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ABSTRACT We experimentally demonstrate that hysteresis of negative capacitance (NC) Ge pFETs is
reduced through modulating the ferroelectric properties in HfZrO, (HZO) by changing the post annealing
temperature. As annealing temperature varies from 350 °C to 450 °C, HZO exhibits a significant increasing
in the ratio of remnant polarization P, to coercive field E., which results in the improvement of the
magnitude of ferroelectric NC Crg, therefore contributing to the reduction of hysteresis of the ferroelectric
NC Ge transistors. It is also reported that the NC Ge transistor annealed at 450 °C has a small hysteresis

of 0.10 V, and achieves the improved SS and Ips compared to control device without HZO.

INDEX TERMS Negative capacitance, ferroelectrics, hysteresis, subthreshold swing, MOSFET.

I. INTRODUCTION

The ferroelectric negative capacitance (NC) field-effect tran-
sistor (FET) has been considered as a promising device
candidate to overcome the fundamental limitation in sub-
threshold swing (SS) for the conventional metal-oxide
semiconductor FET since it employs the NC action of a fer-
roelectric film inserted into gate stack [1]. Steep SS below
60 mV/decade has been demonstrated in a number of NC
FETs integrated with various ferroelectrics, but the devices
are still facing the challenge to achieve the hysteresis-free
characteristics [2]-[5]. The theoretical study suggested that
the hysteresis characteristics can be modulated by varying
the ferroelectric material properties, including the thick-
ness, remnant polarization P, and coercive field E. of the
ferroelectric film [6].

Recently, we reported the ferroelectric HfZrO, (HZO)
NC Ge and GeSn pFETs, and the devices exhibited the
sub-60 mV/decade SS and hysteresis in Ips — Vgs curves
induced by the NC effect [7], [8]. It was found that the post
annealing temperature had a great impact on the hysteresis

performance in the NC FETs. Experiments revealed that, as
ratio of P;/E. of HZO increased, the hysteresis could be sup-
pressed. However, there is still a lack of the comprehensive
study of the effects of variation of ferroelectric properties
on the NC transistor performance.

In this paper, the electrical performance of NC Ge pFETs
with the post annealing temperature ranging from 350 to
450 °C are characterized. Based on the statistical measure-
ment of ferroelectric properties of HZO annealed at various
temperatures, it is proved that hysteresis of NC transistors is
significantly reduced with the increasing of the magnitude
of ferroelectric negative capacitance Cpg realized by mod-
ulating the P; and E. properties of HZO. The impacts of
posting annealing temperature on SS and gate capacitance
Cg characteristics of the NC devices are also discussed.

Il. FERROELECTRIC PROPERTIES OF HZO

To confirm the crystallization in the HZO film after the
post annealing, X-ray diffraction (XRD) measurement was
performed on the TaN/HZO/TaN samples. The thickness
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FIGURE 1. Measured XRD curves of the TaN/HZO/TaN samples indicating
the formation of the mixing of tetragonal, orthorhombic, and cubic phases
after the post annealing at 350 and 450 °C.

of HZO is about 6.6 nm. HZO with a Hf:Zr ratio of
0.5:0.5 was deposited by atomic layer deposition (ALD),
and TaN was deposited by reactive sputtering. According
to the reference patterns for HZO in [9] and [10], XRD
curves in Fig. 1 demonstrate that the mixing of tetrago-
nal, orthorhombic, and cubic phases was formed in HZO
after the post annealing, which was similar to [9] and [11].
It was reported that the orthorhombic phase contributes to
the ferroelectricity of the film [10], [12]-[14].

