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ABSTRACT  

 

Ferroelectric Field-Effect Transistors (FeFETs) with TiN/Hf0.5Zr0.5O2 (HZO) gate stack on 

germanium p-type channel are fabricated as low voltage non-volatile memory (NVM) devices. 

The clean HZO/Ge interfaces and the absence of a typical passivation oxide layer resulted in 

stable and robust ferroelectricity without severe wake-up effect. The impact of unpassivated 

interfacial defect states on germanium surface on the functionality of transistors is examined. 

The ferroelectric field-effect is clearly observed and remains during electric field cycling at least 

until 5∙10
4
 cycles. With the optimum measurement conditions the memory window is MW=0.55 

V. Retention measurements up to 10
4
 sec show a small reduction to 0.5 V and from data 

projection it is inferred that the devices are not expected to fail before 10 years. These first 

results of HZO-based Ge-FeFETs are promising for the realization of gate-first process and 

reduced total thermal budget. The lower dopant activation annealing of Ge at ~600
o
C in 

comparison with Si at temperatures >1000
o
C is compatible with the crystallization annealing of 

HZO, thus the two annealing processes occur simultaneously in one step. 

Introduction  

Ferroelectric Field-Effect Transistors (FeFETs) show great potential for non-volatile memory 

(NVM) [1] offering compact 1T memory cells for high integration. The fast operation speed, the 

inherent internal gain, the large current swing and the non-destructive read capability make 
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FeFETs suitable for low-power NVM. Ferroelectric (FE) hafnia boosted the realization of the 

FeFET due to its compatibility with CMOS technology and its stable ferroelectricity at reduced 

thickness ~ 10 nm in-line with technology scaling trends. The hafnia based FeFET NVMs [2] 

show synaptic plasticity [3, 4] and provide a solution for the implementation of accelerator 

artificial neural networks for in-memory computing.      

Early studies focusing on Si:HfO2 based FeFETs yielded important results with MW ~1.2 V 

[5] and Ion/Ioff~10
6
 [2]. Hf1-xZrxO2 (HZO) further enhanced the FeFET performance due to better 

ferroelectric and reliability properties [1, 6]. However, there are obstacles in introducing HZO in 

Si-FeFET technology because HZO cannot sustain the high (>1000
o
C) temperature of the source 

(S)/drain (D) dopant activation annealing in Si. Therefore, the preferred gate first, self-aligned 

junction definition, necessary for manufacturable scaled HZO Si-FeFETs, is difficult. A possible 

solution to this problem is the use of Ge channels where dopant activation annealing is 

performed at much lower temperatures (400-600
o
C) allowing for a gate first definition of 

transistors with FE HZO gates. In fact, this temperature range is compatible with the 

crystallization annealing of HZO which is used to obtain the FE orthorhombic phase. Thus the 

two annealing steps can be performed in just one run simplifying processing flow and avoiding 

degradation of HZO and source and drain regions that might occur during multiple annealings. 

The use of Ge has additional benefits which are briefly mentioned here. Ge/HZO forms sharp 

interfacial oxide-free interfaces, as shown in our previous publications [7, 8], allowing for lower 

voltage operation of devices, mitigating, in parallel, charge injection and trapping in HZO near 

the interface. The latter is considered as the main factor that limits the endurance of Si-FeFETs 

due to a spontaneously formed thin SiOx or silicate at the interface which sustains a high 

interfacial electric field under bias, thus accelerating charge injection via field assisted tunneling. 
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In contrast, Ge-FeFETs with sharp Ge/HZO interfaces hold promise for improved reliability. It 

should be noted however that developing an interfacial oxide-free Ge/HZO FeFET technology is 

challenging since the Ge surface needs to remain unpassivated. This has adverse effects on the 

transistor transfer characteristics since dangling bonds and other interfacial defects can trap 

charges which limit the channel mobility and degradate the subthreshold transistor characteristics 

[9]. Therefore, the main target in this work is to develop a Ge-FeFET technology with oxide free 

interfaces which reconciles the quality of ferroelectric gates with transistor functionality.   

