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AC METHOD FOR MEASURING LOW-FREQUENCY
RESISTANCE FLUCTUATION SPECTRA

John H. Scofield
AT&T Bell Laboratories
Holmdel, NJ 07733

ABSTRACT

An ac technique is described foreasuringlow frequencyresistance fluctuation spectra with
improved sensitivity over dc methods achieved by avoidimgamplifier 1/f noise. The
technique, easily implementedth decade resistomnd alock-in amplifier, allowsthe current

noise oflow resistance (r < 10K) specimens to be measured to frequenogdew 1mHz. Use

of a center-tapped, four-probe specimen geometry althsiminationbetween specimen and
contact noiseand eliminates noise due to bath temperature variations. The technique is
demonstrated in use to determitie dependence othe 1/f noise of Cr films on film area.
Measurements with simultaneous direct and alternating currents provide means to study the noise
of nonlinear devices and frequency dependent conductors.
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the bulk material. Measuremerdse often perturbed
by significant Joule heatingdue to theuse of large
] measurement currents [8]. There has to dsen
1.1 Introduction insufficient sensitivity to measuréhe 1/f noise of
Fluctuations about equilibriumare generally —Metals at temperaturebelow 50 K [9,16]. ~ The
interesting in thatthey convey information about ~Sensitivity of the dc four-probe method, which is
system dynamicsnear equilibrium. Resistance Usually used to measure resistance fluctuations, is
fluctuations reflectthe dynamics of thephysical limited by low frequency preamplifier noise.
systems to whic[h_e conductiorpropessearecoup_led. Here, an ac method is introduced for measuring
For instance, resistance fluctuations of Sn filjust regjstance fluctuation spectra with sensitivity limited,
above Fheir superconducting transitiorreflect the ¢ by thelow frequencypreamplifier noise, butather,
dynamics of heaflow [1]. It hasbeen suggested [2] py the preamplifier noise at the modulatibequency.
and verified [3] that resistance fluctuations dhin  The method isimply a wide-band adaptation of phase
metal filmsmay probethe kinetics of chemisorption. gensitive detection (PSD)  techniquesommonly
Others have used resistance fluctuation spectra of Amployedwith ac resistance bridges. The introduction
films to probe vacancyreation/annihilation [4] and of 5 five-probe conductor geometry makes it possible to

dislocation dynamics [5]. ~ More recently resistanceg|iminate contact noise while placing the sample in a
fluctuations of Nb films have been shown to reflect theyyheatstone bridge. A lock-in amplifier is used to

dynamics of hydrogen diffusion [6]. amplify and demodulate noise sidebands produced by
Moreover, a wide variety of conductors exhibit a fluctuationsdr(t) of a center-tappedour-probe resistor
phenomenon known as "1/f noiseg., low frequency I in an ac Wheatstone bridge. The technigliews
resistance fluctuation&(t) havingpower spectra %) sub-mHz measurements of fluctuations of low
O1/% o=1 [7]. The apparentlecrease of the resistance samples, npossiblewith dc methods. In
relative noise magnitude 'fS)/rz with increasing contrast to the standard dour-probe method which
conductor size makes it difficult to study the 2llows measurement ofhe noise power § as a
phenomenon in bulk materialgnd accentuates the function oftwo variables, the currenplandirequency
potential practical problem of 1/f noise in sub-micronf: this ac methodallows measurement of,Sas a
conductors. In metals the 1/f-resistance fluctuationfunction offive variables, f, current amplitudg, idc
are sdow in level thatthey have been measuredly ~ Pias b, carrierfrequency §, andphase detection angle
for thin films (t< 100 nm),whiskers [16],and point O (the current I(f) =4+icsin(2qt+d)).  These
contacts whose propertiese notnecessarily those of additional  parameters may — prove useful in

1. Background
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understanding fluctuations in non-lineadevices, Sy (f;l) — Sy/(f;0) should be measured for at least two
frequency dependent conductorsand complex  different values ofhe ballast resistance R to determine
impedances. whether the current isufficiently constant to eliminate
nesontact noise. Independence of calculatg) &n the
1oratio R/r is proof that the contact noisehas been
ﬁlliminated [16].

