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Abstract

Here we report the ZrO2 - based Negative capacitance (NC) FETs with 45.06 mV/decade subthreshold
swing (SS) under 1 V V GS range, which can achieve new opportunities in furture voltage-scalable
NCFET applications. The ferroelectric-like behavior of the Ge/ZrO2/TaN capacitors is proposed to be
originated from the oxygen vacancy dipoles. The NC effect of the amorphous Hf02 and ZrO2 films
devices can be proved by the sudden drop of gate leakage, the negative differential resistance (NDR)
phenomenon, the enhancement of 1 DS and sub-60 subthreshold swing. 5 nm ZrO2 - based NCFETs
achieve a clockwise hysteresis of of 0.24 V, lower than 60 mV/decade SS and an 12% | DS enhancement
compared to the control device without ZrO2 . The suppressed NC effect of AI203/Hf02 NCFET
compared with ZrO2 NCFET is related to the partical swiching of oxygen vacancy dipoles in the forward
sweeping due to negative interfical dipoles at the AI203 /HfO2 interface.

Background

As complementary metal oxide semiconductor (CMOS) devices scaling down constantly, the

integrated circuit (IC) technique has entered into the era of “more than Moore era”. The driving force of IC
industry and technology becomes the reduction of power consumption, instead of the miniaturization of
transistors [1,2]. However, the Boltzmann tyranny of MOSFETs, more than 60 mV/decade SS has
restricted the energy/power effificiency [3]. In recent years, many proposed novel devices have the ability
to achieve sub—60 mV/decade threshold swing, including impact ionization MOSFETSs, tunnel FETs and
NCFETs [4-7]. Due to the simple structure, the steep SS and imporved drive current, NCFETs with a
ferroelectric (FE) film have been regarded as an attractive alternative among these emerging devices [8—
10]. The reported experiments on NCFETs mainly include PbZrTiO5 (PZT), P(VDF-TrFE) and HfZrO, (HZO)
[11-17]. Even though the ferroelectricity of these materials satisfies the requirement of the state-of-the-art
technology nodes [18], the relatively high remant polarization (P,) and coercive filed (E_) lead to rather
strong depolarization and much high power consumption [19-26]. Recently, ferroelectricity in the
amorphous Al,05 and ZrO, filmsenabled bythe voltage-modulated oxygen vacancy dipoleshas been

investigated [27-29]. This enables mass experiments about ZrO,-based FeFET for nonvoile memory and
analog synapse applications [30-35]. However, the systematical investigation on one-transistor ZrO,-
based NCFET has not been carried out.

In this work, Ge NCFETs with 5 nm ZrO, ferroelectric dielectric layer and 5 nm Al,05/HfO, ferroelectric

dielectric layer have been proposed, respectively. We experimentally observed sub—60 mV/decade steep
slope in ZrO, (5 nm) NCFET, which can be attributed to the NC effect of ZrO, ferroelectric layer. And we

analyzed the polrazation Pas function of applied voltage Vfor the Ge/ZrO,/TaN capacitors. The
ferroelectric-like behavior of the Ge/ZrO,/TaN capacitors is induced by the voltage-induced oxygen
vacancy dipoles. Moreover, we attributed the improved /g and the sudden drop of /g in the Al,05/HfO,
NCFETs and ZrO, NCFETs to the NC effect. We also observed the NDR phenomenon in the Al,05/HfO,
NCFETs and ZrO, NCFETSs. In addition, we further analyzed the physical mechanism of interfical dipoles-
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induced decreased NC effect in the Al,05/HfO, NCFET. The ZrO, NCFETs with sub—60 mV/decade steep

slope, improved drain voltage and low operating voltage will be suit for the design of NCFETs with low
power consumption in the “more than Moore era”.

Methods

Key process steps for NCFETs with ZrO, and Al,05/HfO, fabrication are shown in Fig. 1 (a). Different
gate dielectric insulators, including Al,05/ amorphous HfO, (5 nm) films and amorphous Zr0O, (4.2
nm)films were grown on n-Ge (001) substrates by atomic layer deposition (ALD) at 300 °C. TMA,
TDMAHf, TDMAZr and H,0 vapor were used as the precursors of Al, Hf, Zr and O, respectively. A TaN top
gate electrode was then deposited on HfO, orZrO, surfaces by reactive sputtering. Source/drain (S/D)
regions were defined by lithography patterning and dry etching. After that, source/drain (S/D) regions
were implanted with boron (B¥) and nickel (Ni) was deposited in source/drain (S/D) regions. Finally, rapid

thermal annealing (RTA) at 350 °C for 30 s was carried out. Fig. 1 (b) and (d) show the schematics of the
fabricated Al,03/HfO, NCFETs and ZrO, NCFETs. High-resolution transmission electron microscope

(HRTEM) image in Fig. 1 (c) depicts the amorohous HfO, (5 nm) film on Ge(001) with Al,05 interfacial
layer. HRTEM image in Fig. 1 (e) depicts the amorohous ZrO, (4.2 nm) film on Ge (001).