Research on Ge-FETs with FE gates is rather limited. Ge FE nanowire FETs as synaptic 

devices have been demonstrated using a composite Al2O3/HZO/Al2O3 gate [10]. Moreover, 

complex TaN/HZO/TaN/HfO2 gate stack on Ge channel was used for the fabrication of negative 

capacitance NC-FET, demonstrating the operation with subthreshold slope (SS) values below the 

thermionic limit [11]. The ferroelectric field-effect in a FE BTO/STO/Ge gate stuck has been 

confirmed by microwave impedance microscopy [12]. Here we report on a FeFET using only a 

single FE HZO layer in the gate stack directly in contact with the Ge channel exhibiting a sharp 

Ge/HZO interface.  

Ge/HZO/TiN capacitors fabricated by plasma assisted atomic oxygen deposition in a 

molecular beam epitaxy (MBE) chamber show robust ferroelectricity with weak wake-up and 

imprint effects, as presented in our previous works [7, 8, 13]. The wake-up effect is typically 

explained by redistribution of oxygen vacancies (Vo’s) during electric field cycling into the bulk 

of HZO. In the pristine state these Vo’s are mainly concentrated near the defective interfaces, 

like Ti-O-N or SiOx interfacial thin layers, giving rise to depolarizing electric fields that oppose 

to polarization. In our case, due to the absence of a dielectric/dead layer at the bottom electrode, 

depolarizing fields in pristine HZO are reduced. In addition, Ge, as a low gap semiconductor, has 
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a large concentration of free carriers that facilitates the screening of polarization charges. As a 

result, the wake-up effect is improved. In this paper we adopt the FE HZO gate to realize Ge p-

channel FeFETs. We show that it is possible to reconcile ferroelectricity in HZO with FET 

operation in devices with interfacial oxide-free Ge/HZO interface. Despite omitting a critical 

surface passivation layer, necessary to maintain the required sharp HZO/Ge interface, fully 

functional Ge-FeFETs with a well-defined memory window (MW) are produced showing the 

feasibility of our approach. 

 

Experimental Methods 

P-channel FeFETs were fabricated by e-beam lithography on n-Ge (ρ=0.01-0.1 Ohm∙cm) 

substrates with different channel lengths from 0.5 to 50 μm and widths from 10 to 200 μm. The 

gate stack consists of 15-nm thick HZO with composition Zr/Hf=1.17, extracted by in-situ X-ray 

photoelectron spectroscopy (XPS), and ~8nm TiN deposited in the MBE chamber. Prior to 

deposition, Ge substrates were annealed at 450
o
C for 30 min in vacuum to obtain a clean surface 

free of C and O contaminants. The HZO film was deposited at 120
o
C by co-evaporating Hf and 

Zr with rates RHf ~RZr ~1/11 Å/sec from two different electron guns in the presence of reactive 

atomic oxygen generated by a remote rf plasma source at 350 Watt and an O2 partial pressure of 

8∙10
-6

 Torr. In-situ Reflection High-Energy Electron Diffraction (RHEED) confirmed the 

amorphous material. TiN was grown on top of HZO at 120
o
C with an evaporation Ti rate of 0.1-

0.2 Å/sec, an N2 partial pressure of 8∙10
-6

 Torr and rf plasma at 350W. Two different process 

flows, gate first and gate last, were used. It is important to note that regardless of the process 

flow, dopant activation and crystallization annealing are performed in one step at 650
o
C for 20 

sec. Although both process flows resulted in functional transistors, gate last flow produced better 
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results which are presented here. The process steps details are presented in Figure 1. At the end 

of the fabrication process, an extra forming gas annealing has been performed (20% H2/Ar at 400 

°C for 20 min) to passivate interfacial defects. The final device structure and an optical image of 

a Ge-FeFET are shown in Figure 2. 

 

Figure 1. Ge-FeFET device fabrication process steps. 
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Figure 2. (a) Side view illustration of the structure and (b) stereoscopic top view optical image 

of a Ge-FeFET device. 