Alternating-currnet measurements of 1/f-resistal
fluctuation spectra have previously been reported |
13] and several techniques have been proposed [14,1
Previous ac measurements, however, have not

eliminated contact noise (i.evere two-probe)did not R1

demodulate thearrier, anchave required the building VVVYV c

of specialized electronics. This five-probe method R=R+R,

distinguishes specimen from contact naisel theonly ~ +| 3 1_‘_i }_
electronics required is a commercial lock-in amplifier. —— £ 6 S5 G
Furthermore, since the lock-in amplifier's PSD 0 14 2=
demodulates the signal, the spectrum of the output ma;'/T R V-V >=Ir

be analyzed exactly as for the usual dc measurement. 4\/\/\/\/—

In the remainder of thisectionthe standard dc Figurel. Circuit for the usual four-probe noise
four-probe noise measurement will be described its measurement. The six-probe devicéhis noise specimen of
limitations  enumerated. Section (2Jescribes Figure 2. The ballast resistance Rsiit into two equal
successive modificatiorthatremove theséimitations, ~ Pieces A and R for comparisorwith the five-probe bridge
finally arriving at thesubject ofthis paper, thdive- noise measurement.
probe ac bridge method. Section (3) describes the (a)
physical realization of thBve-probe ac bridge method The above four-probe dcmethod has several
which is thenused in section (4) to measure thelimitations, especially when applied tow resistance
1/f noise of various conductors. In section (5) aconductors (e.g., metal films). First, measurements are
number of other measurements are briefly described. limited to frequenciesabovethe Ry\C knee of the

blocking capacitor Cand amplifier input impedance
1.2 Four-probe dc noise measurement Ra. Secondly, fluctuationsE in the battery voltage
show up directly ithe measured noise, prohibiting the
use of power supplies. Thirdly, the sensitivity is
limited by $\(f), which at low frequencies is
dominated by preamplifier 1/f noise, which greatly
exceeds the intrinsic thermal noise.  While an

The standard dfour-probe method fomeasuring
resistance fluctuations is illustrated in Figure 1
[8,16,17]. A constant current | =4l= E4R,
established by a stable battery i series with a large,

stable ballast resistance=RR1+R5 flows through the impedance matching transformenay be used to

cutrregt_ f?s of a quct_uatlng specr:men re_S'StanC?educethis latterproblem itsfrequency response will
rit)=r ) (see Figur@). ~ The specimen thenti/ ically limit measurements tirequenciesabove
resistance Erq+ry is broken into halvedor later 1 Hz. And finally, one mustalways worry about
comparison with bridge methods. The averegiéage thermoelectrieffects,electromigrationand resistance

<v> = I<r> isremoved by a dc blocking capacitor C fluctuations associated with bath temperature
(i,e., a high pass filter) so that fluctuations fluctuations.

OV(t) = V(t)—V in the voltage drop v across the
specimen may be amplifiemhd measured. Theffect 2. Measurement Improvements
of fluctuations in the current contact resistarigpand

& (i.e., contact noise) is reduced by choosing R/r>>12.1 DC Bridge

For sufficientlylarge R/r(see Appendix Athe power
spectrum §(f;lg) of the voltage dV(t) at the
preamplifier output is

The use of a bridge circuit to removbke average
voltage dropl<r> avoids the first two limitations
mentionedabove[17]. There are aariety ofways to
place a four-probe resistor in a Wheatstone bridge. In

S(fil)= Gz[ $)( f)+ f X D] (1) each case contact noise maysdtieninatedonly at the
expense oimcreasing the input impedanseen by the
where $(f) is the power spectrum ofdr(t) = preamplifier) and thus the background noise.

dri(t)+aro(t), L (f) is the power spectrum of the
background noise (amplifier thermal noise)and G is
the preamplifier voltage gain. The excess noise
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correlated, as is thease for noise associated with
hydrogen diffusion in Nb filmghen S,(f) and $(f)
may differ significantly [6].

