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A Ge-Channel Ferroelectric Field Effect Transistor
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Absiract— A major roadblock for the integration of
ferroelectric-field-effect transistors (FEFETs) at advanced
technology nodes for embedded memory applications
is their high, logic-incompatible write voltages. Herein,
we explore Ge as a channel material to reduce write voltage
of FEFET and report the first demonstration of p-type Ge-
FEFETs with record low write voltages of £1.4 V with a
memory window (MW) of 0.6 V at DC and write voltages of
+1.4V,+1.8Vand £2.4V for MW of 0.2V, 05V and 0.8V
for a write time of 10 us, respectively. The write voltages
observed in Ge-pFEFETs are ~50% lower than that of a
Si-pFEFETs when compared against iso-memory window
condition [+2.5 V with a MW of 0.6 V at DC, £3.5 V for MW of
0.5 V for a write time of 10 us]. Such dramatic reduction of
write voltages in Ge-pFEFETs is achieved due to the fact that
the native oxide of Ge (GeOy), formed at the Ge interface,
has a larger dielectric constant and lower thickness than
those for SiO; on the Si platform. In addition, the lower
bandgap and higher dielectric constant of Ge may lead to
a lower surface potential for a given semiconductor charge,
leading to further reduction in the write voltage. Further,
our Ge-pFEFETs show write endurance of 107 cycles (the
best-in-class for Ge-pFEFETSs, as reported in the literature),
excellent data retention, and immediate read-after-write
capability. Our resulis indicate the atiractiveness of Ge
platform for FEFETs for embedded memory applications.

Index Terms— Ge-channel, FEOL, FEFETs, write voltage,
memory window, endurance, retention, read-after-write.
|. INTRODUCTION
ERROELECTRIC field effect transistors (FEFETs) are
one of the most promising candidates among emerging
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Fig. 1. (a) Device schematic and the fabrication process flow
(b,c) Experimental setup used to obtain the capacitance vs. voltage (C-V)
and polarization vs. voltage (P-V) characteristics (d) C-V [100 kHz] and
(e) P-V charactenistics of the Ge-pFEFETs and Si-pFEFETSs.

memory technologies for data centric computing due to
their best-in-class energy profile, high speed, low area
footprint, high scalability as that of state-of-the-art logic
transistors, multi-bit storage and neuromorphic capabilities
[11, [2]. [3], [4]. However, a critical roadblock for the
integration of Si-based FEFETSs at advanced technology nodes
is their write voltages (>2.5 V) being significantly larger
than logic compatible ones (<1.5 V), primarily due to the
voltage drops across the interfacial oxide layer (IL) and the
semiconductor (~ 60%), rather than across the ferroelectric
(FE) layer. This increases the overhead requirements at the
peripheral circuits and reduces FEFET density and array
efficiency for memory applications.

In past decade, numerous efforts have been made to
reduce the write voltage of FEFETs by means of FE and
IL engineering [5]. [6]. [7]. [8], [9], [10], [11], [12], [13].
Interestingly, despite semiconductor substrates playing an
important role in defining the IL. and surface potential,
semiconductor engineering has received less attention in the
context of low voltage FEFETs. Ge, in this regard, presents
unique opportunities. The low bandgap and higher dielectric
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Fig. 2. (a) DCand (b) pulsed Ip-Vg scheme (c) DC Ip-Vg characteristics of the Ge-pFEFETs [@ +1.4 V] and SipFEFETs[@ +14 Vand @ +2.5V]
(d) Pulsed Ip-Vg characteristics of the Ge-pFEFETs and Si-pFEFETs measured for different write voltages [write duration 10 ns] (e) Pulse scheme
used to measure MW as a function of write voltage (f) MW as a function of write voltage [write duration 10 ws].

constant of Ge leads to a lower surface potential for a given
semiconductor charge. In addition, the native oxide of Ge
(GeOy) has a larger dielectric constant, and its thickness is
more controllable (compared to SiO; in the Si-platform). Both
effects can lead to ultra-low write voltages in Ge-channel
FEFETs.