Results and Discussion 

First, the functionality of the pristine devices as transistors is presented, before polarizing the 

ferroelectric layer on the gate. Drain current vs gate voltage and drain voltage (Ids-Vg and Ids-Vd) 

characteristics of a pristine device with 200 μm width and 0.75 μm length channel are shown in 

Figure 3 (a) and (b) respectively. FETs with the shortest gate lengths (L=0.5, 0.75 and 1 μm) 

have an ON-current ION~10 mA/mm at Vd= -1V. This value is comparable to previously reported 

Ge FETs with an amorphous HfO2 gate dielectric and similar channel dimensions [14]. Note 

however that while optimized Ge-FETs [14] are subject to surface passivation prior to gate 

deposition in order to increase the mobility and the ION, here in this paper, the surface passivation 

layer was omitted to avoid harming ferroelectricity in the HZO gate and to maintain a clean 

HZO/Ge interface. In addition, the maximum ON/OFF current ratio for the thinnest gate devices 

is ~8·10
2
 (Figure 3 (c)). This compares well with results values reported in the literature which 

file:///F:/Ge-FETs/Ge-FeFETs_10.docx%23_ENREF_14
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show ION/IOFF ~ 10
3
 in Ge-FETs [11, 14]. It should be noted that the ION/IOFF ratio in Ge-FETs is 

limited by high IOFF current due to the low energy gap of Ge, as compared to Si-FeFETs which 

present ION/IOFF ratios higher than 10
4
 for similar device parameters. As expected, the current 

ratio is reduced as the channel length increases. The entire film is uniform and shows good 

reproducibility without significant variations among devices with specific gate dimensions.  

 

Figure 3. (a) Ids-Vg and (b) Ids-Vd characteristics of a pristine device with 200 μm width and 0.75 

μm length channel. (c) ION/IOFF ratio of devices with varying channel length at Vd= -1 V and Vd= 

-0.5 V. 

The FET devices have HZO gates which show robust ferroelectric hysteresis, as seen in Figure 

4 where the P-V loop is presented for a device with gate width 200 μm and length 0.75 μm, after 

corrected by Positive-Up-Negative-Down (PUND) technic for parasitic contributions. After 10 

cycles, the switchable polarization has a value 2Pr=22.4 μC/cm
2
. The loop shows a shift of 0.5V 

to the left of V-axis, (Vc
+
=+2.5V and Vc

-
=-3.5V), probably attributed to the semiconductor 

depletion region of n-doped Ge [8]. The P-V curve before the correction is presented in Figure 

S1. 
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Figure 4. Polarization-Voltage (P-V) loop after corrected by PUND for non-ferroelectric charges 

for a device with gate width 200 μm and length 0.75 μm. 

After verifying that the devices operate properly both as transistor and ferroelectric gates, we 

examine the ferroelectric field effect using Ge-FeFETs with short channel of 0.75 μm since these 

devices show best transistor performance (high ION/IOFF) and sufficient remanent polarization 

(Pr). As a result of the gate oxide polarization, we expect to observe a shift in the threshold 

voltage, which will result in a hysteresis window on the Ids-Vg graph for the two opposite states. 

The expected behavior is described in more detail in the Supplementary (Figure S2).  
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Figure 5. (a) Ids-Vg transfer curve of a pristine device, after applying only a write pulse and after 

applying 10 electrical cycles, for up and down polarization states. Modulation of transfer curve 

by varying (b) the amplitude and (c) the duration of write pulse.  

 

The results for a device with gate dimensions W= 200 μm and L= 0.75 μm are presented in 

Figure 5 (a). The black curve shows the transfer characteristics of the pristine transistor with 

unpolarized gate. By applying a programming pulse of -/+ 5V for 100 μs on the gate the light red 

and blue curves at Vd= -0.5V are obtained which correspond to the pristine transfer 

characteristics of the FeFET in the up and down (see Figure S2) gate polarization state, 

respectively. A small MW of 0.1 V opens with Pdown curve shifting to more negative bias, 

although both curves show an increased (degraded) SS. After only 10 cycles at 1 kHz and 5 V 

amplitude, the MW increases to about 0.5 V, although the transfer characteristics degrade further 

in such a way that SS increases and ION is reduced. 
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Then we polarize the gate by applying pulses of varying amplitudes (Figure 5 (b)). Pulses with 

amplitudes lower than +3 and -3.5 V are not enough to switch the polarization, hence there is no 