Results And Discussion

Fig. 2 (a) shows the measured curves of polarization P v.s. applied voltage V characteristics for the
Ge/Zr0,/TaN capacitors at 3.3 kHz. The gate length (Lg) of the capacitors are 8 pm. It is observed that
the P, of the Ge/ZrO,/TaN capacitors can be enhanced with larger sweeping range of V. The ferroelectric-
like behavior of the amorphous Zr0O, film in the Fig. 2 (a) is proposed to be originated from the oxygen
vacancy dipoles [36]. Fig. 2 (b) shows the measured P-V curves for the Ge/ZrO,/TaN capacitors under

different frequencies from 200 Hz to 10 k Hz. We can see that the ferroelectric-like behaviorof the
amorphous ZrO, film remain stable for all frequencies. However, the P, of the amorphous ZrO, film is

reduced with the increased frequencies. This phenomenon can be explained by the incomplete dipoles
switching under high measurement frequencies [37,38].

Fig. 3 (a) shows the measured /ys-V;z5 curves of a ferroelectric Al,03/HfO, NCFET at the Vg of -0.05V
and - 0.5 V. The Lg of the devices are 3 pm. The hysteresis loops of 0.14 V (V45 =-0.05V, /ys = 1 nA/pm)
and 0.08 V (V4 =-0.5V, Iys = 1 nA/um) are demonstrated, respectively. The clockwise hysteresis loops
are attributed to the migration of oxygen vacancies and accompanied negative charges. The oxygen
vacancy dipoles accumulate (deplete) in the Ge/Al,05 interface under positive (negative) Vsg. Therefore,
the threshold voltage (V1) increases (decreases) under forward (reverse) sweeping of gate voltages. As
shown in Fig. 3 (b), the output characteristics of the Al,03/HfO, NCFET and the control FET are
compared. The saturation current of the Al,05/HfO, NCFET exceeds 26 pA/pm, with a rise of 23 %
compared to that of the control FET at | Vg V4ul = | Vpsl = 0.8 V. The current enhancement is induced by
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the increased inversion charge intensity (Q,,,) in the reverse polarization electric field and the amplication
of surface potential [39,40]. In addition to current enhancement, the obtained obvious NDR proves the NC
effect of the amorphous HfO, film. The NDR effect is caused by the incomplete switching of oxygen

vacancy dipoles due to the coupling of drain-to-channel as Vgincreases [41,42]. Fig. 3 (c) compares the
measured gate leakage /z-Vg curves for the 5 nm Al,053/HfO, NCFET at the V5 of -0.05V and —-0.5 V.
The sudden drops of /5 onlyduring the reverse sweeping indicate the decreased voltage in the amorphous
HfO, film and the amplication of surface potential [43]. The absence of NC effect during the forward
sweeping is caused by the partical switching of oxygen vacancy dipoles in the amorphous HfO, film [44].
The different ability to contain oxygen atoms between Al,05 and HfO, layer leads to oxygen
redistribution and negative interfacial dipoles at the Al,05/HfO, interface [45-47]. Due to the presense of
negative interfacial dipoles, it is difficult for the amorphous HfO, film to realize complete polarization
swiching (NC effect) in the forward sweeping.

