
We have studied electromigration in polycrystalline gold and
single crystalline silver nanowires. The gold wires were prepared
using a two step electron beam lithography (EBL) process. They
have a width of 150 nm - 1 µm and a typical length of 10 µm. The
silver wires are produced by evaporation on step edges of (001)-
oriented silicon substrates with a 4° miscut [1].
The gold nanowires form voids at the cathode and hillocks at the
anode . The silver nanowires
show a reversed electromigration behavior with voids forming at
the anode and hillocks at the cathode. Thus, the material
transport is against the direction of the electron flow [3].

Why is F reduced in the silver wires leading to a mass flow
against the electron flow? We suggest that:
i) the wind force is reduced, since most of the electrons flow

“resistanceless” through the core of the nanowire.
ii) the direct force is enhanced, since the screening of the silver

atoms is reduced at the surface.

as it is expected for noble metals [2]
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a) Single crystalline silver islands and a few nanowires on a silicon
substrate. Red circles: Islands serving as marks during
EBLprocess.

b) After gold contacts are attached to a silver nanowire using EBL.
c) A3d view of the contacted silver wire proving that the gold covers

the silver structures completely.

SEM-Images from “Electromigration in Self-Organized Single Crystalline Silver
Nanowires”, B. Stahlmecke et. al., submitted toApplied Physics Letters.

Contact Procedure

b) Electron flow

Image b) shows the wires after 90 min applying a constant
voltage of 4 V. Voids formed during the electrical stressing in the
middle and at the anode of the silver wire. The gold wire remains
unchanged at this state of the electromigration process, indicating
that most of the current flows through the silver wire.

c)

Image c) was taken after the voltage was increased to 4.5 V.
Directly after electrical breakdown of the silver wire at the anode
the gold wire melted and a typical delta-like structure at the
cathode side of the gold wire builds up.

Electron flowa)

Image a) shows the wires before any current was applied. The
single crystalline silver wire is visible on top of the image; the
polycrystalline gold wire is visible at the bottom of the image.
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Preparation: Parallel to a single crystalline silver wire a polycrystalline gold wire has been produced
together with the contact structure.

Electromigration: The silver wire breaks up at the anode (b), whereas the polycrystalline gold wire
breaks up at the cathode (c) confirming the experiments described above.

by
means of EBLSimultaneous Electromigration

Experiment on Au and Ag Wires

a) Silver wire after attaching the gold contacts.
b) After I = + 21 mA for 14 seconds. Voids formed at the anode and hillocks at the cathode.

Temperature increase due to Joule heating is of the order of 25 °C.
c) After I = - 21 mA for 21 seconds. The void on the left side closed whereas at the new anode side a

void opened up.
d) I = + 21 mA for 16 seconds in the third cycle. The current was meanwhile reversed three times for

intervalls between 15 to 20 seconds. Again voids at the anode and hillocks the cathode. Permanent
damage begins to build up.

e) I = + 21 mA for 45 seconds. In the seventh cycle permanent damage is found on both sides of the
wire, but the wire still has electrical contact.

f) I = - 21 mA for 38 seconds. The wire finally fails at the anode.
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b) Electrons

First cycle; I = + 21 mA
(14 seconds)

First cycle; I = - 21 mA
(21 seconds)
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Seventh cycle; I = - 21 mA
(38 seconds)

Electrons

Silver wire before any
current was applied
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Electromigration Behavior of Single
Crystalline Silver Nanowires

Dimensions of the silver nanowire shown below:

l ~ 11,2 µm w ~ 380 nm
h ~ 120 nm w ~ 200 nm

The current density at the beginning of the experiment is of
the order of 6*10 A/cm at a current of 21 mA.
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Electromigration Behavior of
Polycrystalline Gold Nanowires
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Example 2:

ome voids open up and close periodically (see yellow circles).
Image f) displays the wire after electrical breakdown at the cathode when a constant voltage of
+ 850 mV (~ 35 mA) was applied for ~ 51 minutes.

A 500 nm wide gold wire annealed at a temperature of 300 °C for 10 minutes to enhance the
crystallite size. The SEM images a) - f) show the electromigration behavior for an applied current of 35
mA. Again s

±

Example 1:
alternating

A gold wire as prepared with a width between 175 nm (middle) and 200 nm (at the contacts).
A voltage of 1 V was applied for intervalls of 30 seconds (I ~ 68 mA). Some voids open up
and close peridically (yellow circles); other voids grow for one current direction and remain open when
the voltage is reversed (red circles).

before any voltage
was applied.

30 seconds,
current: ~ 68 mA.

30 seconds with
reversed voltage.

30 seconds,
beginning of
second cycle.

9th cycle. 200 s
with U = + 1 V.
Permant voids have
developed (see red
circle).
after 200 s with
U = - 1 V.
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before any current
was applied.

I = + 35 mA (40 s).
Voids open up (see
e.g. yellow circle).

I = - 35 mA. Void
closed when re-
versing the current.

Gold wire after the
40th reversal of
current (200 s).

After again re-
versing the current
direction for 200 s.

Breakdown at the
cathode after ~ 51
mins with +850 mV.
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PEEM image from: K. R. Roos et. al., J. Physics: Cond. Mat., (16),p S140717 (2005)

Preparation of Single
Crystalline Silver Nanowires

STM - image of Si (001)-surface
with 4° miscut in [110]-direction

LEED - pattern of the Si(001)-
(2x1) rotational domain

STM - image after depostion of
0.66 monolayers of silver

PEEM - image of wire growth
during silver deposition

4 nm

25 nm

5µm

l = 10 µm - 100 µm
w = 200 nm - 500 nm
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