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The measured coherence between the 1/f noise of two superimposed, thermally coupled but
electrically insulated continuous gold films was found to be orders of magnitude smaller than it
would be if this excess low-frequency noise were due to temperature fluctuations. Thus tem-
perature fluctuations of either extrinsic or thermodynamic origin cannot generally be responsible
for the 1/f noise observed in substrate-mounted metal films.

Temperature fluctuations endure as an attractive
putative mechanism for generating the ubiquitous ex-
cess low-frequency resistance fluctuations in conduc-
tors known as 1/f noise.!”” We have devised an ex-
perimental test for temperature fluctuation mechan-
isms for generation of 1/f noise. We report here ex-
periments showing that typical 1/f noise, in gold
films on an insulating substrate, is not generated by
either intrinsic or extrinsic temperature fluctuations.

Fluctuations of conductor temperature with power
spectral density S7(f) generate voltage fluctuations,
at constant current, that have a power spectrum

Sv(f) =B27S:(f) )

where 8= (1/R)(dR /dT) is the temperature coeffi-
cient of resistance, and V is the average potential
difference across the conductor. Since local tempera-
ture fluctuations 8 T(X,#), whatever their origin, pro-
pagate in solids by diffusion, thus d[87(X,¢)1/0¢
=DV5T(X,0], where D is the appropriate dif-
fusivity, the conductance noise developed by tem-
perature fluctuations can be calculated.

Thermodynamic fluctuations of the temperature of
freely suspended tin films near their superconduct-
ing transition temperatures (where 8 is very large) do
account for the magnitudes and spectra of their ex-
cess conductance noise.! In contrast, experiments on
substrate supported metal films at various tempera-
tures generally reveal extended 1/f spectra® 35689
with complex temperature dependence, not attribut-
able to equilibrium temperature fluctuations.! How-
ever, Voss and Clarke have proposed an alternative
model with temperature fluctuations of unidentified
origin that generate a 1/f spectrum?® and Van Vliet
et al. find a 1/f noise spectrum in a substrate-
mounted metal film due to radiation fluctuations,
treated as a spatially coherent, white-spectrum, sur-
face flux.* Extrinsic fluctuating heat sources might
be invoked to account for various excess noise spec-
tra.

Reported measurements of spatial correlation in
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the 1/f noise along metal films®* ¢ support tem-

perature fluctuations as a cause of 1/f noise, since
solutions of the diffusion equation are characterized
by a frequency-dependent correlation length,

M) =(D/mf)2 We have exploited this time-
displaced spatial correlation to identify excess conduc-
tance noise due to temperature fluctuations. Our cal-
culations have shown that the temperature fluctua-
tions of two superimposed thin metal films, separated
by a thin, electrically insulating layer are strongly
correlated at the relevant frequencies. Therefore,
any excess conductance noise due to temperature
fluctuations must also be strongly correlated. We
have formed appropriate superimposed films on an
insulating substrate, calculated and experimentally
confirmed their thermal coupling, and have sought
correlations between their 1/f noise signals with suf-
ficient sensitivity to detect coherence (defined

below) less than one-hundredth the magnitude anti-
cipated were the 1/f noise due to temperature fluc-
tuations.

Superimposed, electrically insulated film bridges
were prepared by (1) evaporating a 600-A layer of
gold onto a 0.6-mm-thick single-crystal sapphire sub-
strate, (2) photoetching the gold to a I-mm-long by
80-um-wide bridge of 10 to 20 Q resistance, (3)0
evaporating a layer of SiO of thickness s =6000 A on
the bridge and surrounding substrate, (4) similarly
fabricating a second gold bridge on top of the SiO,
and (5) evaporating a thicker gold four-probe electri-
cal contact superstructure for noise-free contacts.
Film resistivity was typically 6 u € cm (twice bulk)
and B was 0.003 K™! (like bulk). Data were taken
from two superimposed film pairs with similar
results. Specimen geometry is illustrated in the inset
of Fig. 2.

Conductance and Johnson noise were measured
with a constant current from lead-acid batteries in
series with a 1-k Q) resistor. Despite current densities
approaching 10% A cm~2, measured film temperatures
rose less than 1 K because of the high thermal con-
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ductivity K (50 JK~'s7'm™) of the substrate,
mounted on a copper heat sink.

Voltage fluctuations were amplified with Ithaco
1201 or PAR 113 low-noise preamplifiers,
impedance-matched to the films with PAR 190 low-
noise transformers, and analyzed with an HP 5420A
spectrum analyzer. The spectrum, Sy(f), of the ex-
cess noise was isolated from that of the measured
voltage fluctuations, Sg(f), by subtracting out the
background (mostly Nyquist) noise, Sz(f), of an
equivalent wire-wound resistor. Within the measure-
ment range, 1 < f <100 Hz, both films showed typi-
cal excess noise roughly consistent with Hooge’s em-
pirical formula, Sy(f)/ 7 =a/(N,.f%), with
1.0 < b < 1.1 and 0.005< a < 0.014, where N, is the
number of carriers.’

