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Abstract

Germanium (Ge) negative capacitance field-effect transistors (NCFETs) with various Zr compositions in Hf;_.Zr,O,
(x =033, 048, and 0.67) are fabricated and characterized. For each Zr composition, the NCFET exhibits the sudden
drop in some points of subthreshold swing (SS), which is induced by the NC effect. Drive current /ps increases with
the increase of annealing temperature, which should be due to the reduced source/drain resistance and improved
carrier mobility. The steep SS points are repeatable and stable through multiple DC sweeping measurement
proving that they are induced by the NC effect. The values of gate voltage Vs corresponding to steep SS are
consistent and clockwise /ps-Vss are maintained through the multiple DC sweeps. At fixed annealing temperature,
NC device with Hfys,2rg480, achieves the higher Ips but larger hysteresis compared to the other compositions.

NCFET with Hfye,7r0330, can obtain the excellent performance with hysteresis-free curves and high /ps.
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Background

The ferroelectric negative capacitance field-effect transis-
tor (NCFET) with a ferroelectric film inserted into gate
stack is a promising candidate for the low-power dissipa-
tion applications owing to its ability to overcome the fun-
damental limitation in subthreshold swing (SS) for the
conventional metal-oxide-semiconductor field-effect tran-
sistor (MOSFET) [1]. The negative capacitance (NC) phe-
nomena in NCFETs have been extensively studied in
different channel materials, including silicon (Si) [2, 3],
germanium (Ge) [4], germanium-tin (GeSn) [5], III-V [6],
and 2D materials [7]. Also, the NC characteristics have
been demonstrated in NCFETs with various ferroelectrics,
such as BiFeOj; [8], PbZrTiO; (PZT) [9], PVDF [10], and
Hf)_,Zr,O, [11]. Compared to other ferroelectrics, Hf;
_«Zr,O, has the advantage of being compatible with
CMOS integration. Experimental studies have shown that
the electrical performance of NCFETs can be optimized
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by varying the thickness and area of Hf; ,Zr,O,, which af-
fects the matching between MOS capacitance (Cyi0s) and
ferroelectric capacitance (Cpg) [12, 13]. It is expected
that the Zr composition in Hf;_,Zr,O, also has a
great impact on the performance of NCFETs, because
it determines the ferroelectric properties of Hf;
_xZr,0O,. However, there is still a lack of a detailed
study on the impacts of Zr composition on the elec-
trical characteristics of NCFETs.

In this paper, we comprehensively study the influences
of the annealing temperature and the Zr composition on
the performance of Ge NCFET.

Methods

Key process steps for fabricating Ge p-channel NCFETs
with the different Zr compositions in Hf;_,Zr,O, are
shown in Fig. 1(a). After the pregate cleaning, n-Ge
(001) substrates were loaded into the atom layer depos-
ition (ALD) chamber. A thin Al,O3 (25 cycles) film was
deposited, which was followed by the O3 passivation.
Then, the Hf,_,Zr,O, films (x = 0.33, 0.48 and 0.67) were

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-019-2927-9&domain=pdf
http://orcid.org/0000-0001-5941-5276
http://creativecommons.org/licenses/by/4.0/
mailto:xdliuyan@xidian.edu.cn
mailto:hangenquan@gmail.com
mailto:gqhan@xidian.edu.cn

Peng et al. Nanoscale Research Letters (2019) 14:125 Page 2 of 8

(a) Key Process Steps (b)

$Surface Pre-gate Cleaning

Hf,,Zr,0,
| ALD; |

Al,0; Dielectric Deposition

e Hf, ,Zr, O, Deposition
- x=0.33, 0.48 and 0.67
TaN Deposition
Gate Patterning and Etching
B* implant into S/D Regions
Ni Deposition in S/D Regions
Rapid Thermal Annealing

Fig. 1 (a) Key process steps for the fabrication of Ge NCFETs with the different Zr compositions in Hf;_,Zr,O, ferroelectrics. (b) Schematic of the
fabricated NC transistor. (c) TEM image of the gate stack of NC device illustrating the 7 nm Hg 5520450, layer and 2 nm Al,O5 layer

deposited in the same ALD chamber using [(CH3),N] Hf
(TDMAHY), [(CH3),N]4Zr (TDMAZr) and H,O as the
Hf, Zr, and O precursors, respectively. After that, the
TaN metal gate was deposited using the reactive sputter-
ing. After gate patterning and etching, boron ions (B")
were implanted into source/drain (S/D) regions at an en-
ergy of 20keV and a dose of 1x 10" cm™>. Non-self-
aligned S/D metals were formed by lift-off process.
Finally, rapid thermal annealing (RTA) was carried out
at various temperatures for dopant activation, S/D
metallization, and crystallization of Hf; ,Zr,O, film. Ge
control pMOSFETs with the Al,O3/HfO, stack was also
fabricated.

