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ABSTRACT 

The breakthrough of the well-known scaling barriers for 
silicon CMOS logic and memory chip technology would 
demands intensive research not only on the innovative “top-
down” process technologies, but also into the “bottom-up” 
nanotechnology for nanomaterials and innovative device 
architectures. In this paper, we explore the chemical 
synthesis of 1-D inorganic semiconducting nanowires and 
the corresponding device technology. Logic and memory 
functionalities are observed from the fabricated devices 
with simple architectures. Device physics is investigated for 
the better understanding of the technological potentials of 
replacing bulk silicon CMOS devices with 1-D nanowire-
based devices.   
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1 INTRODUCTION

      Silicon-based CMOS has been used as the main-stream 
IC technology for over three decades. The state-of-the-art 
industry research is at the 45nm technology generation 
(with logic transistor physical gate length ~25nm). At the 
32nm generation and beyond (logic gate length <15nm), 
great challenges exist, leading to uncertainty in capability 
of any major chip maker to achieve the goals of the industry 
roadmap [1]. The challenges come from both device 
scalability (e.g., control of short-channel effects, leakage, 
and random statistical fluctuation) and performance limit 
(e.g., carrier transport).  
      Industry has been addressing these great challenges and 
several bulk-silicon-based device technologies have been 
proposed, such as ultra-thin-body silicon-on-insulator (SOI) 
MOSFET and double-, tri-, or surround-gate FinFET. 
Double-gate CMOS FinFETs with gate length as small as 
10nm were demonstrated in 2002 [2]. However, serious 
processing difficulties such as nanometer-scale thin SOI 
film preparation, push-to-the-limit photolithography, line-
edge roughness, and 3-D fabrication make these new device 
architectures extremely difficult to be manufactured in mass 
quantity. Figure 1 shows the theoretically-predicted scaling 
requirement of the silicon fin or “nanowire” dimension 
(width or diameter) in a FinFET as related to the device 

physical gate length, in order to sustain the device off-state 
leakage current within the tolerance specified in the ITRS 
roadmap [1]. The stringent demand for the extremely-
small-diameter silicon fins makes the top-down process 
(patterning-and-etch) extremely challenging and costly. In 
addition, the development of 3-D etching technique for the 
ultra narrow silicon fins is very challenging and severe 
channel mobility degradation has been apparently observed 
in all reported FinFET devices due to dry-etching-related 
surface damage. The significantly increased integration 
complexity, related performance degradation, and random 
statistical fluctuation make this type of 3-D transistor less 
scalable than the industry expected.  

Figure 1: Multiple-gate FinFET transistor scaling demand 
on the silicon fin or “nanowire” design. 

      On the other front, silicon-based non-volatile memory 
(NVM), typically one generation (~2 years) behind the 
logic CMOS technology, is facing another set of scaling 
limitations. Due to the difficult to reduce the ultra-thin 
tunneling gate dielectric thickness and the isolation spacing 
between neighboring memory cells, silicon NVM may 
reach its scaling barrier much earlier than logic chip, 
perhaps around 45nm generation. 
       Research into alternative logic and memory device 
technology with better materials/device scalability and 
higher performance is demanded to ensure continued chip 
scaling with the existing giant momentum. 1-D inorganic 
semiconducting nanowires, synthesized by chemical 
approach, have many structural/performance advantages 
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over the traditional “pattern-and-etch” silicon wires such as 
those used in FinFET. These advantages include 1) high 
quality single-crystal wire with nearly perfect surface, 2) 
more scalable nanostructure with precisely controlled 
critical dimensions (e.g., diameter), 3) best channel cross-
section for multiple or surround-gate FETs, 4) very cost-
effective single-step or a-few-step CVD synthesis for 
channel material preparation, 5) high transport due to 
reduced phonon scattering in a low-dimensionality 
structure, 6) effective leakage control, 7) superior surface 
sensitivity for very high memory programming efficiency, 
and 8) possible use as both devices and interconnects for 
ultra-compact chip design  (e.g., SRAM or NVM).  
      In addition to the potential to extend nano-scale CMOS 
scaling, small cross-section of the active channel makes 
nanowire ideal candidate for outer space exploration which 
requires robustness to cosmic radiation effects. In this 
work, we report chemical synthesis, device fabrication, 
electrical characterization, and device physics investigation 
of 1-D semiconducting nanowire field-effect transistor for 
possible logic and memory applications.  