5

1 —
L
3 1F——»
<E> *—6 5= 2V>=0
4 2—e—1»
2l
‘_
E r]1 Figure3. Circuit for the bridge measurements. The six-
L probe device is the noise specimen of Figure 2.

2.2 Background and Preamplifier Noise

While the bridge arrangemeirhproves upon the
standard four-probe methodthe sensitivity is still
limited atlow frequencies byreamplifier noise [19].
This is best illustrated with a specific example.
Consider the background noise of a r = Waoesistor
in a dc bridge arrangement measured with a Princeton

r=r +r Applied Research (PAR) modkl3 low-noise

L 2 preamplifier. The intrinsic thermal noise, 4kTr =

Figure2. Detail of the multi-probe noise specimen. 1.6 X 1018 Vv2/Hz, is indicated by the horizontablid
(a) Geometry, and (b) equivalent circuit. Thsualfour- line in Figure 4. The actual measured noise (corrected
probe resistanceSry + 1y (with ry=rp) of width w and  for a G = 1¢) is plotted as curveda) in the same
length L is obtained by ignoringhe centercontacts (3 figure. At high frequenciesthe backgroundnoise
and 6). exceeds the thermal noise by more than 1%di@only
This problem may be avoided hysing asymmetric gets worse at lower frequencies. Sirbe 100Q
four-probe resistor with centetap as shown in sample resistance igoorly matched to the 100 ®
Figure 3 [18]. When balanced, the bridge error signainput impedance of the preamplifier, an impedance
is insensitive to fluctuation8E in thesupply voltage matching transformermay be used to give (in
or, equivalently, to fluctuations in the center contactprinciple) noise-free voltage gain before the
resistance,&. As with the standardfour-probe preamplifer [19].

measurement large ballast resistorsdtd R reduce Figure 5 summarizes the noise added by a
the effect of fluctuations in the current contact par 113 preamplifier for variouinput impedances
resistancesty and&p. In the limit B/r>>1 (=1.2) 514 frequencie€? The noise figure (NF) of the
the input impedance to the preamplifier is r (thus theympiifier is a measure of the amount of noise (referred
background noise %(f) is the same as with the g the input) added by the amplifieverandabove the
standardour-probe methodand themeasured voltage thermal noise of the impedance at itisput at room

spectrum is temperature;  NF(f,r) = 10dBlog ofSO(f)/4KkT o},
5 where T,=290K. The horizontal dashed lifier a
S(/( fil,)=G [ﬁ)( f)+ §$( D] (2) source resistance of 1@D represents thetypical

amplifier noise forthis dc measurement; thesame
where S(f) is the power spectral density of the datagive the upper dashedurve in Figure 4. The
difference or_(t) =&, (t)—ar,(t). This has the dashed curveand measured background noise (curve

added advantage of rendering the measuremef@)) dissagree simplyecausehe noise figureontours
insensitive to bath temperature fluctuations.  Ifof Figure 5 are notactually measured from the

@ =0 then S/()=S(f) and the measured preamplifier used, but rather are "typical."
spectrum is the same gfore. Ifdrp anddrq are
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Figure4. Background noise measurememigh a 100Q

load resistance using a PAR 113 preamplifier.
and (b) are the measured tackground noisefa) is
measured with the preamplifiedirectly while (b) is

. 985-993.

optimum frequncy. While cross-correlation techniques
canreduce preamplifier noistheir usebelow 1 Hz is
limited [22]. An ac techniquevercomedghis difficulty

by shifting thefrequency at whictthe preamplier is
used from zero (dc) up the carrierfrequency § [10].
With an alternating current | = i(§ igsin(2ft) the
resistance fluctuations modulate the carrieproduce
noise sidebands. The preamplifier will contribute little
noise in a bandwidtif if f 5 is chosen within the eye
of its NF contours. After amplification thearrier is
demodulated to retrieve the desirdmv frequency
resistance fluctuations. The pointtigt an ac current
allows the preamplifier to baisednear itsoptimum

Curves (afrequency. The lock-in amplifierwas designed to

perform precisely this function.

measured with a PAR 190 impedance matching transformer

and preamplifier. The two dashed curvepresent the
expected background noise ftitrese measurements (based
on manufacturer's "typical" noise figure contours) for an
input impedance of 10Q (direct coupled) and 1M
(transformer coupled). Curve (c) is measurethat output

of the lock-in amplifier (reference at 65 Hz) arituistrates
the background noise using the ac technique.