Figure 1(b) shows the schematic of the fabricated
NCFET.  High-resolution  transmission  electron
microscope (HRTEM) image in Fig. 1(c) shows the gate
stack on Ge channel of device with Hfy 557154502

ferroelectricc.  The  thicknesses of Al,O; and
Hfy 5071 430, layers are 2 nm and 7 nm, respectively.

To confirm the stoichiometries of Hf;_,Zr,O,, the
X-ray photoelectron spectroscopy (XPS) measurement
was carried out. Figure 2(a) and (b) show the Hf4f
and Zr3d photoelectron core level spectra, respect-
ively, for the Hfyg,Zr03302 Hfys502r0480,, and
Hfj 33710670, films. The material compositions were
calculated based on the area ratio of the peaks and
the corresponding sensitivity factors. The two peaks
of Zr3ds,, and Zr3ds,, have a spin-orbital splitting of
2.4 eV, which is consisted with Refs. [14, 15]. With
the increment of Zr composition in Hf;_,Zr,O,, Zr3d,
and Hf4f peaks shift to the lower energy direction.

The ferroelectric properties of the Hf;_,Zr,O, films
(x =0.33, 0.48, and 0.66) were characterized by the
polarization P vs. drive voltage V hysteresis loops
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Fig. 2 (a) Hf 4f and (b) Zr 3d core level spectra for the Hf, _,Zr,0, samples with the different Zr compositions
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measurement. P-V loops were recorded on the pris-
tine devices. Figure 3 shows the curves of P vs. V for
TaN/Hf;_,Zr,0,(10 nm)/TaN samples in a series of
drive voltages. With the post-annealing temperature
increases from 500 to 550°C, the P-V curves of the
Hf;,_,Zr,O, tend to be saturated in a sub-loop state.
As the Zr composition increases, the remnant
polarization of the film is obviously improved, and
the thinning of the hysteresis loop at zero bias is ob-
served, which can be phenomenologically best de-
scribed as superimposed  antiferroelectric-like
characteristics [16, 17].

Results and Discussion

Figure 4(a) shows the measured transfer characteris-
tics of Ge NCFETs with Hf 50710450, ferroelectrics
with different annealing temperatures and control de-
vice with Al,O3/HfO, stack dielectric. The control de-
vice was annealed at 500°C. All the devices have a
gate length Lg of 2um. The forward and reverse
sweeping are indicated by the open and solid symbols,
respectively. The NCFETs have a much higher drive
current compared to the control device. It is seen
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that, with the annealing temperature increasing from
450 to 550°C, the threshold voltage Vry of the NC
devices shift to the positive Vgg direction. The
NCFETs exhibit a small hysteresis, which becomes
negligible with the increasing of RTA temperature.
The trapping effect also leads to the hysteresis, but
that produces the counterclockwise Ips-Vgs loop, op-
posite to the results induced by ferroelectric switching
[18]. Point SS vs. Ips curves in Fig. 4(b) show that
the NC transistor exhibits the sudden drop in some
points of SS, corresponding to the abrupt change of
Ips induced by the NC effect [19]. It is observed that
NCFETs achieve the improved SS characteristics com-
pared to the control device. We found that the sud-
den drop points of the devices are consistent at the
different annealing temperatures. The measured
Ins-Vps curves of the NCFETs with Hfy507Zr)430,
ferroelectric annealed at different temperatures are
shown in Fig. 4(c). Ips-Vps curves of the NC transis-
tor show the obvious NDR phenomenon, which is a
typical characteristic of NC transistors [20-23]. Fig-
ure 4(d) is the plots of the Ipg of the Ge NCFETs
with the Hfj5,Zrg 430, ferroelectric layer annealed at
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Fig. 3 Measured P-V curves of the Hf,.ZrxO2 films with different Zr compositions annealed at 500 and 550 °C. (@) and (b) are the Hfys,Zr0330; film
annealed at 500 and 550 °C, respectively. (c) and (d) are the Hfys,7r0460, film annealed at 500 and 550 °C, respectively. (e) and (f) are the Hfy337r06,0,
film annealed at 500 and 550 °C, respectively. With the post annealing temperature increases from 500 to 550 °C, the P-V curves of the Hf;,Zr,O, tend to
be saturated in a sub-loop state. An evolution ferroelectric to an antiferroelectric-like behavior is observed with the Zr composition increased
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Fig. 4 (a) Measured Ips-Vis curves for NCFETs with Hfy 5,2r0.450, ferroelectric and control device. (b) Point SS vs. /s curves showing that NCFETs
have the steeper SS compared to control MOSFET. (c) Ins-Vps curves for the NCFETs demonstrating the typical NDR phenomena. (d) Comparison
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450, 500, and 550°C, respectively, at Vpg =-0.05V
and -0.5V, and |Vgs - Vru|=1.0V. Here, the Vy
is defined as the Vgs at Ips of 1077 A/pm. Ipg in-
creases with the increasing of RTA temperature,
which is due to the reduced source/drain resistance
and improved carrier mobility at the higher annealing
temperature.