The ferroelectric characteristics of the HZO film are inves-
tigated by the polarization P versus electric field E hysteresis
loops measurement. P-E loops were recorded on the pristine
devices. Fig. 2(a) shows the curves of P as a function of E for
the TaN/HZO/TaN samples with and without the post anneal-
ing. A linear polarization indicating the paraelectric dielectric
film is observed for the as-deposited TaN/HZO/TaN. After
the post annealing at 350, 400 and 450 °C, the ferroelec-
tric phase transition is confirmed by the P-E hysteresis
loops. The measured capacitance versus voltage curves of the
TaN/HZO/TaN sample are illustrated in Fig. 2(b), demon-
strating the ferroelectric properties of HZO [10], [15]. From
the statistical plots of P and E. for TAN/HZO/TaN samples
in Fig. 2(c), it is clearly seen that the ratio of P, to E.
of HZO can be effectively modulated by varying the post
annealing temperature and the sweeping range of applied
voltage. With the post annealing temperature increasing from
350 °C to 450 °C, the P; of the devices is enhanced, which
should be owing to the increasing of quantity of ferroelectric
domains [11], [16]. It was also reported that this might be
the typical transition from a sub-loop behavior to a well sat-
urated ferroelectric hysteresis, [17]. The impact of the post
annealing temperature on the E. is much weaker compared
to the P, , which is consistent with the results in [18].

Based on the P, and E. values in Fig. 2(c), the mag-
nitude of Cpg induced by HZO can be calculated by
Cre = (2/3v/3) - (Pt/E. - tnzo) (6], where tuzo is the
thickness of HZO film. From Fig. 3, we can observe that
|Ceg| is obviously improved by increasing the post annealing
temperature and the sweeping range of applied voltage.
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FIGURE 2. (a) P-E hysteresis loops for TaN/HZO/TaN samples with and
without the post annealing. The ferroelectric properties of the HZO are
directly related to the sweeping range of applied voltage and the post
annealing temperature. (b) Measured capacitance versus voltage curves
for TaN/HZO/TaN sample annealed at 450 °C. (c) Statistical plots showing
that the Pr and E. can be effectively modulated by varying the post
annealing temperature and the sweeping range of applied voltage.

11l. DEVICE FABRICATION

Fig. 4(a) shows the key process steps for the fabrication of
NC Ge pFETs integrated with HZO film on n-Ge(001). After
the wafer cleaning, Ge substrate was loaded into an ultrahigh
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FIGURE 3. Calculated |Cgg| of HZO indicating that |Cgg| is improved by
increasing the post annealing temperature and the sweeping range of
applied voltage.
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FIGURE 4. (a) Key process steps for the fabrication of ferroelectric NC Ge
pFETs. Post annealing was carried out on the devices at different
temperatures. (b) Schematic of the fabricated NC transistor. (c) TEM image
showing the gate stack of NC device. High resolution TEM (d) featuring
TaN/HfO, stack on Ge with SiO,/Si IL, and (e) illustrating the 6.6 nm HZO
layer. (f) Top view SEM image of the NC device.

vacuum chamber for annealing at 620 °C for 20 minutes to
remove the native oxide. SipHg passivation at ~350 °C was
then carried out to form a Si passivation layer. This was
followed by the formation of TaN/HZO/TaN/HfO, stack.
After gate etching, boron ions (B*) were implanted into
source/drain (S/D) at an energy of 20 keV and a dose of 1
%1015 cm™2. Non-self-aligned S/D metals were formed by
lift off process. Finally, post annealing was carried out at
various temperatures for dopant activation, S/D metallization,
and crystallization of HZO film. Ge control pMOSFETSs
with the same TaN/HfO, stack but without HZO were also
fabricated.

Fig. 4(b) shows the schematic of the fabricated ferroelec-
tric NC Ge pFET. Transmission electron microscope (TEM)
image in Fig. 4(c) depicts the TaN/HZO/TaN/HfO, stack
on Ge channel. High resolution TEM (HRTEM) image in
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FIGURE 5. (a) Measured Ipg — Vgg curves of a ferroelectric NC Ge
PMOSFET with a post annealing at 350 °C. (b) Point SS versus Ipg for the
device showing the sub-60 mV/decade steep point SSrey.

