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Highly Scaled, High Endurance, Q-Gate,
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Abstract—In this work, we demonstrate highly scaled,
non-volatile memory transistors with ferroelectric Zr-doped
HfO,(HZO) as gate insulator. 2-gate transistors with gate
length ~30 nm and width ~85 nm were fabricated on ~20 nm
thick SOI. We demonstrate robust memory operation with
<100 ns program and erase speed at +5 V, projected mem-
ory retentiontime up to 10 years at 85 °C, and ~0.5 V memory
window after 108 endurance cycles. The impact of Vp on
erase speed provides insights into the importance of holes
on memory operation.

Index Terms— Ferroelectrics, hafnium zirconium oxide,
ferroelectric memory, FeFET.

|. INTRODUCTION
HERE is a rekindled interest in ferroelectric field effect

transistors (FeFETSs) [1] due to the discovery of ferroelec-
tricity in doped HfO, [2]-[5] — which makes it CMOS com-
patible [6]-[10]. FeFET on 22 nm FDSOI process has been
demonstrated [11]. In addition, FeEFET in 3D NAND structure
has also been reported [12], demonstrating applicability in 3D
topology. Doped HfO; shows robust ferroelectricity in films
with <10 nm thickness [13]-[16]. This allows operation of
these devices at potentially smaller voltages compared to
conventional floating body type memory devices. In addition,
larger than 10 years retention time can also be achieved in
devices based on these thin films, as shown by a number of
reports [15]-[22].
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For use in advanced technology, scaling of FeFET devices
need to be studied properly. In this context, despite an early
demonstration [23], many questions remain in terms of the
scalability of FeFETs to ultra-small dimension. Especially,
it is interesting to know how the memory window, endurance,
retention time etc. will behave as the lateral dimension of
the gated area scaled to a footprint of just a few individual
domains.

In this work, we aim to address these questions by fabricat-
ing Zr doped HfO, FeFETs of dimensions 30 nm x 85 nm.
Our devices show less than 100 ns switching speed, a projected
retention time exceeding 10 years at elevated temperature,
a memory window of >0.5 V and large endurance of 108,
Pulsed measurements show clear activation induced switching
for both polarities of the voltage, indicating the double-well
nature of the ferroelectric even in these scaled dimensions.
We also elucidate the influence of holes in device operation,
which is often ignored in FeFET device analysis.

Il. DEVICE STRUCTURE DC CHARACTERISTIC

Figs. 1(a)-(d) show the schematic cross-section and TEM
images of the fabricated FeFET. The gate length (Lg) and
width (W) of the smallest FeFET were approximately 30 nm
and 85 nm, respectively, and the device has Q-gate structure
(see Figs. 1(b) and (c)). The devices were fabricated on
6-inch FDSOI with 20 nm-thick Si (p-type, <10'%cm™3).
After patterning Si, chemical oxide interfacial layer (IL) was
formed by RCA-1, and Zr doped HfO, (4:1) layers (FE) were
deposited using atomic layer deposition under 250 °C. Typical
devices have a 2 nm dielectric layer (DE), 6.5 nm Zr doped
HfO, ferroelectric layer (FE), and sputtered W as gate (see
Fig. 1(d)). After gate patterning, n*-doped source (S) and
drain (D) were formed by self-aligned ion implantation (As,
5 x 10 ¢cm™2, 5 keV). Post metallization annealing (No,
475 °C, 30 s) was performed to obtain FE phase and activate
the dopant. Inter-Layer Dielectric (ILD, PECVD SiO;) depo-
sition, via formation, contact metal (Ti/TiN) deposition and
patterning were performed subsequently. Si active layer and
gate are patterned by exploiting deep UV stepper and e-beam
lithography. Fig. 1(e) shows the DC transfer curves measured
from four scaled FeFETs. The memory window is > 0.7 V in
the beginning, and the anticlockwise hysteresis due to polar-
ization switching can clearly be observed. We define going
from small drain current (/p) to large Ip as write 1 (W1), and
the opposite as write 0 (WO0).
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Fig. 1. (a) Schematic and (b), (c) TEM cross-sectional images of a
fabricated FeFET. (d) The magnified image of the red square area in
(c). (e) Transfer curves measured on four FeFETs (Lg = 30 nm, Vp =
0.1V). Vg was swept in the range of —4 to 4 V and the sweep directions
are indicated by arrow head on the plot.

