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Small multiprobe resistors have been fabricated from continuous metal films of Ag, Al, Au, Cr,
Cu, Mo, Nb, Ni, Pt, and W deposited under various conditions. Each shows some reproducible level
of flicker (1/f) noise. This study implicates carrier scattering by extrinsic defects or impurities as
the source of the resistivity fluctuations. The noise level appears to be determined by the number of
defects introduced in the film during deposition. We introduce a new quantity, pk = SSp(fINg, as an
appropriate measure of the level of noise and relate it to the residual resistivity ratio p(300 K)/p(4.2
K), a measure of the extrinsic defect and impurity density. [Here f is the frequency in Hz, S,(f) is
the power spectral density of the resistivity fluctuations, and N, is the number of atoms in the sam-

ple.]

I. INTRODUCTION

The power spectral density Sy (f) of fluctuations in the
voltage (V) across a physically small resistor (7) carrying
a constant current () is generally found, at low frequen-
cies (f), to exceed the intrinsic thermal noise (4kTr).
When the excess noise, Sy(f)—4kTr, is proportional to
I?, the fluctuations are interpreted in terms of resistance
fluctuations having spectra

S, (f)=[Sy(f)—4kTr]/I* .

For homogeneous conductors of resistivity p it is con-
venient to define a resistivity fluctuation spectrum

S,(f)=(p/r)S,(f) .

Such is the case for the low-frequency (1 mHz< f <1
kHz) excess noise of metal films whose spectra are fre-
quently described by a power law,

Sp(=pi/(Nof®),

where N, is the number of atoms in the conductor and
a~1. Though the frequency exponent « is seldom exactly
equal to one, it is convenient to define a noise level

Pi=[fNaSp(f)]f=l Hz

with units of resistivity squared. The normalization by
N, scales out an assumed inverse dependence of S,(f) on
conductor size, consistent with observed trends.! The
literature frequently . uses a relative noise level, C :pﬁ /pz,
which typically ranges 1074 < C <101, (See the reviews
by Nelkin? and Dutta and Horn.3) These fluctuations,
designated 1/f noise since a~1, are commonly observed
in small conductors with, say, N, <10, Neither the
physical origin of this 1/f noise nor the parameters re-
sponsible for variations in the values of C and « is yet un-
derstood despite extensive recent research. This paper re-
ports results of a series of measurements on continuous
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metal films that implicate carrier scattering by extrinsic
defects and impurities and suggest that 1/f noise is not
intrinsic, at least .at observed levels.

A notable analysis of resistance fluctuations due to lo-
cal temperature fluctuations aimed to account for the 1/f
noise of metal films.* Temperature fluctuation models,
however, fail to account for either the observed tempera-
ture dependence® or the absence of spatial correlation.®’
Intrinsic temperature fluctuations are ordinarily too small
to generate observable resistance fluctuations® with an in-
teresting low-temperature exception near a superconduct-
ing transition.’

The temperature and frequency dependence of low-
frequency resistance fluctuations can be represented by an
ad hoc superposition of thermally activated processes® !
with a distribution of activation energies suggestive of de-
fect relaxation processes in metals.!! Typical defect con-
centrations, which are far above equilibrium levels in met-
al films, could account for the observed noise levels
through fluctuations in the scattering of conduction elec-
trons, rather than carrier trapping.!? Evidence is mount-
ing in support of such a picture in nonmetals through the
observation of spectral features and temperature depen-
dence attributable to particular thermally activated fluc-
tuations.'>!* Two level systems of scatterers, which are
similar to tunneling systems in glasses at low tempera-
tures!® and related to “Snoek-like” internal friction mech-
anisms at high temperatures,'®!” have been invoked to ex-
plain the 1/f noise of metals. Thermally activated
features and local-symmetry properties of the 1/f noise of
Bi films are consistent with such a model.!”

Recent experiments on 1/f noise in metals are difficult
to interpret. On the one hand, changes in the noise of Pt
and Au films with time and applied stress suggest a possi-
ble connection with defect motion.'® On the other hand,
the noise of Sn and In films apparently depends on their
thermal coupling to the substrate.!” Fleetwood and Gior-
dano®® report a minimum level in the 1/f noise of other
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metals that would seem to support an intrinsic noise
mechanism.

