
PHYSICAL REVIEW B 1 JANUARY 1998-IVOLUME 57, NUMBER 1
1/f noise in mono- and polycrystalline aluminum
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The 1/f noise in three types of aluminum lines has been investigated in the temperature range 140–510 K.
The types are one long single crystal, a chain of short single crystals~‘‘bamboo’’!, and a polycrystal. In the
lines of the first two types the 1/f noise power is significantly lower than in the polycrystalline specimens. The
temperature dependence of the noise power in the polycrystalline lines shows a plateau between 370 and 415
K, corresponding to activation energies 0.9–1.0 eV. Both types of monocrystalline lines have equal noise
power with a peak around 340 K, corresponding to an activation energy of about 0.8 eV. In the polycrystalline
lines the dominant contribution to 1/f noise appears to be the thermally activated motion of atoms in grain
boundaries. The measurements on the monocrystalline lines reveal the existence of at least one further contri-
bution to 1/f noise in metals, presumably associated with the thermally activated diffusion of atoms along
dislocations.@S0163-1829~98!06601-6#
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Resistance fluctuations in continuous metal films exhib
power spectrum that is approximately inversely proportio
to the frequencyf . Mobile lattice defects are known to con
tribute considerably to these resistance fluctuations,1 e.g.,
low-temperature irradiation with electrons, by which atom
defects are introduced, increases the 1/f noise of metal films
drastically.2,3 Dutta, Dimon, and Horn~DDH! demonstrated
that a significant part of the 1/f noise in metal films can be
attributed to thermally activated processes with activat
energies and relaxation times characteristic for ato
diffusion.4 In measurements of the 1/f noise versus tempera
ture for pure Al and for Al with Si and Cu additives, Koc
and co-workers found that the additives increased the ac
tion energies.5 A similar increase in the activation energ
upon Si and Cu addition is generally observed for Al ele
tromigration ~atomic diffusion! along grain boundaries.6

These experimental findings strongly indicate that a sign
cant part of the 1/f noise in polycrystalline metal films is du
to diffusion along grain boundaries. Further support for
prevailing role of grain boundaries stems from the work
Verbruggen and co-workers.7 In their comparison of severa
gold samples, the lowest 1/f noise intensity was observed i
the samples with fewer grain boundaries.

The question arises whether mechanisms not involv
grain boundaries or atomic defects contribute to 1/f noise in
metal films. To answer this question, it is necessary to inv
tigate the relationship between 1/f noise and the microstruc
ture of the films. Even though the importance of the mic
structure for 1/f noise is commonly acknowledged, so f
little work has been done to investigate this relationship
detail. It is not trivial to fabricate similar metal lines wit
totally different microstructures. In this paper we prese
measurements of the temperature-dependent 1/f noise of
three types of microstructures with similar geometry and
rity: one long single crystal, a chain of short single crysta
and a polycrystal. Henceforth, the chain of single crystal
referred to as a bamboo line.8 This work provides experi-
mental evidence that also thermal motion of atoms alo
dislocations causes 1/f noise.
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All lines, 400 mm long and with similar widths~0.6–0.9
mm! and thicknesses~0.3–0.45mm!, were fabricated in the
same sputtering apparatus under the same vacuum co
tions. Hence, their impurity contents, which might affect 1f
noise,9 were similar. For the fabrication of the single-cryst
and bamboo-structured samples we used guided recrys
zation of Al in an SiO2 groove pattern with submicron
dimensions.10 The lines became single crystals or bambo
structured depending on whether a temperature gradient
present during recrystallization or not. They were sub
quently annealed for 8 h at 500 K. Thepolycrystalline lines
were patterned from nominally 400 nm-thick films b
electron-beam lithography and chlorine-based reactive
etching and were annealed at 673 K for 30 min. The roo
temperature resistivity was 2.8mV cm for the single-crystal
and bamboo-structured lines and 2.9mV cm for the poly-
crystalline lines, indicating that the lines were pure. The m
crostructure of the lines was characterized thoroughly
transmission electron microscopy~TEM! and scanning elec
tron microscopy~SEM!, as well as by backscattering Kiku
chi diffraction ~BKD!.11–13The last-mentioned technique a
lows one to determine the crystallographic orientatio
locally.14

Figure 1 depicts TEM micrographs~bright field! of the
recrystallized lines. The wavy, dark lines in the single-crys
line @Fig. 1~a!# are due to bending stresses in the sam
introduced during thinning by ion milling. BKD measure
ments revealed that the lines had a gradual crystallogra
rotation of 0.05°/mm about an axis perpendicular to the
sidewalls.11 We attributed this rotation—observed over ma
roscopic distances in many equivalent samples—to the p
ence of equally oriented dislocations.12 Figure 1~b! shows a
bamboo-structured line, which is in fact a chain
;3 mm-long grains without any polycrystalline segmen
TEM on other samples confirmed the complete absence
polycrystalline segments.13 The polycrystalline lines had an
average grain size of 230 nm~Fig. 2!. Dislocations were
53 © 1998 The American Physical Society
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observed in all three types of samples; however, no rea
ably accurate estimate for their density can be given.