MW. By increasing the write pulse amplitude up to 6V, MW gradually opens. This behavior is 

ideally expected in ferroelectric HZO, where partial polarization switching is taking place for 

voltages close to the Vc. This behavior is promising for the realization of an analog memory, 

where, apart from the two ON, OFF states, we can also take advantage of the intermediate ones, 

provided that a sufficiently large MW is obtained to accommodate a sufficiently larger number 

of intermediate states. The excellent match of ferroelectric characteristics with the memory 

performance of devices, that is increase of MW as the ferroelectric wakes-up and shift of transfer 

curve above the Vc’s, is strong evidence that the dominant mechanism of memory effect is the 

ferroelectricity. 

Next, we examine the dependence on write pulse duration on a device with gate dimensions 

W=100 μm and L=0.75 μm (Figure 5 (c)). While Pdown curve slightly shifts with extra pulse 

width (from 10 to 500 μs), Pup state is not really affected. We know from frequency dependent P-

V measurements, that there is not such an asymmetry between the two states regarding their 

polarization switching that could explain this observation. So, it may be related to an extrinsic 

cause, probably to diffusion of positively charged oxygen vacancies into the ferroelectric, which 

is a relatively slow process. It is anticipated that when a positive bias is applied to the top TiN 

electrode for longer time (long pulse), oxygen vacancies from the Ti-O-N interface penetrate 

further into the HZO moving towards the bottom. Hence, the inversion of the Ge channel is 

inhibited and the transfer curve further shifts to the left of voltage axis. Finally, after applying 

1ms-long pulses, MW starts to close and on-current decreases. 
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The other possible cause of the hysteresis in the transfer curve is the charge trap phenomenon 

between the channel and the insulator layer [1], but in that case an opposite shift would be 

expected; a positive/negative bias applied to the top electrode would attract negative/positive 

charges at the HZO/Ge interfacial defect states (electron/holes trapping) and as a result the 

transfer curve would shift to the right/left respectively [15]. Hence it cannot be the dominant 

mechanism here, but it disturbs the hysteresis caused by the polarization. Indeed, this is clearly 

observed in the case of ≥ 1 ms-long write pulses, where the duration is sufficient for charge 

trapping (Figure 5(c)). 

Charge trapping remains a major issue for FeFETs, as it intensifies by polarization charges and 

competes the desired hysteresis of transfer curve related to polarization switching. It is known 

that high-k oxides have a high density of defects that create electronic states in the bandgap. The 

concentration of defects, particularly those near the interface, has serious consequences for 

channel mobility. Charges trapped in the defect centers scatter carriers in the channel leading to 

degradation of channel mobility [9]. Thus, on-current, which is proportional to mobility, is 

reduced as observed in our case. In addition, an extra capacitance term Cint is induced in parallel 

with the HZO by these interfacial states, increasing (degrading) the SS, according to the 

relationship:    
  

 
    (  

       

   
), where CS and CFE are the capacitances of 

semiconductor Ge and FE-HZO respectively. 

Concerning these devices, in a previous work [16] we had extensively examined the interface 

defect states in both n- and p-type Ge Metal-Ferroelectric-Semiconductor (MFS) capacitors by 

using impedance spectroscopy. The layer structure in those capacitors was identical with the gate 

structure used for FeFETs in the present work: TiN/15-nm HZO/Ge. In the case of n-Ge, an 

interfacial electrically active defect has been identified in Ge energy gap, 0.20-0.25 eV from the 
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valence band, suggesting as probable defects associated to these traps are the dangling bonds, 

present in Ge at the interface [17-19]. Considering that the n-type Ge has a natural tendency to 

become inverted at the surface [20], we concluded that the level located at about 0.20 eV is 

acceptor type, being always filled by electrons. The negatively charged surface is the reason why 

the pristine Ids-Vg curves are slightly shifted to the right (Figure 3(a)). In other words, when there 

is no applied bias to the gate (Vg=0), an amount of current passes through the spontaneously 

inverted channel [19, 21]. 