In addition to the Hfj 5571450, ferroelectric tran-
sistor, we also investigate the electrical characteristics
of Ge NC transistors with the Hfy33Zrp¢,0, ferro-
electric. Figure 5(a) presents the Ips-Vgs characteris-
tics of the devices with Hfy33Zr56,0, with the
different annealing temperatures at Vps = —0.05V and
-0.5V. Compared to the Hfj5,7ry430, NC transis-
tors, even smaller hysteresis is obtained. Similar to
the Hfy5,7r0480, NC transistors, as the annealing
temperature increases from 450 to 550 °C, Vi of the
device increase from —0.63V to 0.51V in the forward

sweeping at Vps =—0.05V. Point SS as a function of
Ins characteristics for the Hfj33Zrg 4,05 ferroelectric
NCFETs are depicted in Fig. 5(b). In addition, devices
with 450 °C and 500 °C annealing temperature obtains
the more obvious sudden drop in SS in comparison
with the 550°C annealed transistor. The sudden drop
points in different annealing temperatures occur at
the same gate voltage. Figure 5(c) exhibits forward
and reverse Ipg of the Hfy337r96,0, NCFETs at
Vps =-0.05V and -05V, and |Vgs—Vru|=1.0V.
Whether for the forward or reverse sweeping, the Ipg
increases with the annealing temperature, which is
consistent with the characteristic of the Hf 55,71 450+
device.

We also investigate the electrical performance of Ge
NCFET with the smaller Zr composition. The transfer
characteristics of the Hfj ¢,Zrg 330, NCFETs annealed
at different annealing temperatures are presented in
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Fig. 5 (a) Measured transfer characteristics of the Hfy33Zro6,0, NC Ge pFETs annealed from 450 to 550 °C. (b) Point SS as a function of /ps for the
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Fig. 6(a). No hysteresis phenomenon is observed.
Compared to Hfy33Zrg6,0, and Hfy 55715450, de-
vices, the Vpy shift induced by varying annealing
temperature is less pronounced in Hfyg,Zrg330,
NCFETs. Point SS vs. Ips curves in Fig. 6(b) show
that the Hf 4,71y 330, NC transistor exhibits the sud-
den drop in some points of SS of NC transistor at

Vbs =-0.05V. Figure 6(c) presents the Ips of
Hfy 67719330, Ge NCFETs annealed at 450 °C, 500 °C,
and 550°C, at Vpg =-0.05V and - 0.5V, and |Vgs—
Vry| =1.0V. Likewise, Ips enhances as the RTA
temperature increases.