Fig. 4(d) shows the uniform SiO,/Si interfacial layer (IL)
on Ge channel. HRTEM image in Fig. 4(e) indicates the
poly crystallization of 6.6 nm HZO after the post annealing.
Fig. 4(f) shows the top view scanning electron microscope
image (SEM) of the NC device. It should be noted that
the “wake up effect” of the HZO ferroelectric film will
have the impact on the reliability and lifetime of the NC
transistors [19]-[21], which needs to be investigated in the
future work.

IV. RESULTS AND DISCUSSION

The electrical performance, including the source/drain cur-
rent Ipg, gate leakage current Ig, and capacitance charac-
teristics of NC Ge pFETs annealed at different temperatures
were investigated. For all the measurements, the sweeping
range of gate voltage Vgs was from 2.5 to —2.0 V, and the
reverse sweeping was carried out after the forward one. It
should be noted that the sweeping range of Vggs has influ-
ence on the hysteresis of the device, while its impact on SS
of the device can be negligible. Fig. 5(a) shows the mea-
sured transfer characteristics of a ferroelectric NC Ge pFET
underwent a post annealing at 350 °C at Vpg of —0.05 and
—0.1 V. Gate length Lg of the device is 5 pwm. As Vgg sweeps
reversely, the steep average SS of 50 mV/decade is demon-
strated in the NC transistor over two orders of magnitude
(i.e., 20 nA/pm ~ 2 wA/um) of Ipg, which is attributed to
the NC effect induced by the HZO film. Fig. 5(b) illustrates
the point SS versus Ips characteristics of the NC device,
demonstrating that sub-60 mV/decade forward and reverse
SS, denoted by SS¢or and SS;.y, respectively, are obtained.
The device exhibits a larger hysteresis of 2.30 V, which is
resulted from the characteristic feature of the ferroelectric
control of the charge. In this work, hysteresis is defined as
the difference between the Vgs at a Ipg of 1077 A/wm for
the forward and reverse Vgs sweeping. No degradation in SS
or change in hysteresis is observed when double sweeping
of Ips — Vs loops at different Vpg. It should be noted that
the charge trapping effect also leads to the hysteresis, but
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FIGURE 6. Measured Ipg — Vgs and Ig — Vgg curves of the typical
ferroelectric NC Ge pFETs with the post annealing at (a) 400 °C and
(b) 450 °C.

that produces the counterclockwise Ips — Vs loop, opposite
to the results induced by ferroelectric switching [22].

The post annealing temperature has a great impact
on the hysteresis of the ferroelectric NC Ge transistors.
Fig. 6(a) presents the Ips — Vgs and Ig — Vgs curves of
a typical ferroelectric NC Ge pFET with the post annealing
at 400 °C at Vps of —0.05 and —0.1 V, and the device
exhibits a hysteresis of 1.67 V. As the annealing tempera-
ture increases to 450 °C, the hysteresis of the ferroelectric
NC transistor can be reduced to be about 0.1 V, as shown
in Fig. 6(b). Ig of the NC devices is orders of magnitude
lower than the Ips. Comparing Fig. 5(a) and Fig. 6, it is
seen that, although, the hysteresis of NC Ge pFETs can be
reduced by increasing the annealing temperature, the SS of
the devices is degraded. This is consistent with the theoretical
study [6], [23]. Later, we will show that the NC transistor
with reduced hysteresis still has the improved SS over the
control device without HZO.

Fig. 7 illustrates the cumulative distributions of hysteresis
of the ferroelectric NC Ge pFETs with the post annealing
at different temperatures. The devices have the Lg ranging
from 2 to 6 wm. The median values of hysteresis for the NC
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FIGURE 7. Cumulative distribution of hysteresis of the ferroelectric NC Ge
PFETs with the post annealing at various temperatures. Some NC
transistors annealed at 450 °C have the reduced hysteresis below 0.2 V.

transistors annealed at 350, 400, and 450 °C are 2.60, 1.61,
and 0.22 'V, respectively. Some devices with the 450 °C post
annealing achieve the hysteresis less than 0.2 V.