The FGA with 20% H2/Ar at 400 °C for 20 min improved the interfaces, but did not totally 

eliminate the defect states. So the annealing conditions need optimization; alternative passivation 

should be considered. Since a passivation dielectric layer (e.g. GeO2) could harm ferroelectricity 

inhibiting polarization screening by the metal electrodes, such passivation scheme should be 

avoided. Sulfur passivation by a single monolayer of S atoms could be a good approach. As it is 

has been reported, S passivation of Ge [22] or surface nitridation [23] can reduce the interface-

state density and can improve the electrical properties in terms of EOT and gate-leakage current. 
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Figure 6. (a) Transfer curve Ids-Vg of FeFET with W=100 μm and L=0.75 μm channel at Vd= -

0.5 V during electrical cycling. (b) ON-current for Pup and Pdown and (c) MW as a function of 

cycles. 

 

Subsequently, we perform electrical endurance measurements by applying additional cycling 

to the gate. First, we stress the device at low frequency 100 Hz and 4V amplitude and after 

~1000 cycles we continue the cycling at 1 kHz, 4.5 V. MW shows a maximum value of 0.55 V 

after 100 cycles, when ferroelectric hysteresis loop is fully open after wake-up. To be noted that 

the fact that our devices don’t need significant cycling to wake-up, as it is usually required in 

ferroelectric hafnia, is an important advantage for the preparation of devices. In addition, the 

weak wake-up is promising for improved reliability in terms of imprint and retention [13], as 

expected by the oxide-free HZO/Ge interfaces. 

As observed in Figure 6 (a), since gate is electrically stressed, ION gradually decreases and SS 

increases for both states. However, the ferroelectric field effect is maintained and polarization 

hysteresis still dominates over trapping hysteresis. After 5∙10
4
 cycles, P-V loop starts to be 

distorted by leakage current, indicating that it is close to the electrical breakdown (Figure S3). 

The values of ION for both states and MW as a function of cycles are presented in Figure 6 (b) 

and (c) respectively.  

Finally, the retention of memory performance is examined. After applying a Vwrite= ±5V to the 

gate, the transfer curve is measured after delay time varying from 1.5 min to 3 hours (Figure 

7(a)), showing only a slight variation with time. The time evolution of MW is presented in 

Figure 7 (b), where a small reduction from 0.55 V to 0.50 V is observed. Also, it is inferred from 

the projection in inset that the FeFETs are not expected to fail before 10 years, which is a figure 

file:///F:/Ge-FETs/Ge-FeFETs_10.docx%23_ENREF_13
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of merit for reliability, showing a MW=0.4 V. This is in agreement with the stability of remanent 

polarization, as depicted in Figure S4 of supporting information. These good results are 

attributed to the good ferroelectric characteristics. The predominance of orthorhombic phase and 

the clean interfaces result in the maintenance of polarization.   

 

 

Figure 7. Retention test of memory performance of FeFET with W=100 μm and L=2 μm 

channel. (a) Transfer curve Ids-Vg at Vd= -0.7V for different delay times after polarizing the HZO 

to the up and down states. (b) MW as a function of delay time and the dashed line in the inset is 

the projection in time, showing that the devices are not expected to fail before 10 years.   

Conclusions 

In this study, scaled down to 0.75 μm gate length ferroelectric pFETs with TiN/HZO gate 

stack and Ge channel are fabricated and characterized. Avoiding the typical passivation layer 

resulted in stable and robust ferroelectricity without severe wake-up effect. The penalty for the 

oxide-free HZO/Ge interface is the existence of interfacial defect states causing mainly 
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degradation of the SS and gradual decrease in ION of transfer curves. The ferroelectric field-effect 

with maximum MW=0.55 V is clearly observed, but further process optimization is required. 

Retention measurements up to 10
4
 sec show a small reduction to 0.5 V and from data projection 

it is inferred that the devices are note expected to fail before 10 years. The main challenge for 

future development is the passivation of the electrically active defects at HZO/Ge interface, 

without harming the ferroelectricity at the HZO gate, probably by sulfur passivation. These first 

results on Ge-FeFETs open new opportunities for the realization of gate-first process and lower 

total thermal budget by combining the dopant activation and the ferroelectric oxide 

crystallization annealings at 650
o
C.  
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