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 

Abstract—In this work, we demonstrate vertical Ge 

gate-all-around (GAA) nanowire pMOSFETs fabricated 

with a CMOS compatible top-down approach. Vertical Ge 

nanowires with diameters down to 20 nm and an aspect ratio 

of ~11 were achieved by optimized Cl2-based dry etching and 

self-limiting digital etching. Employing a GAA architecture, 

post-oxidation passivation and NiGe contacts, high perfor-

mance Ge nanowire pMOSFETs exhibit low SS of 66 

mV/dec, small DIBL of 35 mV/V and a high ION/IOFF ratio of 

2.1×106. The electrical behavior was also studied with tem-

perature-dependent measurements. The deviation between 

the experimental SS and the ideal kT/q•ln10 values stems 

from the density of interface traps (Dit). Our measurements 

suggest that lowering the top contact resistance is a key to 

further performance improvement of vertical Ge GAA 

nanowire transistors.  

 

Index Terms—Vertical, Ge, GAA, Nanowire, pMOSFETs 

I. INTRODUCTION 

To keep up the continuous downscaling of transistors 

for high performance and low power applications, GAA 

nanowire transistors have become promising candidates, 

which can necessitate superior gate electrostatic control 

over channel and suppress short-channel effects [1]. For 

ultimately scaled CMOS architecture, the vertical GAA 

nanowire approach can outperform horizontal GAA nan-

owire and FinFETs in terms of device layout area, 

switching speed and power consumption [2-3]. In addition, 

a vertical nanowire design decouples footprint scaling from 

gate length scaling, which targets sub-10 nm technology 

nodes. While bottom-up and top-down approaches have 

been utilized to fabricate vertical GAA nanowire FETs, the 

former one is greatly affected by metallic contamination 

due to the usually adopted Au catalysts. In contrast, the 

latter approach employs standard CMOS processing tech-

niques to achieve good reproducibility and a precise con-

trol of diameter as well as excellent positioning of the 

nanowires. 

Ge is a promising semiconductor for transistors due to 

its high carrier mobilities and a small bandgap. Thanks to 

Fermi level pinning close to Ev, Ge p-type planar FETs, 

FinFETs and horizontal nanowire transistors have been 

fabricated and achieved high performance [4-20]. How-

 
This work was supported by the German BMBF project „SiGeSn 

NanoFETs.” 

M. Liu, A. Hardtdegen, J. H. Bae, D. Grützmacher D. Buca and 

Q.-T. Zhao are with Peter-Grünberg-Institute (PGI) and 

JARA-Fundamentals of Future Information Technologies, For-

schungszentrum Jülich, 52428, Germany. (e-mail: m.liu@fz-juelich.de; 

q.zhao@fz-juelich.de ) 

S. Scholz, and J. Knoch are with Institute of Semiconductor Elec-

tronics, RWTH Aachen University, 52056 Aachen, Germany. 

J.-M. Hartmann is with CEA, LETI, MINATEC Campus and 

University of Grenoble Alpes, 38054 Grenoble, France. 

 

ever, there is still a lack of investigation on vertical Ge 

GAA nanowire pFETs. 

In this letter, vertical Ge GAA nanowire pMOSFETs 

fabricated with a top-down approach are reported. An 

optimized dry etching process to pattern vertical nanowires 

and digital etching to shrink the nanowire diameters were 

developed, providing a robust method in forming ul-

tra-scaled nanowires. Sub-20 nm Ge nanowire pMOSFETs 

with superior performance were obtained. Room temper-

ature characteristics as well as temperature dependence of 

electrical behaviors were investigated and discussed here.  
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Fig. 1 (a) Three-dimensional schematic of a vertical Ge GAA nan-

owire pMOSFET with top contact, gate and bottom contact. Spin-on 

Glass (SOG) was used for the interlayer planarization. (b) Electrochem-

ical C-V (ECV) measurement of active Boron doping concentration in 

the epi-stacks along the nanowire. The top/bottom Ge layers show ~ 

2.5×1019 cm-3 p-type doping.  

II. VERTICAL GE NANOWIRE PFETS FABRICATION 

Fig. 1(a) presents the 3D cross sectional schematic of a 

vertical Ge GAA nanowire pMOSFET with top, gate and 

bottom contacts. The device fabrication started with a Ge 

strain-relaxed buffer growth by CVD on 200 mm Si (001) 

wafers. A low temperature (400°C) / high temperature 

(750°C) approach were used to that end, afterwards with a 

short duration thermal cycling between 750°C and 875°C 

to lower the threading dislocations density with 107 cm-2 

values [21]. The Ge:B / Ge / Ge:B stack was grown at 

600°C and 100 Torr with GeH4 and B2H6 using [22] data 

points. The active Boron doping along the vertical direc-

tion, measured by Electrochemical Capacitance-Voltage 

(ECV) method was ~ 2.5×1019 cm-3 in the top/bottom 

epi-layers and unintentionally p-type doping with ~ 3×1017 

cm-3 in the middle layer as shown in Fig. 1(b). The de-

signed devices using this material stack work in the ac-

cumulation mode. Negative resist Hydrogen SylsesQui-

oxane (HSQ) was spin-coated and electron beam lithog-

raphy (EBL) was used to pattern the vertical Ge nanowires. 