In this letter, we demonstrate a front-end-of-the-line (FEOL)
FEFET with record low write voltage of <1.5 V with a
significant MW >0.5 V by exploring Ge as the channel
material. The write voltages observed in Ge-pFEFETs are
~ 50% lower than that of a Si-pFEFETS for iso-MW condition.
Further, the Ge-pFEFETs demonstrates write endurance of
107 cycles, excellent data retention and immediate read-
after-write capability. The results discussed herein highlight
the attractiveness of Ge platform for FEFETs for embedded
memory applications.

Il. EXPERIMENTAL DETAILS

The device schematic and the fabrication process flow of the
6 nm HZO Ge-pFEFET and Si-pFEFET investigated in this
study are shown in Fig.1 (a). The source (S) and drain (D) are
formed using ion-implantation (BF», 15 keV (Si1)/40 keV (Ge),
4 x 105 cm?) followed by dopant activation. Ge wafers are
cleaned by repetitive HF:DI cycles whereas the Si wafers
are cleaned using 7:1 HF and SCI1. The HZO film was
crystallized by rapid thermal annealing at 500 °C for 30 sec.
The detail fabrication procedure of the FEFETSs can be found
in our previous report [14]. All the FEFET characterizations

were done using Keysight B1500A semiconductor device
analyzer.

[1l. RESULTS AND DISCUSSION

The capacitance vs. voltage (C-V) and polarization vs.
voltage (P-V) characteristics of the FEFETs are measured
using the experimental set-up shown in Fig. 1(b) and 1(c),
respectively. Fig. 1(d) shows the as measured C-V character-
istics of the Ge-pFEFETs and Si-pFEFETs. The capacitance
of the gate stack in Ge-pFEFET was found to be significantly
higher than that of Si-pFEFET. Likewise, a much reduced
coercive voltage for the 6 nm HZO gate stack was observed
in a Ge platform as compared to that of Si platform (from
~3.0 V to ~1.0 V) as can be seen from the P-V characteristics
shown in Fig. 1(e). This might be due to two reasons: (1) Ge,
has a lower surface potential due to its lower band gap and
high dielectric constant and (2) the native oxide of Ge (GeOy)
has a larger dielectric constant (compared to SiO; in the
Si-platform), and its thickness is more controllable. Both
effects can lead to ultra-low write voltages in Ge-channel
FEFET. A thinner (GeO,) with high dielectric constant results
in a higher IL capacitance reducing the voltage drop across
the IL. Similarly, the lower surface potential of Ge reduces the
voltage drop across the semiconductor. Consequently, a higher
fraction of the gate voltage drops across the FE layer and it
switches at a much lower write voltage.

We measured the DC and pulsed drain current vs. gate
voltage (Ip-V) characteristics of FEFETs fabricated in Ge
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and Si platform by using the DC and pulsed ID-VG scheme
shown in Fig. 2(a) and 2(b), respectively. Fig. 2(c) shows the
DC Ip-V characteristics of the Ge- pFEFETs for a voltage
sweep of £1.4 V and that of Si-pFEFETs for a voltage
sweep of +1.4 V and +£2.5 V, respectively. The Ge-pFEFET
demonstrates a D.C. memory window (MW) of ~0.6 V for a
D.C. sweep range as low as 1.4 V. On the contrary, while
no MW can be observed in Si-pFEFETs at +£1.4 V, a MW
of ~0.6 V was observed for a D.C. sweep range of £2.5 V.
Overall, the write voltage in Ge-pFEFETs in case of DC
Ip-Vg, was ~1.75 times lower than that of
Si-pFEFETs.