The PAR 113 NF contourshow aminimum (called
the "eye") near asource resistanceg+ IMQ and a
frequency of 100 Hz.  An impedancenatching
transformer with turns ratio (MN1)2 = rr may be
used to shiftthe operation of the PAR 113 with a
100Q bridge to the 1MR horizontal line (see
Figure 5); these datgive the lower dashed curve in
Figure 4. The measured background noise using
PAR 190 (100:1)low-noise transformer before the
preamp (total gain = f(NZ/Nl = 1d3) is plotted as
curve (b) in Figure 4. Notthat the transformeadds
some noise ofits own, much of whichmay be
eliminated by magnetic shielding, vibration isolation,
andcoolingthe transformer [21].Properly impedance
matched, the background noise approacheghémenal
noise between Jand 100 Hz. Below 100 mHz the
frequency response dhe transformer (noshown)
drops to zero sthat it is no longeuseful. The roll-off
abovel00 Hz is also do th&requency response of the
transformer. A flatterfrequency response may be

obtained by slightly mismatching the impedances of

the bridge and PAR 113,but at the expense of
additional preamplifier noise. Theade-off is usually
worth it for room temperature measurements, but ma
not be if the sample is cold.

2.3 AC Bridge With Phase Sensitive Detection

Impedance matchingllowsthe preamplifier to be
used at its optimuninput impedance. However, to
measure resistance fluctuations down to Zerquency
the preamp must still baised faraway from its
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Figure5 Typical noise figure contours fothe PAR

model113 low noise preamplifier. The horizontal dashed
lines represent expected preamplifier noise levels when used
directly (100Q) and with a100:1 impedance matching
transformer (1 D) with a load resistance of 1@D (see
text).

Let the voltage source in Figure 3 bE(t) =
ggsin(2fot).  For asufficiently low carrier frequency
fy capacitanceeffects may beneglected sahat the
Pridge error signal is approximatelr_(t)igsin(2rd ),
where | = eO/(Rj+rj) (j=1,2). The bridge error signal
is inserted into the signal input of a lock-in amplifier
with detection at a phase andglewith respect to the
bridge current. A block diagram of the set-ugh®wn

in Figure 6. For frequencies f g/2 thepower spectral
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density §(fi) = Sy(f;igfo0) of the outputdV(t) of
the lock-in amplifier is (see Appendix B)

S(f)=G[S(H+1ES( Jeosd]

where the lock-imain G, is defined to behe ratio of
the (dc) phase sensitidetector output voltage to the
rms-voltage at thénput. The principaimprovement
of the ac techniquever the dc method is in the low
frequency background noise, \/S:O;i:O)/GZO =
L(fe). If fy is chosen to be in theye of the
preamplifier's noise figure contourthen at room
temperature, §/(fo) = 4kTr. Note that both current
noise and background (mostlythermal) noise are
present at zero phasé € 0) while just background
noise is present when= 90A [23]. It is important to
keep inmind that thistechniquedoesnot lower the
noise of a preamplifier, itonly describes how to
optimally use an arbitrary preamplifier fanaking
low-frequency resistance fluctuation measurements.

(2)

FFT
Analyzer

Reference
Input

4
Lock-in

Amplifier PSD Out

Signal Input

Reference Input T

M PSD
> Output
. AC DC
S;ggjtl Amplifier Amplifier e
4 Lock-in
Amplifier
Signal Output b
Figure6 a) Block diagram ofthe experimental set-up

using thelock-in amplifier to amplifyand demodulate the
bridge error signal. (bBlock diagram ofthe functions
performed bythe lock-in amplifier. The PSD demodulates
the carrier bymultiplying the output of the preamplifier by a
square wave at the reference frequency.

