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Abstract—In this work, we report on an ultrafast direct 
measurement on the transient ferroelectric polarization switching 
in hafnium zirconium oxide with a crossbar metal-insulator-metal 
(MIM) structure. A record low sub-nanosecond characteristic 
switching time of 925 ps was achieved, supported by the 
nucleation limited switching model. The impact of electric field, 
film thickness and device area on the polarization switching speed 
is systematically studied. 

I. INTRODUCTION 

Due to the fast speed [1-7], high retention/endurance [8, 9] and 
CMOS compatible process, ferroelectric (FE) hafnium oxide 
(HfO2), such as hafnium zirconium oxide (HZO) [10], has been 
the promising material for various ferroelectric device 
applications such as ferroelectric memory (FeRAM), ferroelectric 
field-effect transistors (Fe-FETs) [1,2,4] and negative-capacitance 
FETs (NC-FETs) [11-13]. In all these devices, ferroelectric 
polarization switching speed is a critical factor, which directly 
determines the working speed of the device. The reported 
ferroelectric polarization switching times in literatures broadly 
scatter from few ns to μs [1-7]. Recently, it was studied that the 
RC time constant in the measurement system can be one of the 
key problems to under-estimate the intrinsic fast switch speed of 
ferroelectric hafnium oxide, leading to a broad distribution of 
polarization switching time [7]. By excluding the impact of RC, 
10 ns full polarization switching or few ns characteristics 
switching time (t0) were achieved [7]. The fast, scalable in 
dimension and non-volatile properties enable HfO2 based Fe-FET 
to be a strong energy-efficient candidate for non-volatile memory 
applications and even for the faster volatile memories [14]. 
However, to replace volatile memories like dynamic RAM 
(DRAM) or even static RAM (SRAM), sub-ns or GHz 
operational speed is required and has not been demonstrated in FE 
HfO2 system directly. 

In this work, the transient ferroelectric polarization switching 
dynamics in HZO is directly measured by an ultrafast pulse 
measurement setup. A record low characteristic switching time 
down to 925 ps is achieved for the first time in sub-ns range, 
extracted by a nucleation limited switching (NLS) model [15]. A 
W/HZO/W crossbar capacitor structure and fabrication process 
are developed to scale down the device area to few μm2. RC time 
constants are carefully measured by both capacitance and 
resistance measurements directly. It is demonstrated that the 
capacitor area has a significant impact on polarization switching 
time not because of the RC time constant but due to the intrinsic 
area dependence. The intrinsic area dependence is ascribed to the 
multi-grain polycrystalline nature of the FE HZO thin film. The 

electric field dependence and film thickness dependence are also 
systematically studied. 

II. EXPERIMENTS 

A photo image of the fabricated W/HZO/W crossbar MIM 
structure is shown in Fig. 1. W is used for both top and bottom 
electrodes. Ti/Au pad is used on top of bottom W electrode to 
prevent HZO thin film formation during the atomic layer 
deposition (ALD) process and also reduce the probe contact 
resistance. An insulating sapphire substrate is employed to reduce 
the parasitic effects and signal reflection. The device fabrication 
process is described in Fig. 2(a). The starting point is an insulating 
sapphire substrate. W sputtering followed by CF4/Ar dry etch was 
used to pattern the bottom W electrodes. Ti/Au contact pads were 
then defined by photo lithography, e-beam evaporation and a lift-
off process. HZO (Hf:Zr=1:1) was deposited by ALD at 200 °C 
using TDMAHf ([(CH3)2N]4Hf), TDMAZr ([(CH3)2N]4Zr) and 
H2O as Hf, Zr and O precursors. The top W electrodes were 
defined by sputtering and a lift-off process. A 500 °C rapid 
thermal annealing was then performed in N2 for 60 s. Fig. 2(b) and 
2(c) shows the cross-sectional schematic of fabricated capacitor 
and the TEM image on FE HZO. Fig. 3 shows the polarization 
versus electric field (P-E) hysteresis loop of a crossbar MIM 
capacitor with 8 nm HZO, showing well-behaved ferroelectric 
properties. Fig. 4 shows the capacitance-voltage (C-V) 
characteristics of a crossbar MIM capacitor with 15 nm HZO, 
with a typical butterfly-shape ferroelectric hysteresis. Fig. 5 is a 
circuit diagram of the ultrafast pulse measurement setup. A high 
speed pulse generator along with high speed and high power 
amplifier (leading to maximum of ~9 V and 300 ps rise time in 
this work) and a 80 GS/s oscilloscope were used to generate the 
voltage pulses and monitor the transient switching current. 
Impedance matched probes and pick-off tee were used to 
minimize the signal reflections. A positive-up-negative-down 
(PUND) pulse sequence was applied to directly measure the 
polarization switching current [7, 16], as shown in Fig. 6, 
highlighting the preset pulse, switching pulse and non-switching 
pulse, as also pointed out in Fig. 3. Fig. 7 shows the resistances 
and the corresponding RC time constant versus different areas, 
among which the smallest RC constant is below 200 ps. The RC 
time constants are calculated using experimentally measured 
resistances and capacitances.  