In order to determine the thermal coupling
between the two films we have measured the fre-
quency dependence of the modulation amplitude of
the temperature of one film generated by electrical
power dissipation AP cos(2mf?) in the superimposed
film. The temperature-modulation amplitude AT,(f)
of the second film was determined from the ampli-
tude Av,(f) of the cos(27f1) component of the vol-
tage with a steady current I, as AT, =Av,/(BI2R?).
Measured values of AT,(f)/AP, are plotted in Fig. 1,
for frequencies 0.2 Hz< f < 24 kHz. Awv; was pro-
portional to AP;1, as expected for thermal coupling.
Reversal of the roles of the two films gave identical
results.

The corresponding quantities can be calculated by
solving the homogeneous diffusion equation in the
substrate, represented by an infinite slab normal to
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FIG. 1. Thermal response AT,(f)/AP;. Data points are
representative of several different runs with superimposed
points omitted; O and ¢ observed with power into top film,
O with power into bottom film. Error bars represent low-
frequency uncertainties in transfer-function calibration.

Solid line is the calculated thermal response AT,(f)/AP;.
The dashed curve is the thermal auto-response AT(f)/AP;.
It is identical to the spectrum of the equilibrium thermo-
dynamic temperature fluctuations of one film divided by
2x10"18 K.

the z axis, having thickness d, diffusivity D, thermal
conductivity K, and the bottom face (z =0) at con-
stant temperature. The heater (upper) film is
represented by prescribing the surface-heat flux at
z=dto be (AP,/4Iw) cos(2m f1) inside the rectangu-
lar region (X:|x| <1, |y| <w, z=d}, and zero out-
side. The heat capacities of the thin films are negligi-
ble. We solve for the steady-state oscillating com-
ponent of the temperature averaged over the rectan-
gle (Kihi—l<x<li+lwi—w<y<w +w,

z=d —s}. The offsets /; and w; allow for imperfect
alignment of the films. The average temperature
modulation of the lower film is found to be

wK1*w?

AT(f) =)

where g2=k¢ +k# +i2wf/D. Numerical integration
yields AT,(f)/AP) plotted as the solid curve in Fig.
1. Theory and experiment agree at all frequencies
within the factor of 2 uncertainty due to 8, K, and
calibrations. The excellent agreement without adju-
stable parameters indicates that the model incor-
porates the important features of the system, and, in
particular, excludes thermal boundary resistances at
the interfaces.

Equation (2) yields the modulation amplitude of
the temperature of the heater film AT,;(f) on setting
s =1,=w;=0. The temperatures of those portions of
the two films that are directly superimposed are vir-
tually identical for frequencies f << Dgo/ms*~1
MHz, where s is the thickness, and Ds;o the diffusivi-
ty of the SiO layer. The corresponding calculation for
an instantaneous point heat source in one film shows

P, f"" f°° cosklicoskaw; sinZk,l sinZk,w sinhg(d —s)
0o Jo “H19F2

k3 coshgd @

that even spatially localized temperature fluctuations
are fully coupled between the two films in the
relevant frequency range.

An implicit result of these calculations is the spec-
trum of the equilibrium thermodynamic temperature
fluctuations, St,¢q(f), for a metal film on an insulat-
ing substrate. This spectrum is proportional to the
cosine transform of the impulse response® !° which is
proportional to the amplitude of the sinusoidally
driven response, that is, AT(f)/AP,, plotted as the
dashed curve in Fig. 1. The proportionality constant
for our gold films at 300 K (2 x 107'# JK)_is obtained
by normalizing the variance, ((8T)2) = , Stea(Ndf
=kgT?/Cy where Cy is the heat capacity of the
film. At 10 Hz, the measured 1/f noise, Sy(f), is
more than a thousand times 8275, ().

Our analysis of Eq. (2) verifies the form of Voss
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and Clarke’s Eq. (3.19) but requires that the dif-
fusivity D of the substrate replace that of the metal
film.> The thermal relaxation is determined almost
entirely by three-dimensional diffusion into the sub-
strate, not along the film as suggested by Voss and
Clarke?; the one-dimensional model considered by
Van Vliet et al. applies for frequencies f >> D /ww?
=700 Hz.*

The correlation between fluctuations of the average
temperatures of the two films can be expressed by
the coherence function,

Y+ = 1St/ S (N Sr(N] 3)

where Sr;; is the cross-power spectral density
between the average temperatures of the two films,
and S and Sy, are their individual power spectra.!!
(Numerical subscripts will index the bridges.) The
thermal-coupling calculation indicates that with two
perfectly superimposed films y#(f) =1, f << 1
MHz. Correction for misalignment reduces vy # slight-
ly; for our film geometry we find 0.9 < y2(/) < 1.0.
Consequently, if temperature fluctuations were the
cause of the 1/f noise, essentially the same tempera-
ture fluctuations would appear in both films and the
1/f noise would be correlated. From Eqgs. (1) and
(3) it follows that y#=v#, where y?} is the coherence
between the 1/f noise of the two films. Since the
measured voltage fluctuations include both the 1/f
noise and (mostly incoherent) background noise, the
coherence y} of the measured voltage fluctuations of
the two films is reduced from y} by