The noise was measured with a phase-sensitive
correlation technique, which averages out thermal noise
external interferences.15 An ac current with a root-mean
square current density on the order of 431010 A/m2 was
applied to measure the resistance fluctuations. The J
heating of the samples was less than 6 K. To avoid con
butions to the noise spectra by macroscopic tempera
fluctuations, the temperature was stabilized to610 mK. At
least five samples of each type were measured to ensur
curate and reproducible results. The measured spectral
sity of the noise powerSV( f ,T) is normalized according to9

S* ~ f ,T!5
f SV~ f ,T!A3Na

lI 2 , ~1!

where S* ( f ,T) is the normalized spectral density of th
noise power,f the frequency,T the absolute temperature,A
the cross-sectional area of the line,Na the atomic density of
Al (6.0231028 m23), l the line length, andI the applied
current. We note that, if we apply the usual Hooge norm
ization ~i.e., f SV( f ,T)Al/V2, where V5IR is the voltage

FIG. 1. Planar view TEM micrographs~bright field! of the re-
crystallized Al samples. The dark areas are the SiO2 substrate. The
long central lines are the test lines. Perpendicular to these line
dummy side lines.~a! a single-crystal line;~b! a bamboo-structured
line with various grains, typically 3mm long.

FIG. 2. Planar view TEM micrograph~bright field! of the poly-
crystalline line. The average grain diameter is 230 nm.
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and R the resistance of the sample!,16 the normalized noise
will be trivially temperature-dependent because of t
phonon-scattering contribution to the resistance.

Figure 3 shows the normalized 1/f noise spectral density
S* ( f ,T) as a function of temperature. Each point represe
the average of the power spectral density of 100 indepen
time traces. Over the entire temperature range investiga
S* ( f ,T) was proportional to 1/f m with m close to 1~see also
Fig. 4!. The normalized noise of the bamboo-structured~m!
and single-crystal specimens~s! is much lower than that of
the polycrystalline specimens~h! and shows a pronounce
maximum at about 340 K. Over the entire temperature ran
there is no significant difference in the normalized 1/f noise
of the bamboo-structured and single-crystal specimens.

The measured temperature dependence of the frequ
exponentsm of the noise power is in good agreement wi
the exponents

re

FIG. 3. ~a! Temperature dependence of the normalized 1/f noise
spectral densityS* ( f 051 Hz,T) for a polycrystalline ~h!, a
bamboo-structured~m!, and a single-crystal~s! Al sample.

FIG. 4. Experimental frequency exponentm of a polycrystalline
~h!, a bamboo-structured~n!, and a single-crystal line~s!. The
solid curves give the exponentm derived from the temperature

dependence ofS* ( f 051 Hz,T) according to the model of Dutta
Dimon, and Horn.
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m512
1

ln~2p f 0t`! H d ln@S* ~ f 0 ,T!#

d lnT
21J , ~2!

derived from the temperature dependence ofS* ( f 0,T) ~at
f 051 Hz! according to the DDH model4 ~Fig. 4!. It confirms
that the 1/f noise in the investigated samples is caused
thermally activated resistance fluctuations. In Eq.~2! t` is
the preexponential factor of the relaxation time of the res
tance fluctuations~on the order of the inverse Debye fre
quency, i.e., 10213 s!. Note that the crossover fromm.1 to
m,1 occurs near the temperature whereS* ( f 0 ,T) has its
maximum, which is in agreement with the DDH model.

In the DDH model, the distribution function of the resis
tance fluctuations can be inferred directly from the tempe
ture dependence of the noise power according to

FIG. 5. Distribution function of activation energies,D(E), de-
rived from S* ( f 051 Hz,T) according to the model of Dutta, Di-
mon, and Horn for a polycrystalline~h!, a bamboo-structured~m!,
and a single-crystal~s! Al sample.
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D~E!}
f 0S* ~ f 0 ,T!

kT
, with E52kT ln~2p f 0t`! ~3!

~k5Boltzmann’s constant!. The application of the DDH
model to the data of Fig. 3 indicates that the process resp
sible for the resistance fluctuations in the single-crystal a
bamboo-structured samples is characterized by a relativ
narrow distribution of activation energies centered arou
0.8 eV ~Fig. 5!. In contrast, the polycrystalline sample has
much broader distribution function with a maximum betwe
0.9 and 1.0 eV.

The activation energy for the bamboo-structured a
single-crystal lines is close to the activation energy of 0.
eV for pipe diffusion along dislocations as measured by V
lin and co-workers.17 This correspondence and the fact th
our samples contain a large number of dislocations, sugg
that the 1/f noise in the single-crystal and bamboo-structur
lines is due to the thermal motion of atoms along disloc
tions. In the polycrystalline lines the noise associated w
grain boundaries dominates. Since the dislocation dens
in the specimens are not well known, it is not possible
calculate the relative weights of these two mechanisms. T
polycrystalline lines do not show a well-defined activatio
energy, in agreement with measurements by Kraayeveld
co-workers18 and by Briggmann and co-workers3 but in dis-
agreement with the measurements by Koch and co-work5

who found a pronounced maximum at 325 K in the noi
power of polycrystalline Al.

In conclusion, measurements of samples with very diff
ent microstructures have demonstrated that dislocations c
tribute to 1/f noise.

The authors thank M. Kelsch from the MPI fu¨r Metallfor-
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ported by the Technology Foundation~STW!, the Nether-
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