There is one metallic film system for which the origins
of the observed excess noise have been fully understood
because the spectrum is not featureless 1/f noise. The
dominant excess noise of Nb films is associated with
scattering of conduction electrons by hydrogen impurities,
introduced into the film during sputter or chemical etch-
ing.2"22 Resistivity fluctuations occur as hydrogen ions
diffuse randomly in and out of the monitored film seg-
ment. The dependence of S,(f) on frequency (f), seg-
ment length (L), hydrogen concentration (cy), and tem-
perature (T) are all consistent with calculations based on
a simple one-dimensional diffusion model:

S,(f)=4p3/(3mN,) for f << f.
and
Sp()=3p6/QuN)f /£ )73 for f>>f. ,

where f.(T)«D(T)/L?* is a temperature-dependent
characteristic frequency, D is the diffusion coefficient for
hydrogen in Nb, Ny=coN, is the number of hydrogen
impurities in the segment, and py=(3p/dc)cy is their
mean contribution to the resistivity (p). Activated
dynamics enter through a diffusion coefficient
D(T)=Dge ~E/¥T, :

In this paper we present the results of an experimental
study of the low-frequency excess noise of a broad selec-
tion of metal films; noise measurements are analyzed as a
function of film residual resistivity ratio,
A =p(300 K)/p(4.2 K). Our results show that lower
noise can be obtained as # increases in value. These re-
sults lend support to the proposition that 1/f noise arises
from extrinsic carrier scattering by defects or impurities.
We find similar noise levels (pi) for Pt, Au, and Al films
of comparable quality, as measured by the effect of defect
and impurity scattering on %. The measured noise due to
scattering by hydrogen impurities in Nb produces an
analogous proportionality. The customary relative noise
levels (C) of carefully prepared Pt and Nb films are found
to be 1—2 orders of magnitude lower than any previously
reported for other metals simply because they have higher
resistivities.

II. EXPERIMENTAL METHODS

Thin-film strip resistors with multiple branches for ter-
minals were shaped by photolithography from films depo-
sited by evaporation or sputtering onto unused sapphire
substrates with preformed contact pads. Gold contact
patterns were formed on highly polished sapphire sub-
strates by depositing a 300-nm-thick Au film (with a 20-
nm-thick Cr underlayer) through a thin foil evaporation
mask. The mask was held 0.003 in. away from the sub-
strate to achieve a sloped edge profile. Four or five large
rectangles of specimen metal were deposited through a
second mask so as to overlap the Au contacts. The rec-
tangles were subsequently patterned into multiprobe resis-
tors (see Fig. 1) using photolithography followed by chem-
ical etching or ion milling. Resistor dimensions ranged
40<h <500 nm, 0.5<w <80 um, and 40 um <L <2.2

. Fig. 1.

= to
> [ lock-in

FIG. 1. Circuit diagram for the ac-noise measurement with
the five-probe specimen geometry. The distance between either
voltage probe and the center contact is L /2. In practice, r|~r,
and R|~R;; the specimen resistance r =r; +r;.

mm. Finished substrates were mounted on 24-pin gold-
plated, hybrid packages with Apiezon N-grease; 0.7-mil
Au wires were ultrasonically bonded between the package
pins and the Au specimen contacts. For thicker (4 > 100
nm) films of Al, Cr, Nb, and Pt, adhesion was adequate to
ultrasonically bond 1.3-mil Al wires directly to the speci-
men metal without the use of an Au contact layer. Table
I summarizes the various deposition parameters and prop-
erties of each film. The deposition parameters tabulated
are the background pressure p (in uT), the deposition rate
(in A/s), the substrate temperature 7 (in °C), and the
deposition method (DM). Also included in the table are
the measured thickness /4 (in nm), sheet resistance pg (in
Q), residual resistivity ratio #, and calculated resistivity
p (in uQcm). Residual resistivity ratios enclosed in
parentheses were not measured, but rather were calculated
from measured room-temperature resistivities, p=p(300
K), and literature values of the intrinsic resistivity due to
lattice scattering, p;=p;(300 K). Assuming that
p(T)=py+p;(T), where py; is the temperature-
independent component due to defect and impurity
scattering, then the residual resistivity ratio Z~p/(p-p. ).