Pulsed Ip-V¢ characteristics of the Ge-pFEFETs and
Si-pFEFETs for different write voltages for a write duration
of 10 us are shown in Fig. 2(d). MW was extracted from
the pulsed Ip-V curve at drain current of 20 nA/um. The
Ge-pFEFETs demonstrated a MW of ~0.2 V, ~0.5 V and
~0.8 V for a write voltage of +1.4 V, £1.8 V and £2.6 V,
respectively. However, no MW was seen in the Si-pFEFETSs
for a write voltage of £2.5 V, and a MW of ~0.5 V and
~0.8 V was observed for a write voltage of £3.5 V, 4.5V,
respectively. The MW of both the FEFETs was also measured
at different write voltage using the pulse scheme shown in
Fig. 2(e). The MW of the Ge-pFEFETs and Si-pFEFETS as a
function of write voltage for a write duration 10 us is shown in
Fig. 2(f). The significant reduction (~ 50%) in write voltage
for a given MW in Ge-pFEFETs as compared to that of a
Si-pFEFETs highlights the importance of Ge as a channel
material for low voltage FEFETs.

The delay required to read after write operation is another
critical metrics for evaluating the performance of an FEFET.
Fundamentally, this read delay is due to the trapping of
electron or hole at the FE-IL interface. Due to trapping,
the interfacial states present at the FE-IL interface becomes
charged and screen the ferroelectric polarization which is
supposed to be screened by the channel charge. Therefore,
the interfacial charges states need to be neutralized to ensure
that the correct polarization state is read [15], [16], [17].
MW as a function of read delay are measured for Ge-pFEFET,
Si-pFEFET and Si-nFEFET by applying delay (tp,;,y) after
program and erase pulse as shown in Fig. 3(a). Fig. 3(b)
shows read-after-write characteristics of the aforesaid FEFETs
at iso-MW condition. While MW in Si-nFEFET increases
with tp.iay, no significant changes in MW was observed with
tpelay in Ge-pFEFET and Si-pFEFETSs, indicating the presence
of less significant interfacial traps, which is characteristic of
p-type FEFETs [18].

To evaluate the reliablity, write endurance of the
Ge-pFEFETs are measured by applying fatigue pulses as
shown in Fig. 3(c). The endurance of the Ge-pFEFETs for
different write times, with write voltages adjusted for iso-
MW conditions, is shown in Fig. 3(d). The Ge-pFEFETs were
found to demonstrate an endurance of 10° cycle,]Oﬁ cycle
and 107 cycle, respectively, when fatigue pulse of duration
10 pus (£1.8 V), 1 us (£25 V) and 100 ns (£3.7 V)
were applied. Application of fatigue pulses faster than the
trap capture/generation time is reported to reduce the amount
of traps in the gate oxide of the FEFETs [19]. The higher
endurance observed in the Ge-FEFETs for smaller fatigue
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Fig. 3. (ab) Measurement scheme and MW of the Ge-pFEFETSs,
SIpFEFETs and S-nFEFETs as a function of read-after-write delay
[£1.8 V, £3.5V, £3.5V] (c,d) Measurement scheme and endurance
characieristics of the Ge-pFEFETs at different write time under iso-MW
condition [+18 V @ 10 us, £25V @ 1us, £3.7 V @100 ns] (e,f)
Measurement scheme and retention property of the Ge-pFEFETs at
room temperature.

pulses is therefore assumed to be due to less charge trapping
and defect generation in the gate oxide.

The retention property of the Ge-pFEFETs were also
measured [Fig. 3(e)] at room temperature for a write voltage
and write time of +1.8V and 10 us respectively and is
shown in Fig. 3(f). No deduction in MW was observed
in the Ge-pFEFETs till 10* s suggesting excellent data
retention.

IV. CONCLUSION

In conclusion, we report Ge-channel p-type FEFETs with
record low write voltages: =14 V with MW of 0.6 V at
DC and +£14 V, £1.8 V and £2.4 V for MW of 0.2 V,
0.5 V and 0.8 V for a write time of 10 us, respectively. The
write voltages observed in Ge-pFEFETs are ~50% lower than
that of a Si-pFEFETs when compared against iso-memory
window condition. Further, the Ge-pFEFETs demonstrate
write endurance upto 107 cycles, excellent data retention and
no read-after-write delay. Our results indicate the attractiveness
of the Ge platform for FEFETs in the context of low
voltage/logic-compatible operation.
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