2 — y3(f)
Ve = s DS DT+ 552D 7S]

4)

Using measured values of Sy, Sg1, Sy2, and Sp), and
assuming y ? = y#, the right-hand side of Eq. (4) is
plotted as curve (a) in Fig. 2. This curve represents
the observable coherence y2(f) that would be ex-
pected if temperature fluctuations were entirely
responsible for the observed 1/f noise.
Experimentally y# was found to be smaller
than the measurement sensitivity; that is, y2(f)
=<5x107* indicated by curve (b) in Fig. 2. At
low frequencies the measured coherence is a fac-
tor of 10° smaller than expected if the 1/f noise were
due to temperature fluctuations. At higher frequen-
cies the Johnson noise reduces the expected y2(f),
but the disparity is still large. Since A(f) « /' and
M(1 Hz) >> s, the disparity should extend to lower
frequencies. Therefore, we must conclude that the
1/f noise in these gold films is not due to tempera-
ture fluctuations. Extrinsic temperature fluctuations
driven by hypothetical external sources are ruled out
in addition to equilibrium temperature fluctuations.
Our results suggest that temperature fluctuations
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FIG. 2. (a) Computed coherence y3(f) assuming that
the measured excess noise in each film is due to tempera-
ture fluctuations. (b) Upper limit of measured coherence
vy2(f). Inset: (i) Schematic cross section of a superimposed
film specimen with vertical scale distorted for visibility. (ii)
Plan view of a superimposed film specimen showing contact
pads and imperfect alignment.

were not responsible for previously observed spatial
correlation in the 1/f noise along metal films,2 356
but do not rule out spatial correlations due to electri-
cal coupling within the film. However, spatial corre-
lations, whatever their cause, would eliminate the in-
verse dependence of S, (f) on any conductor dimen-
sion that is smaller than the correlation length. Thus
the previously measured thickness dependence of the
noise would appear to rule out spatial correlation dis-
tances > 100 A in gold films.® (Weissman!® has not-
ed the corresponding objection to Voss and Clarke’s
“P source.”?)

We have put an upper bound on the coherence
between the voltage fluctuations of two electrically
insulated, superimposed, substrate-mounted thin gold
films, demonstrated their intimate thermal contact,
and calculated the coherence expected if temperature
fluctuations were responsible for their 1/f noise. Be-
cause the measured coherence is several orders of
magnitude lower than calculated, we conclude that
their 1/f noise is not caused by temperature fluctua-
tions of either thermodynamic or extrinsic thermal
origin. We presume that these conclusions are usual-
ly applicable to 1/f noise in metal films.

The following paper by Black and co-workers elim-
inates temperature fluctuations as sources of 1/f
noise in additional cases and thus support the gen-
erality of the result.

We thank Joe Mantese and Mark Nelkin for help-
ful discussions. This research was supported primari-
ly by the NSF through the Materials Science Center
at Cornell University.



24 RAPID COMMUNICATIONS 7453

‘Present address: Lawrence Livermore National Laboratory,
Livermore, Calif. 94550.

IMark B. Ketchen and John Clarke, Phys. Rev. B 17, 114
(1978).

YJohn Clarke and Richard F. Voss, Phys. Rev. Lett. 33, 24
(1974).

3Richard F. Voss and John Clarke, Phys. Rev. B 13, 556
(1976).

4K. M. Van Vliet, A. Van der Ziel, and R. R. Schmidt, J.
Appl. Phys. 51, 2947 (1980).

5John Clarke and Thomas Y. Hsiang, Phys. Rev. Lett. 34,
1217 (1975); see also, Phys. Rev. B 13, 4790 (1976).

8G. P. Zhigal’skiy and A. V. Karev, Radiotekh. Elektron.
(USSR) 22, 2610 (1977) [Radio Eng. Electron. Phys.
(USA) 22, (12), 112 (1979)].

7S. Putterman, Phys. Rev. Lett. 39, 585 (1977); S. H. Liu,

Phys. Rev. B 16, 4218 (1977); M. Weissman, Phys. Rev.
Lett. 41, 1 (1978); H. Sato, Physica (Utrecht) 97B, 194
(1979); 1. Pavlin and S. Engelsberg, in Proceedings of the
Second International Symposium on 1/f Noise, Orlando,
Florida, 1980 (unpublished), p. 340; ibid., p. 343; M. Mi-
kulinsky and S. Starobinets, Phys. Rev. B 21, 5558 (1980).

8J. W. Eberhard and P. M. Horn, Phys. Rev. Lett. 39, 643
(1977); J. W. Eberhard and P. M. Horn, Phys. Rev. B 18,
6681 (1978); P. Dutta, J. W. Eberhard, and P. M. Horn,
Solid State Commun. 27, 1389 (1978).

9F. N. Hooge and A. M. H. Hoppenbrouwers, Physica
(Utrecht) 45, 386 (1969).

10Michael B. Weissman, Appl. Phys. Lett. 32, 193 (1978).

Hjulius S. Bendat and Allan G. Piersol, Random Data:
Analysis and Measurement Proceedures (Wiley, New York,
1971), p. 141.



