. 2(b). The minimum sub-threshold
swing (SSmin) 1s 95 mV/dec, while the average sub-threshold
swing (SSaye) is about 105 mV/dec at Igs ranging from 107
to 10~* wA/um. The result also exhibits typical TFET device
characteristics that SS increase with increasing Igs. The larger
SS value should be ascribed to the TAT process caused by
the defects and traps in the device [9], [10].

Fig. 2(c) shows a comparison of the transfer characteris-
tics of T-shaped TFET devices with various widths of tp.
Here, the currents were normalized with 2ts. The red lines
represent the transfer characteristics for tp = 100 nm, while
the green lines represent the curves for tp = 200 nm. In our
device structure, when ts = 200 nm and tp = 200 nm,
the ratio of source/channel tunneling junction width to
drain/channel tunneling junction width is 2:1. While tg is
200 nm and decreasing tp to 100 nm the ratio is 4:1.
A narrower drain tunneling junction decreases the tunneling
currents at the drain side, thereby suppressing the ambipolar
effect of the device. As can be seen from the figure, the
device still exhibits a pronounced ambipolar turn-on cur-
rent at n-type branch for tp = 200 nm. The n-type Iys at
Vgs > 0 V increases with [Vgs|. However, for the device
with tp = 100 nm, the ambipolar n-type Igs was signifi-
cantly reduced by several orders of magnitude rather than
by a factor of 2. This is because the tunneling currents distri-
bution at the channel/drain tunneling junction is uneven. As
shown in Fig. 1(c), the gate of this nanoscale device works
like a Tri-gate to control the channel instead of a plan-
ner gate [26]. Therefore, the tunneling currents at the edge
of channel/drain tunneling junction contributes more to the
Iofr.- When reducing the width, the distance from the source
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FIGURE 4. Equivalent circuit of this single device works as a selector.

to drain increases and the electric field strength from the
source to the drain in the channel will drop more at the
corner, which lead to futher reduction of Iof.

The transfer characteristics of the T-shaped TFET device
were also measured at low temperature. The result was
shown in Fig. 2(d). It can be clearly seen that the device
exhibits a steeper SS at low temperature due to the sup-
pressed TAT which is associated with a thermal emission
process. In order to confirm that the TAT is the origin of SS
degradation, the activation E, was extracted from the inset
of the Fig. 2 (e) which shows the subthreshold region of the
device at temperature ranging from 220K to 340K and was
plotted versus Vg as shown in the Fig. 2 (e). The E, values
reflect the contributions of TAT, Shockley-Read-Hall (SRH)
recombination and BTBT [27]. The peak of E; is 0.25 eV,
which is less than half of the Si band-gap, indicating that
the TAT current is the main contribution when V, is small.
E, is lower than 0.1 eV at Vg < —0.6 V, indicating that the
current is dominated by BTBT at on-state [28]. In addition,
the transition of E, from the TAT dominant area to the BTBT
dominant area is relatively gentle, indicating that the TAT in
the device has a greater impact when the device worked in
the subthreshold region. And the Fig. 2 (f) reveals that the
SS reached 30 mV/dec at 80K, consistent with the report
in [25]. All the results indicate that the larger SS in room
temperature should be attributed to defects in the prepara-
tion process rather than the T-shaped structure itself. The
Ion at 80 K is lower than that at 300 K. This is because, at
low temperature, the energy bandgap (E;) increases slightly,
resulting in a reduction of the tunneling probability. The
result also proves that the on-state current of the T-shaped
TFETs is mainly contributed by the BTBT process.

This special T-shaped four-terminal device can be operated
not only in TFET mode, but also in MOSFET mode. In the
T-shaped structure, one side of the “T-horizontal” is grounded
as the source and the other side is applied by Vg5 as the
drain. As the both sides are heavily n+ doped, the device can
be also operated as an n-type MOSFETs. Fig. 3(a) shows
the transfer characteristic of this device. Thus, this device
can be used as a combination of a MOSFET and a TFET.

Obviously, the device works in MOSFET operation mode
with a positive gate voltage, while it works in TFET opera-
tion mode when the gate voltage turns negative. According
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to this feature, the device can be used as a switch which has
two paths to decide whether to turn on or off. As shown in
Fig. 3 (b), one of the “T-horizontal” was bias by Vgqg and
the other two terminals are at lower potentials. And these
three ports are named separately by P., P and Py. When
the gate voltages is either positive or negative, the N-type
heavily doped region near P. can be turned on. The barriers
between the channel and the N-type heavily doped region
near Py, and P-type heavily doped region near P; are like
two parallel resistors whose resistances are affected by the
gate voltage.

The blue dash lines in Fig. 3(c) and Fig. 3(d) show the total
currents measured at P, while the red solid line in Fig. 3(c)
and the green solid line in Fig. 3(c) show the currents at P;
and Pp,, respectively. This result shows excellent switching
characteristics. When V, < 0V, the currents at P; is almost
entirely contributed by the current at P;. And when V; >
0.2 V, basically all currents flow from P; to Pp,.

Fig. 4 shows the equivalent circuit model of the device.
A common-gate P-type transistor and N-type transistor form
a selector that implements the functionality with a single
device rather than by two devices. In addition, the cur-
rents at P. have two sub-threshold regions on both sides
of 0.2 V. When the gate voltage changes slightly, not only
the magnitude but also the direction of the currents will
change accordingly. Therefore, this structure has the poten-
tial to be applied in voltage sensitivity sensors. While the
large mismatch of on-state currents in both modes may cause
some problems. It limits the direct application for digital
logic circuits, because the performance of the device does
not allow the series connection of TFETs and MOSFETs.
Heterogeneous integration allows devices with various mate-
rials to be integrated on one chip, and the device has
potential to meet the connection among different functional
components.

IV. CONCLUSION

We have fabricated and characterized a T-shaped TFET
device based on SOI technology. In the T-shaped mesa struc-
ture, asymmetric tunneling junctions at the source and drain
were formed to suppress the intrinsic ambipolar switching
of the TFET device. The experimental results show that
the Ton/Iof ratio reaches 108 at Vg = —0.5 V. Low tem-
perature results explain the high SS and prove that the
Ion of the T-shaped TFET are mainly resulted from the
BTBT. Both TFET and MOSFET have been realized with the
proposed T-shaped device structure. The equivalent circuit
model shows that our device is qualified for the two work
mode including TFET and MOSFET, which can be used
as a selector. In addition, the two sub-threshold workspaces
also make this device has potential for the application in
voltage sensitivity sensors.
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