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The steep subthreshold swing (SS) could be achieved in neg-
ative capacitance field-effect transistors (NCFET) to reduce
power dissipation in modern electronics. Polycrystalline
HfO3z-based ferroelectric materials have attracted great in-
terest due to their better thickness scalability and CMOS
process compatibility [1]. However, the undesired leakage
current along the grain boundaries increases exponentially
as the ferroelectric film thickness decreases, thus deterio-
rating SS characteristics. Additionally, the effect of NC on
transistor SS was found to be negligible for HfZrO, (HZO)
thicknesses below 4 nm [2].

Besides the polycrystalline ferroelectric HfOg, the ferro-
electric behavior also can be observed in devices with amor-
phous (a-) ZrOg dielectrics enabled by mobile-ionic related
oxygen ions-vacancies, which shows advantages in the ther-
mal budget, endurance, operation voltage, and scaling lim-
its, and have been demonstrated for non-volatile memory
and neuromorphic application [3]. It is natural to inves-
tigate the proposed ferroelectric characteristics with ultra-
scaled dielectric.

In this study, we have demonstrated mobile-ionic FET's
(MIFETS) based on ultra-scaled (3.5 nm) amorphous ZrO2
dielectric achieving sub-kT/q SS, which exhibits a stable
ferroelectric-type hysteresis at the wide temperature range
from room temperature to 77 K.

As shown in Figure 1(a), a-ZrOy MIFETs were fabri-
cated using a conventional CMOS process, starting with an
n-type Ge substrate. The source/drain region is formed
by BF2t implantation and dopant activation. After the
pre-gate cleaning, the gate stack was formed by deposit-
ing ZrOg by atomic layer deposition, followed by the TaN
gate deposition. After gate patterning and etching, high-
resolution transmission electron microscope (HRTEM) im-
ages of the fabricated metal-oxide-semiconductor (MOS) are
shown in Figure 1(b). The a-ZrOg layers with a thickness of
3.5 nm have been confirmed from the images. Correspond-
ing energy-dispersive X-ray spectroscopy (EDX) mapping of
the MOS gate stack is also shown, indicating there was no
contamination of other elements included in the dielectrics.
Additionally, a sub-nm thick oxide layer at the interface be-

tween metal and ZrO2 will be generated due to oxygen dif-
fusion.

As shown in Figure 1(c), the hysteresis loops of
polarization (P) versus voltage (V) measured for the
TaN/ZrO2/Ge MOS capacitors with various frequencies ex-
hibit ferroelectric-like behavior. It should be noted that the
asymmetry of the P-V hysteresis curves of MOS can be at-
tributable to the depletion of semiconductors. Such a strong
frequency dependence of polarization should be attributable
to the ion drift mechanisms. As the frequency increases, P-
V hysteresis loops reduce because of its comparative large
response time of mobile ions in a-ZrOs9 film.

Figure 1(d) shows the measured transfer curves of ZrOz-
based MIFET at the drain voltage (Vpg) of —0.05 V. The
ferroelectric-type hysteresis can be observed in drain cur-
rent (Ipg). It can be noted that the device with a gate
voltage (Vgs) sweeping step of 0.05 V achieves the aver-
age forward SS (SSg,,) and reverse SS (SS;ev) of 25 and
19 mV /decade for Ipg over 2 orders of magnitude, respec-
tively. It is demonstrated that the surface potential am-
plification effect of the semiconductor is induced by ions
movement in the amorphous dielectric. It is noted that ion
mobility will affect the accumulation of mobile ions at the di-
electric interface related to the surface potential of the chan-
nel. When Vgg sweeping step decreases to 0.01 V, which
increases total measurement time, SSg,, of 58 mV /decade
and smaller ferroelectric-type hysteresis is achieved. The
higher Ipg achieved with the smaller Vgg step results from
having enough time for the response of mobile ions, which
will decrease the hysteresis of Ing- Vs loops. Additionally,
the charge trapping/detrapping effect with more slow traps
that respond at the interface as the measurement time in-
creases also reduces the ferroelectric type hysteresis and in-
creases the SS. Figure 1(e) shows the corresponding point
SS as a function of Inpg. The device with a Vgg step of
0.01 V demonstrates the minimum steep SSf,, and SSrev
of 18 and 21 mV/decade, respectively. Gate current (Ig)
is also measured and plotted in Figure 1(f). The ultralow
leakage current can be achieved.
peaks in Ig can be observed and will be inhibited in the