The mechanism underlying the effects of variation of the
post annealing temperature on the hysteresis of ferroelectric
NC Ge pFETs is discussed. It was theoretically predicted
the elimination of hysteresis of NC FET could be expected,
as |Cpg| was larger than the MOSFET gate capacitance
Cmos [11, [6], [24]. Cmos is about 20 fF/mez, which was
extracted from the control device. As shown in Fig. 3, with
the applied voltage ranging from - 2 to 2 V, |Cgg| of HZO
with the post annealing at 350 °C is 14 fF/wm?. |Cgg| of
the sample is 21 fF/um? at an annealing temperature of
450 °C, higher than the Cymos, and magnitude of |Cpg| is
further improved with increasing the post annealing temper-
ature or the sweeping range of applied voltage. In spite of
this, the ferroelectric NC Ge pFETs exhibit obvious hys-
teresis, as top Vgs sweeps between 2.5 and -2 V for the
Ips-Vgs measurement. This is because that the voltage dis-
tribution between Crpg and Cyps makes the voltage drop
at HZO lower than the top Vgs, which might make the
|Cpe| smaller than Cyos. So it is reasonable to observe the
hysteresis for the NC Ge transistors. As the post annealing
temperature increase from the 350 to 450 °C, the increasing
of the ratio of P;E, leads to the increasing of |Cgg|, reducing
the hysteresis of the NC devices, which is well consistent
with the calculation results in [6].

Fig. 8 shows the measured Cg versus top Vg curves of
the NC device annealed at different temperatures and control
transistor without HZO. The hysteresis phenomenon is also
observed in the Cg-Vg curves of the NC Ge pFETs with the
post annealing at 350 °C and 400 °C, which is consistent
with the Ipg-Vgs characteristics. Inset depicts the simple
capacitance model of the NC transistor. The TaN/HfO, stack
below HZO in NC transistors is the same as the gate stack of
the control device. So Cpos of NC devices can be obtained
from the Cg-Vg curve of the control device. Here, the series
combination of Cox and Cg is referred to the Cyos. It is
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FIGURE 8. Measured Cg versus V¢ curves of the NC Ge pFETs annealed at
different temperatures and the control device. Inset shows the simple
capacitance model of the NC device. The series combination of Cgy and Cg
is referred to the Cyygs. A significantly improved Cg peak is obtained in
the NC Ge pFETs compared to the capacitance of the control device, which
is due to the NC effect induced by the HZO film.

noted that, Cg of the NC Ge pFET, which is equivalent
to (Cpe~'+Cpmos ™D ~! [24], demonstrates the significantly
improved peaks compared to the control device. This proves
that the negative Cgg is achieved with the sweeping of Vg
in the NC devices, in spite of the hysteresis. From the steep
SS in Ips-Vgs curves, it also can be known that NC effect is
achieved in NC transistors annealed at 350 °C and 400 °C.
Crg should be close to CMOS for the highest peak of Cg.
Nevertheless, if |Crg| reduces to across Cpos, hysteresis will
occur [25]. Compared to the 450 °C annealing, the 350 °C
and 400 °C produce the smaller magnitude of negative Cgg,
which lead to the increased hysteresis due to |Crg| < CMmoS-
It is observed that peaks of Cg of the NC transistors are
reduced as the post annealing temperature gets decreased.
Actually, under |Crg| < Cmos condition, the negative Cg
is unstable, and through the voltage allocation, |Cgg]| is still
larger than Cpos at Vgs of Cg peaks. Nevertheless, the
smaller |Cpg| reduces the voltage drop at Cpos as well as
the value of Cnmos, which results in the decreased Cg peak
value. It is clarified that the transient feature of NC effect
in devices needs to be characterized at a frequency up to
GHz, which was not performed in this work.