The above ideas are illustrated with ac
measurements of the background noise of dame

minimum time constant at théSD output. A
reference frequency of 65 Hz was chosen since it lies
roughly in the middle of théow-noise, flatfrequency
response region of the preamp/transformer
combination (see curve (b) of Figutg The resulting
background noise spectrum is plotted as curve (c) in
Figure 4. Measurements agree exadtigh the dc
transformer measurements in fhrequencyrange 1 Hz

to 50 Hz as theymust. More importantlythe ac
background noise is dominated by tlpecimen
thermalnoise down tahe lowest frequencyneasured,

1 mHz. Thespikes at 5 Hzand 15 Hz appeaafter
multiplying 60 Hz and 180 Hz signals by a 65 Hz
squarewaveduring demodulation. Teeducethis and

to avoid other unwanted signdlse lock-in should be
used in its band passode sothat negligible signal
reaches th@SD at frequencies greatityvan 2f. Note
that one shouldverify that the input of thd?SD does
not contain significant signals thaill be mixed to dc

by the higher harmonics of tHeSD squaravave (see
Appendix B).

3. Implementation of Five-probe AC

Method

3.1 Instrumentation

The original realization of this techniquesed a
parallel combination of 1.000 and 10.000 KQ,
non-inductively wound, 5-watt, 2 ppf@ stable PRC
(Precision Resistor Corporation) resistors mounted in
large aluminum heat sinkfor ballast resistor R
Ballast resistor R was similarly formed butith a
GenRad model 1433 decade resistor providing the
(nominally) 10 KQ shunt. The entirébridge was
enclosed in araluminum box surrounded with 2n.
styrofoam onall sides. Subsequent adaptations of the
technique have usemhvo rack mounted GenRad 1433
decade resistors forqRand B, trading stability for
versatility. To achieve 1 ppm bridge balance at
fo =700 Hz it was necessary ghunt B with NPO
trimmer capacitors of a few hundred pF.

Bridge currentwas supplieceither by the lock-in
itself or by a Hewlett-Packard (HP) 3325A frequency
synthesizer, typically operated at 700 Hz. dome
cases a Kepcoperational power supply was used after
the synthesizer tgorovide a very lowimpedance
voltage source.The bridge error signal §vvq) was
fed into either a PAR 118 (10Q@<r<3KQ) or a

transformercoupled PARL16 preamplifier (Q <r<

100Q resistor. The output of the same PAR 113/1903009) plugged into a PAR 124A lock-in amplifier

combination useckarlier was fedinto the input of a
PAR 124 lock-in amplifier [24]. The lock-in was
operated atlow gain in its flat-band mode with a

operated in its bandpassode with Q = 1. The lock-
in's own low pass filter was usually set to have
minimum effect. The output of the lock-imas passed
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through a Unigormodel LP-120, 120 dB/octadew-  etching, the latter accomplished in a non-reactivé Ar
pass filter(cut-off frequency set to 508z). Insome plasma. Specimen widthsv) and lengths(L) were
cases a Krohn-Hite model 3320gh-pass filter (with measured with a calibrated optical microscothesy
cornerfrequency set teither 1 mHz or 10 mHz) was agreed with photomask dimensions except for the
used to block slovdrifts. The filtered outputvas fed narrowest chem-etched specimens. Film thicknesses
into an HP 5420A spectrum analyzer, or intRacal (h) were 1) monitoredvith a quartzcrystal monitor
STORE-4DS FM data recorder for later analysis. during depositon, 2) measured with an Alpha-Step
Choice of circuit groundhas significant practical stylus, and 3) inferredirom the measured residual
resistivity ratios(RRR) combinedwith tabulated bulk

implications. Unlessthe currentsource is battery o : .
L ) L resistivities. Resistanceg rand b of the specimen
operated it will generally stipulate a circuit ground, say,

. ) . ; alves seldom differed by moithan 5%. Finished
at sample pin 5 (see Figure 3). The bridge error signa .
. ; Substrates were mountedth Apiezon N-grease onto
vo-vq, must then beconnected differentially to the

lock-in amplifier.  This has the disadvantage of24'pm’ gold plated, nickel hybrid packages (Hermitite

o N o model MP-7777-24-3) and 0.7 mil AwdNg o1 Wires
requiring significantcommon-mode rejection of the . . :

. - . LT .. ultrasonically bonded between the Au contact layer and
lock-in amplifier, sometimes exceeding its capability.