Excess noise was measured with the circuit shown in
The specimen was placed in an ac-resistance
bridge, otherwise composed of 2 ppm/°C stable, 5-W
wire-wound resistors R; and R, (R;~R,) attached to
large metal heat sinks. With a bridge current

I(t):io Sil’l(277'f0t)

fluctuations in the resistances r; and r, of either speci-
men half produce a bridge imbalance that is detected by a
Princeton Applied Research (PAR) 124A lock-in amplif-
ier, operated in its Q@ =1 bandpass mode. The output of
the lock-in amplifier is

8V(t)gGoirms[érz(t)—Srl(t)] ’

where i2,,=i3/2 and the lock-in gain (Gj) is the ratio of
the (dc) voltage at its output to the rms voltage at its in-
put. For the PAR 124A lock-in, G is 10.0 divided by the
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TABLE 1. (Continued).

Notes

Aa

AC/C
(%) a

Po p . P
Q) (uQ cm) R (uQcmy  10°C

Rate T h Ah/h
(A/s) (C) DM® (nm) (%)

p
(uT)

Device?

Film

1.17  0.05 f,i
0.10

1.25

3.8 0.085 0.7 40
0.9 30

2.5

1.05 11.0

1.02

20
20

105

25

1.0
0.07

12

K3

12.2

120

25

10

K4

0.10
0.10
0.10

1.10
1.06

1.18

20
30
30

0.02
0.07

0.12

0.003
0.008

0.022

9.2
3.5
5.4

0.842 12.0

10
10
10

142

400

10
10
10

0.4
15

234
24
24

P1

Pt

10.7 1

0.855

125

P2

13.5

0.825

164

50

0.4

P3
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.17 0.04

0.4 50

0.6

1.25

10 3.6 38

105

25

12 0.02

w1

Indicates which of the five devices have had their noise measured.

®Deposition method: 1, thermally evaporated; 2, dc sputtered; 3, electron-beam evaporated; 4, rf sputtered.

“Some indication that noise increased from initial level.

9Excess noise difficult to measure because film is so thick.
Excess noise measured within hours of deposition.

fAnnealed for 1 h at 300°C in H, atmosphere.

pecimen.

EMeasurements with large dc bias to remove hydrogen from s,

hAnnealed for several hours at 400

°C in a vacuum better than 5 10~8 Torr.

ISy(f) deviates from a power law at high frequencies.

full-scale sensitivity in V.. The lock-in output is fed
into an Hewlett-Packard (HP) 5420A fast-Fourier-
transform (FTT) spectrum analyzer and its power spec-
trum Sy (f;iy) calculated. Excess noise spectra,

Sy(f3i0)—=Sy(f;0),

were always proportional to i (2, and are conveniently
represented by resistivity fluctuation spectra S,(f) defined
by

So(N/P* =[Sy (f3i0) —=Sp(f30)1/(Goirmsr)
P

where r =r;+r, and p=rhw /L. A detailed discussion of
the measurement technique is given elsewhere.?

III. EXPERIMENTAL RESULTS

Excess noise has been measured from more than 100
metal-film specimens on 43 substrates. The films were
formed during 26 depositions of Ag, Al, Au, Cr, Cu, Mo,
Nb, Ni, Pt, and W. Resistivity fluctuation spectra S,(f)
and resistivities p of films deposited at room temperature
have been observed to change for a few days following
deposition; both reach time-independent values after this
initial stage of resistance recovery. Significant changes in
p and S,(f) were induced by annealing at elevated tem-
peratures, while smaller changes sometimes occurred upon
low-temperature cycling. With the exception of Nb (Refs.
21 and 22) excess noise spectra were “1/f-like,” that is,
their power spectral densities were nearly inversely pro-
portional to frequency with no observed low-frequency
rolloff. For specimens fabricated from the same film of
uniform thickness, S,(f) « 1/(Lw) with about 30% repro-
ducibility. Measured values of the noise parameters py, C,
and «a are tabulated in Table L.