Comparable study of SS, transconductance, and output
characteristics of the ferroelectric NC Ge pFETs and the
control device is carried out. Fig. 9 illustrates the transfer
characteristics of a pair of ferroelectric NC Ge pFETs with
different values of hysteresis and the control device without
HZO. The devices with the Lg of 2 pwm underwent the
post annealing at 450 °C. The values of hysteresis of the
NC transistors are 0.10 and 1.18 V. It can be observed that
each NC transistor exhibits the significantly enhanced Ips
compared to the Ge control device, whether its hysteresis
is larger or small. Point SS as a function of Ips curves
in Fig. 10 show that the point SSiy of ferroelectric NC
Ge pFETs is much superior to that of control device. It is
also noted that the ferroelectric NC Ge pFET with 1.18 V
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a hysteresis of 0.10 V are steeper than SS of control device.

hysteresis obtains a steeper SSr.y in comparison with the
NC device with hysteresis of 0.10 V in the entire measuring
range of Ips. As the Vgs sweeps forwardly, the NC Ge
transistors achieve the smaller values of minimum SSs,; over
the control device without HZO.

Fig. 11 depicts transconductance Gy of the transistors
extracted from the curves in Fig. 9, showing that ferroelec-
tric NC Ge pFETs have the improved Gy over the control
device. Ferroelectric NC transistor with 0.10 V hysteresis
obtains the 101% and 140% enhancement in the peak Gy in
comparison with the control device, as Vs sweeps forwardly
and reversely, respectively, at a Vps of —0.05V, which is
indicative of the remarkably improved channel conductivity
in NC transistor over the control device. Fig. 12 shows the
statistical plot of the Gy, peak of NC Ge pFETs and the
control devices without HZO. All the transistors in this plot
have the Lg of 2 wm. NC device have the obvious variation
of the performance indicating the non-uniformity of the NC
effect. NC devices exhibit 94% and 105% improvement in
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significantly improved compared to the control devices without HZO.

median Gy, peak with forward and reverse sweeping of Vgs,
respectively, as compared to the control MOSFETs.

Output characteristics of the ferroelectric NC Ge pFETs
and the control device in Fig. 13 show that 60% and 66%
Ips enhancement are achieved in the NC transistors with
0.10 and 1.18 V hysteresis, respectively, compared to the
control device at a supply voltage of —1.0 V. Here, Vg is
defined as the Vgs at Ips of 10~7 A/um for the forward
sweeping of Vgs in the Ips-Vgs curves in Fig. 9. From
Fig. 13 and the inset, it is observed that the negative dif-
ferential resistance (NDR) is demonstrated in the Ips-Vpg
curves of the ferroelectric NC devices, which has been theo-
retically predicted in [26] and [27]. The NDR phenomenon
is attributed to the fact that, although Vgg is held a con-
stant, the effective voltage at the internal gate is affected by
the Vpg. At a fixed Vgs, where the NC device operates in
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control device at a supply voltage of —1.0 V. The NC devices exhibit the
obvious NDR effect.

the NC region, with Vpg increasing from zero, the inter-
nal gate charge decreases due to drain-to-channel coupling,
improving the voltage drop at HZO, which further reduces
the internal gate voltage. This positive feedback leads to the
suppression of inversion charge density in channel induced
by Vps. Initially, in the linear region with small Vpg, the
increased horizontal electric field by Vps dominates the Ips.
While, at a higher Vpg, the decreased inversion charge den-
sity with Vpg due to ferroelectric HZO starts to produce
a reduced Ips, causing the NDR effect [26]. Devices shown
in Fig. 13 have the similar NDR, except for the curves at the
|[Vgs-VTu| of 0.6 V. At Vgs-Vtg = —0.6 V, NC Ge pFET
with 1.18 V hysteresis has the reduced NDR phenomenon
compared to the device with the hysteresis of 0.10 V, which
might be due to the unstable NC effect.

V. CONCLUSION

The effects of variation in Py and E. of HZO on the hysteresis
of ferroelectric NC Ge pFETs are experimentally studied.
The hysteresis of NC transistors is effectively reduced by
increasing the magnitude of Cpg by modulating P, and E.
of HZO. It is also demonstrated that the ferroelectric NC
Ge pFETs obtain the improved Ips and SS over the control
device without HZO. After the post annealing at 450 °C,
the ferroelectric NC Ge transistor has a small hysteresis of
0.10 V and demonstrates a 60% Ips enhancement compared
to control device at a supply voltage of 1.0 V.
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