If the contact resistandgis significant, as it frequently the package. In some cases it was poss&édartungte
o ' . the Au contactlayer altogether by ultrasonically

hasbeen,this increases theommon—m.od65|gnal and bonding 1.5 mil Ab g6Sip g1 Wires between the

means thaVoItaggs ! af‘d ¥ do not Q|rectly MeASUI®  package and the specimen contact pads.

ri and b. This choice of circuit grounddoes,

however, allowthe currentsource tofurnish both a

direct and alternating currentsuseful for some

measurements. The insensitivity of the bridge balance to
fluctuations in specimen temperature is illustrated by

Alternatively the oscillatormay be transformer | f the . f
coupled tothe bridge allowing arbitrary placement of 'OW témperature measurements of &xeess noise o
carbon resistors. Two carbon composition resistors

circuit ground. In thizase one convenient choice is to ‘ X )
and two large commercial metal film resistorgere

ground V| so that thdock-in doesnot see a common- _ _ _
placed in a temperature scanning dewar, wirethab

mode signal at all. Unfortunately the lock-in then ) )
cannot measureqror r, direcly. A reasonable &Ny Wo could be used inhe Wheatstone bridge as
compromise is to ground here-to-for unused pin 6 ofPeCimen resistorsyrand p.  The 1/fnoise and
the sample. This eliminateany voltage dropped temperaturecoefficents of resistance dhe carbon
across £, from the common-modesignal at the resistors faexceeded those tiie metal film resistors.
1 The excess noise observedth one metal film resistor

Eﬂrs:g;pr)gfle;nv(\;h|Iereilloev(\;/;ir\1/gel Y ?Anrgltzrngeggﬁgﬁi andone carbon resistor at 10 Kelvin is plotteccas/e
I 2 fesp Y. (MC) in Figure 7; it is entirely due to resistance

using a thircbridge leg connected to sample pin 6 hasﬂuctuations in the carbon resistorAbove 1Hz the
been used [25].

1/f noise of the carbon resistor dominates whiéow
1Hz the noise is due to fluctuations in bath
temperature. Theexcess noise ofhe two carbon
The five-probe ac methodhas been used to resistors is plotted as curve (CC) in the same figure. In
measure resistance fluctuations thin continuous this casethe temperature fluctuations cancel, leaving
metal films. Highly polished, 0.010" x 1/2" x 1/2" just the 1/f noise, dactor of two greaterthan before
sapphire substrates (obtained fréwolf Meller Co.) due to the addition oftwo uncorrelated 1/f noise
wereprepared with a gold contact layer by evaporatingsources. Sincethermal relaxation times are
20 nm of Cr followed by 300 nm of Au througiCaBe  proportional to heat capacitigén this case of the
deposition mask held 0.003" from the substrdteise  copper specimen holder) which decrease with
specimens were subtractivepatterned from another temperature, the knee in the spectrum of (M@yves
metal film, either sputtered or evaporated onto theo higher frequency with decreasing temperature. With
substrate and gold contacts. Standard the usualfour-probe measuremerthis effect could
photolithographic techniquesvere used to form easily give an impression of a steeper slope in the
patterns inAZ1350J resist for four or five, six-probe spectrum with decreasing temperature, as Ieesn
specimen resistors with large connecting contact padported for continuous metal films [9].
that overlappedthe gold contactlayer shown in
Figure 2(a). Resist patterns were subsequently
transferred to the metal film by chem- or sputter-

4. Experimental Results

3.2 Specimen Preparation
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1o~ - . : I— no morethan 50 %while the areaglLw) vary by a
E\ factor of 200. The inset of Figure 8hows a log-log
: \ﬁ = 10K plot of the relative noiskevel {fS™(f)/r2} -1, versus
10~ 12 ] 4 Ng. A least-squares fit to tHeur points gives alope

) of -1.05, not significantly different from a1.0 slope.