I1l. RESULTS AND DISCUSSION

We start with measurement of the switching speed of the
fabricated devices. To do this, Ip at Vg = 0 V and Vp =
0.1 V was measured after applying W1 or WO pulses (Vg,wi,
VG, wo) with different pulse amplitudes and pulse widths (#).
|VG,wil and |V, wol| was changed from 3.75 to 5V, and 1, was
changed from 100 ns to 1 ms (Fig. 2(a)). Figs. 2(b) and (c)
show Ip after W1 and WO as a function of #, at various Vg w1
and Vi, wo, respectively. W1 to 100 nA can be accomplished
in <100nsat Vg=4.5Vand <1 us at Vg =4 V. WO to
10 pA is slower and requires 700 ns at Vg = —5 V and 70 us
at Vg = —4 V. The slower 1—0 transition can be explained
by the fact that, for 20 nm thick SOI, there is hardly any holes
in the body to form an accumulation layer, therefore, the body
potential is closely coupled to the applied V. In other words,
the applied Vi is partially consumed by the SOI body and
less is available as the voltage across the HZO. One way
to remedy this situation is to exploit the GIDL current to
inject holes in the floating body [24]. Indeed, as shown in
Fig. 2(d), WO becomes systematically faster with increased
Vp for WO (Vp,wo) and is accelerated by 20x or reduce
the required Vg ,wo by 0.5 V when 1 V Vp wo is applied.
This illustrates the importance of holes in the FDSOI based
devices. While increased Vp,wo is a way to bring in holes,
the speed of operation is restricted by the GIDL hole current
that can be generated at the drain side. Bulk devices may
enjoy an advantage in this respect. Figs. 3(a) and (b) show log
tp versus Vg wo and Vi w1 diagrams for switching between
100 nA and 10 pA. Each specific symbol corresponds to a
single device. Data for multiple devices are shown and found
to follow a very similar trend line. The nearly straight-line
behavior is a signature of an activation barrier. The fact that
it is found for both switching voltage polarities indicates that
the system has a double well energy barrier — reminiscent
of a ferroelectric free energy. This data thus indicates that
the classical ferroelectric behavior is preserved down to very
small lateral dimension. We note here, although not done in
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Fig. 2. (a) Pulse scheme for measuring tp—/p plots. tp—Ip plots of a
FeFET (Lg =30nm)atvarious (b) Vg w1 (3.75~5V), (c) Vg wo (—3.75
~ —5V) and (d) VD,WO (0~ 1V).In (b) and (a), VD,W1 = VD,WO =
0V, and Vg wo and Vg wy were fixed at —5 and 5 V, respectively.
In (c), Vgwi1 and Vg wo were fixed at 4 and —4 V, respectively.
Ip was measured at Vg =0V and Vp =0.1 V.
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Fig. 3. (a) Vg wo—tpwo and (b) Vg wi—tpw1 plots measured from

several FeFETSs. tp wo and t, ywq were deflned as the tp value where the
Ip becomes smaIIer and larger than 10 pA and 100 nA, respectively
(Iow1/lpwo = 10%). Data was measured with the same operation
scheme for Fig. 2(a) and (b). The Lg of the devices is between 29 and
40nm.

this report, a similar measurement as a function of temperature
should be able to pin-point the energy barrier, much the same
way it is done for ferromagnets [25]. From Figs. 3(a) and (b),
we find that both W1 and WO operations of 100 ns are possible
with at an applied Vg pulse of 5 V with the help of 1 V
Vb during WO. Data retention properties were measured up
to 10* s at 85 °C (Fig. 4(a)). After applying single W1 or
WO pulse, Ip was measured repeatedly over time. One of
the devices was measured for 10° s retention time, there
is no sign of degradation on memory window. Vr tends to
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Fig. 4. (a) Data retention measured from three FeFETs at 85 °C (Lg =

29-40 nm). Data retention of a FEFET was measured up to 10%s s (red
symbol). (b) V1 after W1 and WO vs. the number of P-E cycles. V1
was extracted from /Ip = 10 pA. Lg = 30 nm. (c) Pulse scheme for
endurance test. For each cycles, +5 V/100 ns pulses were applied with 1
us intervals.

increase after W1 and WO, which seems to be related to
e~ trapping in deep traps due to the elevated temperature.
Fig. 4(b) shows measured V1 through 10% cycles of endurance
cycling. As shown in Fig. 4(c), for each cycle, a bi-directional
Vi pulse of £5 V of 100 ns duration was applied. Fig. 4(c)
also shows the ramp used to read out the memory Vr. From
Fig. 4(b), we find that positive V1t (WO0) is hardly affected
while the negative V1 (W1) shows significant degradation with
cycling. This suggests generation of acceptor-like traps with
cycling perhaps in the interfacial layer. These traps negatively
charged after each W1 (4Vg) pulse as the channel electrons
tunnel into the traps. As a result, there is a positive shift of
the Vp(W1). On the other hand, when a WO (—Vg) pulse
is applied, the traps are emptied and hence there is not any
substantial shift for the Vr(WO0).

IV. CONCLUSION

To summarize, highly scaled (30 nm x 85 nm) FeFET
memory devices were demonstrated with fast speed, high
endurance and long retention. This shows promise for very
high-density embedded memory. Notably, we found that,
by applying a 1 V Vp, GIDL generated holes allow rapid
formation of an accumulation layer in the SOI FeFET channel
and accelerate the Write 0 operation by 20x. Without the
applied Vp, about 0.5 V more Vg is needed to generate
the same GIDL current and achieve the same WO speed.
Lack of holes also limits the amount of polarization that can
be switched, in turn, limiting the memory window. Use of
bulk substrates could mitigate both these effects. Additionally,
increased memory window could allow much thinner FE,
decreasing trapping and thus further increasing endurance.
Also note that Vr < 0O for the erased state is not desirable
as this could lead to bit-line shorting. Gate workfunction
engineering will be needed to push the Vs up and mitigate this
problem.
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