The stability of the NC effect induced by the
ferroelectric layer of the Hfj5,Zrg430, NCFET was
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Fig. 6 (a) Measured Ips-Vis of the Hfyg,7r0330, NC Ge pFETs annealed at 450 °C, 500 °C, and 550 °C. (b) Point SS vs. Ips characteristics of the

devices. (c) Ips for the ferroelectric NC transistors with different annealing temperatures at a gate overdrive of 1V
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verified by multiple DC sweeping measurements.
The measured Ips-Vgs curves over 100 cycles of DC
sweeping are shown in Fig. 7(a). It can be seen that
the values of Vgg corresponding to steep SS are con-
sistent. In addition, the clockwise I-V loops are
maintained through the multiple DC sweeps. The
steep SS points are repeatable and stable through
multiple DC sweeps, which further proves that they
are induced by the NC effect. Figure 7(b) presents
the best point SS and drive current across the num-
ber of sweeping cycles. Figure 7(c) shows the hyster-
esis characteristics as a function of the number of
DC sweeping cycles. Stable I-V hysteresis window of
~82mV are seen.

We summarize the hysteresis and drive current
characteristics of Ge NCFETs with different Zr com-
positions in Hf; ,Zr,O, in Fig. 8. As shown in
Fig. 8(a), the hysteresis values are 70, 148, and 106
mV for devices with x =0.33, 0.48, and 0.67, respect-
ively, at a Vps of —0.5V. As the composition in-
creases from 0.33 to 0.48, the hysteresis of the NC
device increases significantly. With the further in-
creasing of Zr composition, the hysteresis decreases
rapidly. The Ips of NCFETs annealed at 450°C is
plotted in Fig. 8(b), at Vps = - 0.5V and Vgs — Vg =
- 1.0V. Open and solid represent the forward and
reverse sweeping, respectively. The NC device with
Hfy.50Zr0.480> achieves the highest Ips, but its hys-
teresis is serious. NCFET with Hf,¢,Zr 330, can ob-
tain excellent performance with hysteresis-free
curves and high Ips. As Zr composition increases,
the ferroelectric capacitance Cg (=0.3849*P./(E *ts)
[24]) increases with the increasing of P, and mean-
while, the MOS capacitance (Cyos) rises as well due
to the growing permittivity of the HZO film. The
Ips and hysteresis are determined by |Cg| and Cyos
of the transistor. With Zr composition increasing
from 0.33 to 0.48, the increase of |Cg| is speculated
to be slower than does the Cyos, leading to the
widening of the hysteresis. Nevertheless, the larger
Cmos produces a higher Ips. With the further in-
crease of Zr composition, the increase of |Cg| is fas-
ter than Cyios, which might provide |Ce| = Cyos,
reducing the hysteresis of NCFET.

Conclusions

The impacts of the annealing temperature and Zr
composition in Hf; ,Zr,O, on the electrical per-
formance of the Ge NCFETs are experimentally
studied. The stoichiometries and ferroelectric prop-
erties of Hf; ,Zr,O, were confirmed by XPS and
P-V measurements, respectively. NCFETs demon-
strate the steep point SS and improved Ipg com-
pared to the control device, due to the NC effect.



Peng et al. Nanoscale Research Letters (2019) 14:125 Page 7 of 8
160 _
° —_ gpﬁg: sorward Vps=-0.5V
140 g 12.5 |2o0C: neverse I RTA: 450 °C
S g .o
120 - < 120 F A
£ >
Y A
(/2] -
g 100F 11151
P =
() 80 | >
b ]
g 8 11.0 e)
T el RTA:450°C | > o
Vos=-05V | @ 1051
A
40 | £
1 1 1 10.0 1 1 1
NC FET with NC FET with NC FET with NC FET with NC FET with NC FET with
Hfo 672r0.330, Hfg 552004502 Hfg332r0 670, Hfo 67210330, Hfy 55210450, Hfg33Zrg 6,0,
(@) (b)
Fig. 8 Statistical plots of (a) hysteresis and (b) /s of Ge NCFET with Hf;, _,.Zr,0, (x =033, 0.48, and 0.67)
J

The Vry and Ipg of the Hf,_,Zr,O, NCFET are
greatly affected by the annealing temperature. Mul-
tiple DC sweeping measurements show that the sta-
bility of the NC effect induced by the ferroelectric
layer is achieved in NCFET. Hfy4,Zr330, NCFET
can more easily achieve the hysteresis-free charac-
teristics than the devices with higher Zr
composition.
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