The inverse scaling of S,(f) with specimen area (Lw) is
illustrated by measurements from four Cr specimens fa-
bricated from the same film (C1). Figure 2(a) shows a
log-log plot of [fSp(f)/pZ]f=1 u versus N, for these four
specimens; tabulated lengths (L) and widths (w) are both
in um. Note that all four specimens have the same thick-
ness and resistivity so that Fig. 2(a) displays the depen-
dence of S,(f) on the specimen Lw. A least-squares fit to
the four points gives a slope of —1.05, not significantly
different from —1.0. The systematic w~' dependence
implies that the noise arises from fluctuations 8pn(x,y,?)
in the local sheet resistivity, with a correlation length
A <Wpin~0.5 um. We have always observed this (Lw)~!
scaling for specimens fabricated on the same substrate, in
data typically including a factor of 10 or more variation
in Lw. The column headed “devices” in Table I indicates
which of the five specimens on each substrate have had
their noise measured.

These same data illustrate the reproducibility of
N,S,(f) for specimens fabricated from the same film.
Multiplying S,(f) by the specimen size (N,) conveniently
scales out both the observed (Lw)~! dependence and an
anticipated inverse thickness dependence that is generally
consistent with the data. The relative excess noise spectra
NS, (f )/p? for the four specimens, plotted in Fig. 2(b),
differ by no more than 50% at all frequencies while their
areas Lw vary by a factor of 200. In contrast with Fleet-
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p=115uflcm
h=120nm [

2 |
NS, ()/p% (HZ)
3

10_‘6 L sl oy A ul ol sl
107 107" 10’ 10°
f (Hz)

FIG. 2. Reproducibility and iriverse size scaling of the 1/f
noise of four Cr specimens (C1, C2, C3, C4) fabricated from
the same film. The symbols, lengths L (in um) and widths w (in
pm), are tabulated in the figure (a) Log-log plot of
LF S, /p? ] s=1H; versus specimen size N,. (b) Log-log plot of
N S,(f)/p* versus f for all four specimens.

wood and Giordano,?® who found a factor-of-10 variation
in the noise of nominally similar specimens, we find that
N,S,(f) is a closely reprodu01b1e property of a particular
metal film.2* Both p and p? are similar to those reported
previously for Cr films.’

1077, : ]
g Ag *
. n Al *
L. Au @
_2 Cr <
10 “F .
H > Cu*
<« Mo?©
< 1073 L x / < Ni >
N B, ¥ Pt *
0 W ¢
oA.
107% N .
£
HAA
A
-5
"]O sl PR il i LAl
T 102 10°
p (pfrcm)
FIG. 3. Log-log plot of the relative noise level

C =pi/p*=I[N,fS,(f)/p*lr=1u, versus film resistivity p for
various metal films. The symbol corresponding to each metal is
tabulated in the figure. Solid lines connect measurements before
and after annealing. The dashed and dotted lines are discussed
in the text.

The excess noise of films varied significantly with con-
ditions of deposition. Following the example of Fleet-
wood and Giordano,?® Fig. 3 represents a log-log plot of
the relative noise level (C =pZ/p?) versus resistivity (p)
for the various metal films. Except for Cu, Nb, and Ni,
each point in Fig. 3 represents a separate deposition. For
Nb, 1/f noise was observed only in the smallest specimens
with very low hydrogen concentrations ¢y <0.03 at. %;
the excess noise of most Nb specimens was dominated by
resistance fluctuations associated with hydrogen diffusion
and are not plotted. Thus the S,(f) for Nb films were not
checked for scaling with film area. The solid lines con-
nect measurements before and after annealing.

The effects of annealing were studied on Ni films. We
have measured the resistivities (p) and noise levels (p) of
both thermally evaporated (K1 and K3) and sputtered
(K2 and K4) Ni films. One evaporated (K 3) and one
sputtered (K2) film were annealed for 1 h at 300°C in a
H, atmosphere?® and their properties remeasured. The re-
sults are summarized in Table I but are most easily fol-
lowed in Fig. 3. Before annealing, sputtered films had
lower p, but hlgher p,,,, then evaporated films. Annealing
reduced both p2 and p (mcreased H). After annealing
both films had similar p*, but the sputtered film had
lower p. Annealing reduced the noise of the sputtered
film by a factor of 20.