Fig. 4 (a) shows the measured transfer curves of a ferroelectric ZrO, NCFET at the V5 of -0.05V and -
0.5 V. The Lg of the two devices are 4 um. The clockwise hysteresis loops of 0.24 V (V4 =-0.05V, [y = 1
nA/pm) and 0.14 V (Vg =- 0.5V, Iyg = 1 nA/um) are demonstrated, respectively. As shown in Fig. 4 (b), the
output characteristics of the ZrO, NCFET and the control FET are compared. The saturation current of the
ZrO, NCFET exceeds 30 pA/pm, with a rise of 12 % compared to that of the control FET at | Vgs- V4l =
|Vpsl = 1 V. The improved current enhancement and more obvious NDR indicate the enhanced NC effect
of the amorphous ZrO, film (5 nm) contrast to that of 5 nm HfO,, film. Fig. 3 (c) compares the measured
gate leakage /g-V5g curves for the 5 nm ZrO, NCFET at the Vg of -0.05 V and - 0.5 V. Compared to the
sudden /; drops of Al,05/HfO, NCFET only during reverse sweeping in Fig. 3 (c), the sudden drops of /;
both in forward and reverse sweeping also prove the enhanced NC effect in the amorphous ZrO, film.

Fig. 5 (a) and (b) shows the point SS as function of /g for the Al,053/HfO, and ZrO, NCFET at the V5 of -
0.05V and-0.5 V. Sub-60 mV/decade subthreshold swing (SS) can be achieved during forward or
reverse sweeping of Vgatthe Vg of -0.05V and-0.5V. When Vy5is-0.05V, a point forward SS of 45.1
mV/dec and a point reverse SS of 55.2 mV/dec were achieved. When V5 is-0.5V, a point forward SS of

51.16 mV/dec and a point reverse SS of 46.52 mV/dec were achieved. Due to the different ability of
scavenging effect for the Al,03/HfO, and ZrO, layer, the partical dipoles switching is caused in the

Al,03/HfO, NCFET. Therefore, the more obvious NC effect with sub—60 mV/decade SS is achieved in 5
nm ZrO, NCFET.

Conclusions

We report the demonstration of ferroelectric NC ZrO, pFETs with the sub—60 mV/decade SS, low
operating voltage of 1 V and a hysteresis of less than 60 mV. The impact of the amorphous ZrO, films on
the ferroelectric behavior is explained by the oxygen vacancy dipoles. The improved /g and NDR
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phenomenon are also obtained in Al,03/HfO, NCFETs and ZrO, NCFETs compared to the control device.
The suppressed NC effect of the Al,05/HfO, NCFET can be attributed to partical dipole swiching due to
interfical dipoles at the Al,05/HfO, interface. The ZrO, NCFETs with sub—60 mV/decade steep slope,

improved drain voltage and low operating voltage pave a new way for future low power consumption
NCFETSs design.

Abbreviations

TaN: Tantalum nitride; ZrO,: Zirconium dioxide; ; TDMAZr: Tetrakis (dimethylamido) zirconium; P
remnant polarization; E;: coercive electric field; MOSFETs: Metal-oxide-semiconductor field-effect

transistors; Ge: Germanium; ALD: Atomic layer deposition; B*: Boron ion; Al,05: aluminum oxide; HRTEM:
High-resolution transmission electron microscope; Ni: Nickel; RTA: repaid thermal annealing; Ipg: drain
current; Vg: gate voltage; V4 threshold voltage; NCFET: negative capacitance field-effect transistor.
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(a) Key Process Steps
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Figure 1

(a) Key process steps for the fabrication of the Al203/5 nm HfO2 NCFETs and 4.2 nm ZrO2 NCFETSs. (b)
Schematics and (c) HRTEM images of the fabricated ZrO2 NCFETSs. (d) Schematics and (€) HRTEM
images of the fabricated Al203/HfO2 NCFETs.
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Measured P vs V characteristics of the 4.2 nm ZrO2 capacitors with (a) different sweeping ranges of V
and (b) different measurement frequences.
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(@) Measured IDS-VGS curves of the 5 nm HfO2 NCFET when VDS =-0.5V and VDS =-0.05 V. (b)

Measured IDS-VDS curves of the HfO2 NCFET and the control MOSFET. (c) Measured IG-VGS curves of
the 5 nm HfO2 NCFET when VDS =-0.5V and VDS =-0.05 V.
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Figure 4

(@) Measured IDS-VGS curves of the 5 nm Zr02 NCFET when VDS =-0.5V and VDS =-0.05 V. (b)
Measured IDS-VDS curves of the ZrO2 NCFET and the control MOSFET demonstraing the obvious NDR

phenomenon. (c) Measured IG-VGS curves of the 5 nm ZrO2 NCFET when VDS =-0.5V and VDS =-0.05
V.
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Figure 5

Point SS as a function of IDS for the (a) Al203/5 nm HfO2 NCFETs and (b) 5 nm ZrO2 NCFETSs.
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