To this end, an optimized Cl2-based recipe using induc-

tively coupled plasma reactive ion etching (ICP-RIE) was 

developed to avoid undercutting or micro-trenching effect 

during the vertical nanowire etching [23]. The nanowire 

with a 35 nm diameter shown in Fig. 2 (a) has a vertical 

profile with perfect anisotropy. To further shrink the 

nanowire size and eliminate RIE-induced damage, digital 
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etching comprising multiple cycles of self-limiting O2 

plasma oxidation and diluted HF (1%) stripping was ap-

plied. After 10 cycles’ digital etching, the diameter of the 

nanowire was shrunk from 35 nm to 20 nm, as indicated in 

Fig. 2 (b). An approximate radial etching rate of ~0.75 nm 

per cycle was extracted. It is also shown that cyclic digital 

etching for as-grown Ge samples contributes to a reduced 

root mean square (RMS) surface roughness as confirmed 

with Atomic Force Microscope (AFM) measurements 

[23-24].  

Subsequently, a multi-step high-κ dielectric deposition 

was used to improve the high-κ/Ge interface for a low Dit. 1 

nm Al2O3 was first deposited in the ALD chamber, fol-

lowed by a post-oxidation process at 500 ºC for 1min. 

Then, 8 nm Al2O3 deposition and 40 nm TiN sputtering 

were conducted. They wrapped around the vertical nan-

owire, forming the gate stack (Fig. 2 (c)). Note that the 

sputtering in this work leads to conformal coverage with a 

sidewall thickness roughly half of that on the planar sur-

face. Fig. 2 (d) displays a high-resolution TEM (HR-TEM) 

image of the high-κ/metal gate stack on the nanowire 

sidewall, showing excellent quality of the gate stack and 

good crystallinity of Ge channel. The GeOx interfacial 

layer (IL) generated underneath Al2O3 layer is clearly 

visible with the thickness of ~2 nm. 
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Fig. 2 (a) Vertical Ge nanowire with a 35 nm diameter exhibiting a 

perfect anisotropy (b) The nanowire in (a) was scaled to a 20 nm diameter 

and an aspect ratio of 10.5 after 10 cycles’ digital etching. (c) 

Cross-sectional TEM image of a vertical Ge nanowire with a 

TiN/Al2O3/GeOx gate stack. (d) HR-TEM image of gate stack, depicting 

excellent quality of the gate stack and good crystallinity of Ge channel.  

After gate patterning, a forming gas annealing (FGA) 

at 400 ºC was performed to annihilate traps inside the 

dielectric. To define the vertical transistor physical TiN 

gate length, SOG resist was spin-coated and cured at 350 

ºC in a N2 environment, serving as a planarization layer. 

The removal of the top gate stack was then carried out by 

an optimized isotropic dry etching recipe, leaving the top 

nanowire region exposed for the top contact. Thus, the 

physical gate length is determined by the planarization 

thickness of SOG, which to a large degree, relaxes the 

lithographic limits facing the current semiconductor in-

dustry. Afterwards, a second SOG planarization was per-

formed as the spacer insulation of the gate. 6 nm Ni was 

sputtered to form the NiGe top contact using lift-off and 

FGA techniques. Next, via window opening by CHF3 

plasma was used to expose the buried gate and the bottom 

region. Finally, the device fabrication ended with Ti/Al 

contact pads and post metallization annealing (PMA). 

III. RESULTS AND DISCUSSION 

Throughout this work, the transistors are measured 

with top contact as drain configuration and the normaliza-

tion is conducted by the nanowire perimeter (π × diame-

ter).Fig. 3(a) depicts the ID-VGS transfer characteristics of a 

single vertical Ge GAA nanowire pMOSFET with a 20 nm 

diameter. The gate length is 150 nm. Thanks to the excel-

lent gate electrostatic integrity provided by the 3D GAA 

nanowire architecture, the post-oxidation passivation 

method and NiGe contacts, the device achieves superior 

performance with low SS of 66 mV/dec, small DIBL of 35 

mV/V and an ION/IOFF ratio of 2.1×106 at VDS = -0.1V. Note 

that SS is extracted as the average slope over two orders of 

magnitude of ID. The peak extrinsic transconductance 

Gmax,ext is ~95 µS/µm at VDS = -0.5V. ID-VDS output curves 

of the corresponding Ge pFET at VGS ranging from 0V to 

-1V are plotted in Fig. 3(b), showing good current satura-

tion. The ID achieves 52 µA/µm at VGS= VDS = -1V.  
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Fig. 3. (a) ID-VGS transfer characteristics of a single vertical Ge GAA 

nanowire pMOSFET with a 20 nm diameter: low SS of 66 mV/dec, small 

DIBL of 35 mV/V and an ION/IOFF ratio of 2.1×106 at VDS = -0.1V. (b) 

ID-VDS output curves of the corresponding Ge pFET at VGS from 0 to -1V, 

showing good current saturation.  