IV. DISCUSSION

Our data are not consistent with the popular empirical
formulas which have been proposed to describe the 1/f
noise of metals. Hooge and Vandamme?® asserted that
1/f noise is generated by lattice scattering in all conduc-
tors at a level given by

px/p*=CulpL/pV/Z ,

where Z is the effective valence (i.e., N, =ZN, for a met-
al) When Z=1 and p~p;, this simplifies to
pk/p*=Cy~0.002, which is plotted as the dashed line in
Fig. 3. Lattice scattering dominates at room temperature
for films with #Z >>1. The lowest noise levels that we ob-
serve for high-# films of Nb and Pt are 1 to 2 orders of
magnitude smaller than Cy. Failure of the Hooge formu-
la has been discussed by Fleetwood and Giordano.?’ They
found that 1/f noise levels were not reproducible, but that
varlous measurements of pi/p* were bounded by a
“minimum,”

(2 /) min==(0.006 uQ cm)/p ,

which is plotted as the dotted line in Fig. 3. Our data do
not support this formula either.

Several other trends, however, are suggested by our
data. First, the noise of a given metal tends to be lower
for films with lower defect and impurity scattering, py.
Secondly, high-# films of high-resistivity metals (Pt, Nb,
and Mo) tend to have lower relative noise levels,
C =pl/p?, than do low-resistivity metals (Ag, Al, Au,
Cu).. These results show that N,S,(f) does not generally
scale with p and suggest instead a scaling with p,.

The quantity p, is difficult to determine experimentally
whenever it is small. The residual resistivity ratio £,
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however, can be accurately measured; the two are related
by pg=~p; /(# —1). Figure 4, a log-log plot of the noise
levels (px) versus (#—1)"Y, clearly indicates the trend
that p,z‘ increases with (% —1)~'. That is, “better films”
(i.e., lower py) have lower noise. Further, the hlghest-
rquality films of Pt, Al, and Au all have comparable p2.
The inference of relatively lowest noise for Pt, Nb, and
Mo from Fig 3 appears to be a misleading artifact of the
popular p normahzatlon We cannot expect an exact
correlation between p2 and p, since p, is determined by
many scattering mechanism, whereas the noise may be as-
sociated with a single type of scatterer.

The above conclusions parallel those found for Nb
films where the dominant excess noise is associated with
fluctuations of scattering by hydrogen impurities. 21,22
The variance (8p*) of this noise spectrum is given by
(8p?) =p3/N,, where No=coN,, ¢ is the mean hydro-
gen concentration, po=/pc, is the component of the resis-
tivity due to scattering from hydrogen impurities, and
B=0p/dcy. Note that we may write

NoS,(f) < Na{8p>) =B

This simple scaling generally applies to fluctuations of
electron mobility that arise from scatterer-number fluc-
tuations with two assumptions: (1) independent scatterers
and (2) Matthiessen’s rule:

We hypothesize that during formation of metal films
impurities or defects are introduced that generate the
1/f-resistivity fluctuations and contribute a component
(po) to the mean resistivity. As with hydrogen in Nb, we
might expect N,S,(f )< B%co. The ‘scattering power (f3)
for various point defects and impurities in most metals is

10% . . :
FAg® Al* Au® Cr+ Cu-*
1Og“_Moo Nb® Ni* Pte WO
¥
N
10 F -
Sul !
§ 100L . -
3 H;
" o1l ﬁi- 1
§ L] f?
_2 I :
107°F i ¥ -
i t b ¥
10—3 M| 1. sl RPN | TR
1072 107" 10° 10" 10?

1/7(R-1)

FIG. 4. Log-log plot of the noise levels p3 =[NofSp()lf=1 1z
versus 1/(Z# —1), where # is the residual resistivity ratio.

ﬁ~1 1€ cm/at. % within a factor of 2, so that the ratio
Pi 2/ would generally reflect the concentration of the

“noisy” defect. Scattering fluctuations, however, may in-
volve either defect number changes, by entering and leav-
ing the conductor, or transitions between two states with
different scattering powers, B; and B,.!®!” In this case
B=pB,—pB; would depend on the particular mechanism
and might well be much smaller than 1 u{) cm/at. %.