III. RESULTS AND DISCUSSION 

The voltage pulses with 300 ps rise-time and the 
corresponding transient current responses are shown in Fig. 8 for 
both switching (pulse 1) and non-switching (pulse 2) pulses in the 
PUND measurement. The current response to switching pulse 
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(Ipulse1) is wider compared to the current response to non-switching 
pulse (Ipulse2) due to the extra polarization switching current. Fig. 
9 plots the transient current Ipulse1, Ipulse2 and IFE in the same time 
scale. The net polarization switching current IFE is calculated by 
IFE=Ipulse1-Ipulse2. The transient polarization charge density is 
calculated by the integration of IFE (P = ∫ IFE dt), as shown in Fig. 
10. A nucleation limited switching model was applied for the 
multi-grain polycrystalline HZO to extract the characteristic 
switching time constant. In NLS model for a single grain element, 
the polarization switching dynamics follow the equation as ܲ =
ௌܲ(1 − exp	(− ቀ ௧௧బቁఉ)), where β is an exponential parameter and 

t0 is a voltage-dependent characteristic switching time [5,15]. β=2 
is used in this work due to 2-dimentional nature of thin film. Sub-
ns polarization switching was achieved in 15 nm HZO at 9 V and 
with a device area of 8.4 μm2, where the extracted characteristic 
switching time is 925 ps, as shown in Fig. 10. 

The transient FE switching currents for 15 nm HZO capacitors 
with different areas (Voltage=9 V, E=0.6 V/nm) are plotted in Fig. 
11 and the corresponding transient polarization charge densities 
are shown in Fig. 12. There is a clear area-dependent switching 
speed as indicated in Fig. 13. The RC time constants for these 
devices (as shown in Fig. 7) are about 5 times smaller than the 
characteristic switching times, suggesting the measured switching 
speed is not limited by the RC effect. Therefore, the ferroelectric 
polarization switching has an intrinsic area dependence. It is 
understood that the polarization switching process in 
polycrystalline FE thin film is a sequential switching process of 
each elemental grain, according to the nucleation limited 
switching model, as shown in Fig. 14. At scaled device size, the 
grain number is significantly reduced so that the polarization 
switching speed is improved. 

Measurements of IFE on 10 nm HZO capacitors under different 
electric fields are shown in Fig. 15, showing a clear electric field 
dependence. The corresponding transient polarization charge 
densities are shown in Fig. 16. Fig. 17 shows the extracted 
characteristic switching time versus electric field for 10 nm HZO, 
showing faster polarization switching under higher electric field. 
Fig. 18 and Fig. 19 show the thickness-dependent transient 
polarization switching current and transient polarization charge 
density. The HZO capacitors of each thickness are measured at 
maximum voltage allowed. The corresponding extracted 
characteristic time constants versus HZO thickness is shown in 
Fig. 20, from which the trend of thickness dependence is clear that 
thicker films are faster. Fig. 21 is a summary of the thickness-
dependent remnant polarization (Pr).  

The ferroelectric polarization switching time of the FE HZO 
crossbar capacitor is benchmarked with the reported fastest 
polarization switching times on FE HfO2 in literatures, as shown 
in Table. I. The experimental devices have different structures 
including capacitor structure (MIM) and FeFET structure, 
different FE HfO2, different electrode materials including W, WN, 
TiN and Ni, different thicknesses from 8 nm to 15 nm and 
different applied voltage so that under different electric fields. Fig. 
22 shows the switching time versus electric field from the 
benchmark Table I. In this work, a sub-ns (925 ps) record low full 
polarization switching time is achieved for the first time.  