The total resistance Rtot for the 20 nm diameter Ge 

nanowire pMOSFET is calculated to be 16 kΩ·µm at VGS 

-VTH = VDS = -0.5V (VTH is determined at 100 nA/µm). 

This is larger than the extrinsic resistance target (300 

Ω·µm) required by the International Roadmap for Devices 

and Systems (IRDS-2017). In the vertical nanowire ar-

chitecture, there is an inherent asymmetry between top and 

bottom resistance. Indeed, the top contact covers only a 

small nanowire tip while the bottom contact area is rela-

tively larger. Therefore, Rtot is dominated by the top con-

tact resistance. This leads to a challenging bottleneck to 

scale nanowire diameters to a small dimension, which is an 

issue for all of group III-V and IV vertical nanowire tran-

sistors. [25-27].  

Novel processing strategies are required to further 

improve the device performance: (i). Increasing the doping 

of the top/bottom epi-stacks would result in a small contact 

resistance, a small Rtot and therefore an enhanced ION. 

Non-equilibrium methods to promote dopant activation in 

Ge, e.g. flash lamp annealing or laser annealing are pre-

ferred [28-30]; (ii). Scaling the equivalent oxide thickness 

(EOT) is reasonable to improve SS, ION etc. (EOT in this 

work is ~ 5 nm); (iii). Epitaxial growth on top of the 

nanowire or a gate-last process aimed at increasing the top 
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contact area may be one option to reduce the top contact 

resistance [31-32]; (iv). Arrays of nanowire transistors are 

also a performance booster for reduced parasitic capaci-

tances and improved current drivability [26, 32]. 
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Fig. 4. (a) ID-VGS curves of a 20 nm nanowire pMOSFET measured 

at various temperatures ranging from 300K down to 73K and VDS= 

-0.1V. (b) SS characteristics as a function of temperatures. The difference 

between ideal and experimental SS lies in Dit at the high-κ/nanowire 

interface.  

 

We also investigate the temperature dependence of the 

electrical behavior of Ge nanowire pMOSFETs. Fig. 4(a) 

shows the ID-VGS curves of a 20 nm nanowire pFET 

measured at various temperatures ranging from 300K 

down to 73K. VTH defined at 100 nA/µm shows a de-

creasing trend with the temperature, which is similar to that 

of horizontal Si nanowire devices [33]. The on-currents ION 

are apparently sensitive to various temperatures. As tem-

perature decreases, ID becomes unexpectedly smaller, 

although the mobility enhancement induced by reduction 

of the phonon scattering should have resulted in higher Gm 

and ID. We also found that Gm,ext exhibits a decreasing trend 

with temperatures. We attribute such phenomena to the 

deteriorated top contact resistance at low temperatures. 

The increased Rtot primarily results from the top contact 

resistance and yields reduced Gm,ext and ION. This again 

confirms the significance of a low top contact resistance for 

vertical nanowire devices. Nevertheless, the SS charac-

teristics in Fig. 4(b) clearly depict the SS reduction with 

temperatures. The deviation between the experimental SS 

and the ideal kT/q·ln10 values stems from Dit particularly 

because of the high surface-to-volume ratio in nanowire 

itself. Hence, the surface passivation should be optimized 

to improve the interface quality, especially for the ul-

tra-scaled nanowires.  
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Fig. 5. Benchmark of SS with various nanowire diameters/widths 

among Ge vertical or lateral GAA nanowire pMOSFETs. This work 

demonstrates the low SS of 66 mV/decade for vertical Ge nanowire 

pFETs. 

Fig. 5 benchmarks SS with various nanowire diame-

ters or widths among the reported Ge GAA nanowire 

pMOSFETs in the literature. This work successfully 

demonstrates high performance vertical GAA nanowire 

pMOSFETs by the top-down approach. Our device 

achieves low SS of 66 mV/decade, which is comparable to 

those SS values in the state-of-the-art horizontal 6 nm and 

13 nm diameter nanowire Ge pMOSFETs [9-10]. 

IV. CONCLUSION 

We have presented a fully CMOS compatible 

top-down method for ultra-scaled vertical Ge GAA nan-

owire pMOSFETs. Ge pFETs with a sub-20 nm diameter 

show excellent SS of 66 mV/dec, small DIBL of 35 mV/V 

and a high ION/IOFF ratio of 2.1×106. Electrical measure-

ments conducted at various temperatures demonstrate the 

significance of reducing the top contact resistance, which is 

a challenge specifically for vertical GAA nanowire tran-

sistors. The vertical nanowire architecture proposed in this 

work could potentially enable sub-10 nm technology nodes 

for the CMOS roadmap.  
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