Observations suggest that oxygen impurities may be re-
sponsible for the excess noise in several metals. The scal-
ing of pZ with p? in Cr films, over a factor of 25 change in
p?, suggests that 8p and p are dominated by the same
mechanism. The high resistivity of Cr films is thought to
be due to the presence of oxygen.?® The factor-of-20 de-
crease in p2 for sputtered Ni, affected by annealing in H,,
may be due to a reduction of nickel oxide.”* Finally, con-
sider the significantly higher p2 and # of Pt film P2 (as
compared to P1) deposited in an oxygen partial pressure
of 1.5x 1075 Torr. In this case the higher # of the
oxygen-annealed film P2 is expected due to the oxidation
of dissolved metallic impurities which are thus removed
from solution in the oxidation-resistant platinum. To-
gether these results imply association of excess noise with
particulate oxides.

There are, however, other interpretations for the above
results involving grain (i.e., crystallite) size effects. The
resistivities of Cr films may actually reflect the different
grain sizes achieved by heating substrates during film
deposition. Similarly, the grain size of the Pt films should
vary with oxygen partial pressure in the deposition sys-
tem. Though defect concentrations would be reduced by
the annealing of Ni films to 300°C, significant grain
growth would not be expected.

One additional result on Au films suggests that impuri-
ties, not structural defects, are responsible for the 1/f
noise. Two high-quality Au films (G6 and G7) had
roughly the same noise level but different grain structure.
One of these (G 6) is an epitaxial Au film grown on a
freshly cleaved LiF substrate, while the other (G7) is
grown on a highly polished sapphire substrate. Both
films may have similar point defect concentrations and
grain sizes, but the epitaxial film has only low-angle grain
boundaries whereas the sapphire-grown film is expected to
have randomly oriented grains with many large-angle
boundaries.

The precise defects or impurities responsible for the
resistance fluctuations that generate 1/f noise in metal
films remain to be identified for each case individually.
Nevertheless, our pattern of results clearly eliminates in-
trinsic mechanisms and implicates extrinsic mechanisms
that should be subject to control.

Our analysis of defect number fluctuations shows that
the concentration (cy) of the “noisy” defect is given by
the variance, N,{(8p?)~f%c,. The variance of the 1/f
noise process may be estimated,

No(opY =N, [ S, Ndf=p% [} af/ro=Kpl,

where K is the unknown integral over frequency. Identi-
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‘fying this quantity with B%c, we see that the effective con-
centration is just cog~K, pf /B% For example, taking a=1,
f2/f1=10%, and B~1 uQ cm/at. % gives

co/(1 at. %)=~pk /(uQ cm)? ;

the result only depends logarithmically on f,/f;. The
noise levels of Fig. 4 imply effective concentrations from
0.001 at. % for high-quality Al, Au, and Pt to 100 at. %
for poor-quality Cr films. Such defect concentrations are
not unreasonable. While the above calculation should not
be taken literally, it does provide a useful measure of ex-
cess low-frequency noise levels. The lowest noise level we
have achieved may reflect nothing more fundamental than
the limitations of our vacuum systems with p> 1078
Torr. A simple test of this viewpoint would consist of
measurements of the excess noise of Cr, Al, or Au films
with Z# >>1 deposited in ultrahigh-vacuum (UHYV) sys-
tems by molecular-beam epitaxy.

V. SUMMARY AND CONCLUSIONS

We have found that the 1/f noise of a metal film is a
reproducible film property that arises from local fluctua-
tions in the sheet resistance pp(x,y,t) having a correlation
length A <0.5 um. Our data suggest that better quality
films, i.e., those containing fewer defects and impurities,
have lower noise. They do not support the concept of a

“minimum” noise described by the formula of Fleetwood
and Giordano.”® Such a minimum may, of course, appear
eventually as purity is improved and sensitivity is further
increased by fabrication and testing of still smaller films.
The data are not consistent with the empirical formula of
Hooge and Vandamme?® proposed to account for noise
arising from lattice scattering. To the contrary, our re-
sults suggest that 1/f noise in metal films is associated
with carrier scattering by extrinsic defects or impurities,
as is known to be the case for the dominant excess noise
of Nb films containing hydrogen impurities. For metal
films of sufficiently high quality, the resistivity is dom-
inated by lattice scattering, while resistivity fluctuations
are dominated by fluctuations of impurity or defect
scattering mechanisms. Thus normalization of N,S,(f)
by p? to form N,S olf )/p? is inappropriate.
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