2 NANOWIRE SYNTHESIS 

      1-D anisotropic growth of single-crystal nanowire 
depends on several critical requirements: 1) designated 
substrate selection, 2) appropriate design of metal-
semiconductor alloying condition, and 3) optimum design 
of chemical reaction during the growth. The chemical 
synthesis of high-transport semiconducting nanowires with 
good controls of location, orientation, crystalline 
morphology, physical geometry are all very important for 
practical chip applications. In this experiment, 1-D silicon 
and germanium nanowires with diameter ranging from 2nm 
to 80nm were synthesized by PVD/CVD source material 
transport and metal-catalyzed vapor-liquid-solid (VLS) 
growth. 1-D axial elongation was achieved by optimizing 
the synthesis reaction condition, so that the metal-catalyzed 
axial elongation is dominant over the non-catalyzed radial 
deposition. Figure 2 illustrates the growth mechanism using 
the VLS method. Figure 3 shows the as-synthesized silicon 
nanowires. The nanowires are transferred through solvent 
suspension and deposited onto 4” low-resistive n-type Si 
(100) wafers with 600A thermal oxide on the surface.  
      The deterministic growth of nanoiwres is essential to 
chip fabrication. The location and orientation of the 
nanowires are evenly important.  In addition, a direct 
synthesis of nanowire on designated substrate surface, as 
part of the chip integration process, is highly preferred. In 
this work, large array of silicon or germanium nanowires 
has been directly synthesized on thermally-grown SiO2

surface, leading to the successful preparation of 
semiconducting-nanowires-on-insulator (SNWOI). This 
nanowre material preparation technology is an important 
step towards the viable chip integration. Figure 4 shows the 

germanium nanowires directly synthesized on the surface of 
600A silicon oxide. Large arrays of nanowires have been 
further synthesized in a high order of spatial distribution 
through pre-patterned metal catalyst arrays prepared by e-
beam lithography (schematic illustration in Figure 5). 

Figure 2: Vapor-liquid-solid growth mechanism. 

Figure 3: As-synthesized 1-D silicon nanowires with 
majority of the crystal orientation in the [111] direction. 

Figure 4: Germanium nanowires directly synthesized on a 
thick thermally grown SiO2 layer.
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Figure 5: Large array of nanowire directly synthesized on a 
layer of thermally grown silicon oxide. 

3 NANOWIRE DEVICES 

Photolithography step, followed by metal evaporation 
and lift-off process, was used to pattern the source and 
drain metal contacts (Figure 6). Large arrays of transistor 
(~six hundreds) were fabricated simultaneously. Device 
electrical properties, including Id-Vd, Id-Vg, sub-threshold 
behavior, carrier mobility, contact resistance, and 
performance figure-of-merit were measured subsequently. 
The fabricated nanowire field-effect transistor features a 
slightly p-type doped channel which is fully-depleted under 
the chosen gate biasing conditions. Typically, ambipolar 
channel conducting is observed due to the Schottky 
potential barriers at both ends of the channel. This may, 
however, possibly lead to some innovative design of 
nanowire complementary logic functionalities. The 
Schottky barrier of the source/drain metal-to-semiconductor 
junction can be significantly lowered after optimum thermal 
annealing, as clearly demonstrated in the dramatically 
increased on-off current ratio for a logic switch FET device 
(Figure 7). The carrier mobility in the 1-D nanowire 
channel, extracted from the coupling capacitance and linear 
current, is found to exceed that of the bulk silicon 
“universal mobility” at comparable effective field. It is 
expected that with appropriate chemical passivation 
treatment of the nanowire surface, the carrier mobility 
could be further increased due to suppressed surface 
scattering. Under proper voltage scanning range, a 
significant hysteretic phenomenon is observed in Id-Vg

characteristics, making nanowire FET for possible data 
storage application (Figure 8). It should be noted that, by 
further scaling down the critical device physical dimensions 
(e.g., gate oxide thickness, etc.), the memory window may 
be appropriately reduced to meet the practical device design 
requirements. It is expected that better performance can be 
achieved for logic and memory applications due to the 
demonstrated controllability and scalability of bottom-up 
chemically synthesized nanowires.    

Figure 6: Scanning Electron Microscopy image of a SiNW-
FET taken out of a large array of transistor.  800A titanium 

film is evaporated, lifted off, and thermally annealed to 
form source/drain electrode contacts. 

Figure 7: Appropriate thermal anneal process effectively 
lowers the electron and hole barriers of the titanium-silicon 
Schottky junctions, making device more suitable for large 

on-off ratio logic switch application. 
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Figure 8: Hysteretic effect observed in a nanowire-FET, 
showing the possibility to utilize the device for data 

storage. The “memory window” could be further reduced 
by scaling down the gate oxide thickness. 

4 CONLUCSION 

In summary, large arrays of transistors were fabricated 
with bottom-up synthesized 1-D semiconducting nanowires 
served as either the active conducting channel (for logic) or 
the signal read-out route (for memory). It is demonstrated 
that single-crystal nanowire transistor, due to its unique 
structural and physical features, can be served as both logic 
switch device and data storage device with scalability. 
Large arrays of semiconducting-nanowire-on-insulator have 
been successfully prepared through appropriate chemical 
synthesis route in an effort moving towards the feasible 
direct integration of bottom-up nanomaterials with device 
fabrication for future nanowire-based logic and memory 
chips. 
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