IV. CONCLUSION 

In summary, we report on a record low sub-ns characteristic 
switching time of 925 ps on FE HZO, by a direct ultrafast 
measurement of transient polarization switching current. The 
impact of electric field, film thickness and device area on 
polarization switching speed is systematically studied. The 
ferroelectric switching speed is significantly improved compared 
to previous reports and more importantly is approaching GHz 
regime, suggesting FE HZO to be a promising and competitive 
high-speed non-volatile memory technology and has the potential 
even to replace the DRAM and SRAM for high-density, high-
speed, and both on-chip and off-chip memories. 
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Fig. 10. Normalized transient switched 
polarization charge density from both 
experiment and fitting by NLS model. 
Characteristic switching time is achieved to be 
925 ps. 
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Fig. 7. Resistances and RC time constants of 15 
nm HZO MIM devices. RC time constant below 
200 ps is achieved and does not affect the speed 
measurements. 
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Fig. 2. (a) Device fabrication process flow. 
(b) Cross-sectional schematic diagram and 
(c) TEM image of FE HZO.  

 
Fig. 3. P-E characteristics of a representative 
capacitor with 8 nm HZO.  
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Fig. 4. C-V characteristics of a representative 
capacitor with 15 nm HZO.  
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Fig. 5. Circuit diagram of the ultrafast pulse 
measurement setup with a pulse rise time of ~300 ps. 
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Fig. 6. PUND pulse sequence for 
transient ferroelectric polarization 
switching measurement.  
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Fig. 8. 10 ns ultrafast pulse input with a 300 ps 
rise time and the transient current response of 
the switching (pulse 1) and non-switching 
(pulse 2) pulses.  
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Fig. 9. Transient current Ipulse1, Ipulse2 and IFE of  
a 10 nm HZO capacitor.  
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Fig. 11. Transient polarization switching current 
of 15 nm HZO capacitors with different areas.  
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Fig. 12. The corresponding transient 
polarization charge density by the integration 
of IFE over time in Fig. 11.  
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Fig. 1. Photo image of a W/HZO/W crossbar 
capacitor. An insulator sapphire substrate is used to 
minimize parasitic capacitance and signal reflection.  
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Fig. 13. Area-dependent characteristic 
switching time in 15 nm HZO.  
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Fig. 14. Illustration of the impact of 
polycrystalline multi-grains on the FE 
polarization switching process. 
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Fig. 15. Transient polarization switching current 
of 10 nm HZO capacitors under different electric 
fields.  
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Fig. 16. The corresponding transient 
polarization charge density from Fig. 15. 
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Fig. 17. Electric field dependence of characteristic 
switching time in 10 nm HZO.  
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Fig. 18. Transient polarization switching 
current of HZO capacitors with different 
thicknesses.  
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Fig. 19. The corresponding transient polarization 
charge density from Fig. 18. 
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Fig. 21. Thickness-dependent remnant 
polarization of the HZO capacitor in this work. 

4 6 8 10 12 14 16

10

15

20
 

 

P
r (

μC
/c

m
2
)

Thickness (nm) 
Fig. 20. Fastest characteristic switching time 
measured in different thicknesses.  

4 6 8 10 12 14 16

1

2

3
Max voltage allowed applied

Area ~7 μm2
 

 

S
w

it
ch

in
g

 T
im

e 
(n

s)

Thickness (nm)

 
Fig. 22. Benchmark of switching time of FE HfO2 

films versus electric field from reported fastest FE 
switching speed for both MIM and FeFET 
structures in literatures. 
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Table I. Benchmark of FE HfO2 switching time on MIM and FeFET structures. Sub-ns 
ferroelectric polarization switching is demonstrated on FE HfO2 for the first time. 

This work
Purdue

Ref. 7
Purdue

Ref. 1
Purdue

Ref. 2 Ref. 3 Ref. 4 Ref. 5

Switching
Time (ns)

0.925 5.4 3.6 10 100 10 236

FE Oxide
Material

HZO HZO HZO Si:HfO2 Si:HfO2 Fe-HK HZO

Thickness
(nm)

15 15 10 9 8 / 8

Structure MIM MIM
Ge

FeFET
Si 

FeFET
MIM

Si
FeFET

MIM

Electrode
Material

W WN Ni TiN TiN / W

Voltage (V) 9 6.7 10 6.5 3 4.2 2.5
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