It is noted that current
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Figure 1 (Color online) (a) Key fabrication process flows and schematic of a-ZrOs-based MIFET; (b) HRTEM images and the
corresponding EDX mapping profiles of amorphous ZrOz films in TaN/ZrO;/Ge MIFETSs; (c¢) measured P-V curves of TaN/a-
ZrO3/Ge capacitors with various frequencies; (d) measured Ips-Vas curves at Vps = —0.05 V for a-ZrOs MIFETs with Vgs
sweeping steps of 0.05 and 0.01 V; (e) the corresponding point SS vs. Ips extracted from (d); measured (f) Ig-Vas curves and
(g) Ips-Vps curves for a-ZrOz based MIFET; (h) transfer curves of a-ZrOz-based MIFET with Vgg step of 0.05 V at different
temperatures; (i) temperature dependence of the Vry and the hysteresis of MIFET and HZO FeFET; (j) SSmin as a function of

temperature for MIFET and HZO NCFET.

subthreshold region of Fe-like FET, indicating that the dis-
placement currents induced by the mobile ions will be sup-
pressed due to the small depletion capacitance. A sudden
drop of Ig with Vgg sweeping forwardly and reversely (AA’
and BB’) indicates the reduction of voltage across the ZrOz
film, contributing to the amplification of the internal volt-
age and channel surface potential [1]. Figure 1(g) shows
the output characteristics of a-ZrOs MIFET, and the ob-
vious negative differential resistance (NDR) phenomenon is
observed. The NDR phenomenon can be explained as fol-
lows. For the fixed gate bias— Vg, mobile ions in a-ZrO9
are polarized down. As | Vpg| increases and finally | Vpg| is
larger enough than | Vgg| to reverse the migration of mobile
ions, the polarization is locally changed at the drain-side,
resulting in a reduction of the charge density in the channel
near the drain. Therefore, Ipg decreases and NDR happens.

To investigate the effects of temperature dependency on
the characteristics of ZrO2 MIFET, the temperature depen-
dence of Ipg- Vg curves in a wide temperature ranging from
300 K down to 77 K has been measured. Figure 1(h) shows
the Ipg-Vag curves at different temperatures with a Vpg of
—0.05 V. The ferroelectric hysteresis and the steep SS are
exhibited among all the temperatures. The temperature de-
pendence of the corresponding threshold voltage (Vry) and
the hysteresis is shown in Figure 1(i), compared with those
of crystalline HZO FeFET [4]. Here, hysteresis is defined as
the difference between Vrp (Vas at Ing = 1078 A/um) for
forward and reverse sweeps. It is worth noting that hystere-
sis keeps stable for the a-ZrO2 MIFET, while the HZO-based
device is getting large since its coercive field is closer to the
intrinsic value in cryogenic. This phenomenon indicates the
total amounts of mobile ions remain stable until 77 K. Addi-
tionally, the minimum SS;,;, is independent of temperature

in cryogenic, as shown in Figure 1(j) [5].

Conclusion. In summary, ferroelectric behavior and steep
SS have been demonstrated in MIFETSs with ultra-scaled
(3.5 nm) amorphous ZrOs dielectric. Amorphous ZrOs-
based MIFET exhibits a stable ferroelectric-type hystere-
sis and steep SS with the decrease of the temperature until
77 K, indicating the potential utilization for cryogenic ap-
plications.

Acknowledgements This work was supported by Na-
tional Key Research and Development Project (Grant No.
2018YFB2200500), National Natural Science Foundation of
China (Grant Nos. 62025402, 62090033, 91964202), Ma-
jor Scientific Research Project of Zhejiang Lab (Grant No.
2021MDOACO01), and Zhejiang Province Key R&D Programs
(Grant Nos. 2022C01232, 2021C05004).

References
1 Zhou J, Han G, Li Q, et al. Ferroelectric HfZrO, Ge and
GeSn PMOSFETSs with sub-60 mV/decade subthreshold
swing, negligible hysteresis, and improved Igs. In: Pro-
ceedings of IEEE International Electron Devices Meeting
(IEDM), San Francisco, 2016
2 Li J, Zhou J, Han G, et al. Negative capacitance Ge
PFETSs for performance improvement: impact of thickness
of HfZrO,. IEEE Trans Electron Devices, 2018, 65: 1217—
1222
3 Liu H, Wang C, Han G, et al. ZrO5 ferroelectric FET for
non-volatile memory application. IEEE Electron Device
Lett, 2019, 40: 1419-1422
4 Wang Z, Ying H, Chern W, et al. Cryogenic characteri-
zation of a ferroelectric field-effect-transistor. Appl Phys
Lett, 2020, 116: 042902
5 Wang C, Wu J, Yu H, et al. Effects of temperature on the
performance of Hfy 5Zrp.502-based negative capacitance
FETs. IEEE Electron Device Lett, 2020, 41: 1625-1628


https://doi.org/10.1109/TED.2018.2791420
https://doi.org/10.1109/LED.2019.2930458
https://doi.org/10.1063/1.5129692
https://doi.org/10.1109/LED.2020.3022384

