Electromigration
Introduction
The free-electron model of conductivity of metals assumes that the conduction electrons are free to move in the metal, unconstrained by the perfect lattice of ions except for scattering interactions due to phonon vibration. The scattering is the cause of electrical resistance and Joule heating. When an ion is out of its equilibrium position, for example, a diffusing atom at the activated state, it possesses a very large scattering cross section. When the electric current density is low, the scattering does not enhance displacement of the ion and it has no net effect on the diffusion of the ion. However, the scattering by a high current density, above 104A/cm2, enhances atomic displacement in the direction of electron flow. The enhanced atomic displacement and the accumulated effect of mass transport under the influence of electric field (mainly, electric current) are called electromigration.
Purpose of the experiment

Failure of a narrow wire due to elecromigration (EM) has been utilized extensively to prepare stable electrical contacts for single-molecule experiments which rely on preparing a nanogap in the size of the molecule whose conductance properties are being measured.
The purpose of this experiment is to achieve two Gold electrodes with a nanometer scale separation by electromigration-induced break-junction technique (EIBJ) at room temperature.

We will perform two types of computer-controlled electromigration schemes and examine the results by the tunneling current of the Gold wire after failure.
Procedures
To control the EM process we will use computer-controlled schemes as detailed below.
I. Simple voltage ramp - We increase the voltage gradually until the conductance of the wire drops bellow a determined conductance (typically bellow 1G0 which the conductance is at the tunneling regime).
II. Feedback controlled electromigration - We first measure a reference conductance value at a voltage of 10 mV. We then increase the voltage until the conductance drops by a set fraction (typically 5%) of the reference conductance value. At this point the voltage bias is ramped down and a new reference conductance value is measured. We repeat this process until the desired conductance is reached.
Construct the following graphs for the two described procedures:
1. Construct a current vs. voltage (I-Vbias) graph of the breaking process.

2. The feedback controlled electromigration operates primarily by controlling the temperature of the junction during electromigration. The power dissipated in the junction is P=I2R. Hence, P is a rough estimate of the power that is heating the junction, but should be valid when R is significantly non-zero. Construct a P vs. V= IR Graph and discuss on the power dissipation in the junction.
3. Characterization of the tunnel gap after electromigration:

After the junction is broken by the electromigration process, its resistance increases and the I-V curve shows nonlinearity. This non-ohmic I-V curve with a large resistance is strong evidence for the formation of a tunnel gap in the wire. The resistance is related to the geometry of the tunnel gap.

The width of the tunnel gap can be estimated from measured tunnel conductance.

When electric current flows through a tunnel gap, the conductance depends on the width of the tunnel gap s. 

According to Simmons model at low-voltage rang (the I-V curve is linear) the relation between the two is given by the expression:
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Where:

J=tunnel current density. (J=I/σ where I is the current, and σ is the cross section of the tunnel gap).
V=voltage.

m=mass of electron.

e=charge of electron.

h=Planck's constant.

s=the width of the gap.

φ=work function of metal electrode.

  Estimate the cross section of the tunnel gap and find the width s.

Equipment
· The measured junction

The junction structure is schematically presented in Figure1. The junction is fabricated on oxide covered (100 nm) Si by two lithography/evaporation/lift-off procedures. In the first process, a thick Cr/Au (3/200 nm) lead is patterned. In the second step, a thin Cr/Au lead (3/15 nm) is patterned, partially overlapping the previous lead. The fabrication ends with a final step to form contact pads to the thin leads. The junction has a typical width of ~30μm. 
The structure of the junctions makes the interface between the two Au leads a flux divergence plane of diffusion, forcing the EM gap to be formed at the interface according to a reasoning that can be described by the following equation of continuity (in one dimension)
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where C is the concentration of metal atoms, D is their diffusion coefficient, Z* is the effective valance of the metal ions, e is the charge of an electron, F is resistivity,  j is current density, R is the gas constant, and T is the temperature. According to this expression, EM is expected to be more effective at the thinner lead due to the higher current density that it carries and its higher temperature under bias due to its larger resistance. Thus, when current is forced through the junction making the thicker lead a cathode, i.e., forcing electrons to move toward the thinner lead, voids (flowing in the opposite direction to the atoms and electrons) start to accumulate at the interface since they approach from the thinner lead much faster than they are dissipated through the thicker lead. Eventually, a large void is formed resulting in a gap between the leads.

· The measurement system 

In this experiment we will work with a Probe Station system which connected to a vacuum pump.  By using a microscope camera we can direct the probes to the contacts pads of the junction. The external parts of the probes are connected to a Keythley 236 measurement instrument. The experiment is performing under vacuum of 1E-6 Torr (Figure 2).

       [image: image5.emf]                 
Figure1. Optical image of a junction (A), along with a schematic presentation of its structure (B), emphasizing the different thicknesses of the two metal leads. EM results in a gap at the interface between the two leads. (C) An SEM picture showing a typical gap.
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Figure2.  Outside view of the probe station (Left). Inside view of the probe station (Right).
Preparation questions

1. Define electromigration in a few words.

2. What are the required conditions to activate of electromigration?

3. In a bow tie shaped metal wire as emphasized below, where a failure due to electromigration should occur? Explain. 
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4. Define 'work function' of a metal?

5. What is ballistic transport?

6. Explain by free words what is quantization of conductance?

7. Explain how the transmission function that appears in the chapter "Electron Transport in Nanowire' , transform from eq. 2.18 to eq. 2.19 i.e.

[image: image7.png]T«exp(ffJW)aexp(f% mo-Z




_1334496483.unknown

_1334496831.unknown

_1334496462.unknown