The same behavidrasalways been observed fother
! sets of specimens withe areacommonly varying by a

xﬁ factor of 16. These resultare so consistenthat

checking for an Al dependence serves as a useful test

o
I
Ll
T
el
i
=
o
-

- =14 i
T 10 to eliminate noise due to extraneaaurces like bath
ey temperature fluctuations. It should be noteolever,
= 10~ 13 - thatthese data are in neay evidence for a bulk noise
'J«\L origin since both thesurfacearea andvolume vary
; together. Evidence distinguishing bulk frosarface
118 : origins is obtainednly by varyingthe film thickness
(i.e., the surface to volumeratio) [28]. The wl
BT, dependence here places an ugpeit of about 1um
10 on the correlation length of théocal resistivity
fluctuations in thefrequencyrange considered. We
-r,.“al T ; | _have not_ g_xperienced théactor of two_ to ten
1072 107" 10° 10 102 irreproducibility reported by other laboratories [9,29].
[Hz] Mg
Figure7. Noise measurements in the presence of bath ' o2 . 1at - ”:'11?-.— 3
temperature fluctuations. The solid lines are guides to the } N
eye. (MC) Excess noisérom a carborresistor (= rl) and a ot :: y E’;:": .\"\r:I:._._ Lt i
commercialmetal film resistor (=4) at T=10K (see text). Tl

(CC) Excess noisdrom two matched carbomresistors
measured under similar conditions.

iSel ) /1%

The ac technique hdsen used to measure room
temperature 1/f noise from motban 60 continuous T
metal film specimens from 23 depositions of Ag, Al, =
Au, Cr, Cu, Ni,Mo, and W[26] At sufficiently low o
currentlevels the excess noise {$(f;i) - Sy(f;0)} O =
i20. At higher currentlevels stronger current
dependences were sometimes observed accompanied by
instabilities in the bridge balanc&heyare thought to
be associated withJoule heating and may be
conveniently recognize@nd avoided byattention to
bridge stability. With isolatedxceptionghe 1/f noise f{Hz!
of specimens prepared from films of a given deposition ) . )
were found to be reproducible teithin about 30% Figure8. Log-log plots of the size-normalized relative
[27]. Moreover, withsimilar precision the lfioise resistivity fluctuayon spectra of four Cr specimens fabricated
spectra §(f) of specimens (differing only ifength L fr(,)m the same film. The;ymb()ls.’ Iengths L ('um).’ and
and width w) arefound to vary inverselyith their widths w (inum) are tabulated in the figure. Tligure

S . inset is a log-log plot of the relative noise level
area, A Lw. This is illustrated by thexcess noise of {fSr(f)/rz}f:le versus specimen size N The distance

four specimens prepared dme same substrate from a between eithewoltage probeand the centecontact is L/2.

(120£20) nm  thick Cr film of resistivity p = |n practice § =r, and R = Ry; the specimen resistance r
(115+20) uQcm. The size-normalized, relative rq+r,.

resistance fluctuation spectraaSNr(f)/rz, for these
four specimensare plotted in Figure 8, each with a
different symbol. (I is the number of atoms in the
specimen volum& = Lwh.) The figureclearly shows
that, at all frequencies, the normalized spectra differ

The 1/f noise of a metal filmvas never found to
depend on the carriérequency § nor was significant
excess noise observed far=9C. The carrier

b)f/requency was systematically varied between 80 Hz to
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5 KHz for one gold film; measurements agreed withmeasurements. The junctiosiow noise sidebands
each otherandalso with the results of a dive-probe  aboutthe carrier's second harmonigasily measured
bridge measurement. Results for an Al specimere  with the "2{," reference mode of the lock-in.

typical of out-of-phase noise measurements. this
casethe power spectrum ofhe out-of-phase excess
noise was lesthan1/100th thelevel ofthat of the in-
phase excess noise.

In principle, this ac techniquenay be used to
study the excess noise of angesistance. However,
preamplifier 1/f noise tends to be most problematic for
low resistance samples. Moreover, stray capacitances

Some lock-in amplifierge.g., PAR 124Amay be complicate analysis fohigh resistances. The circuit
operated in a flat frequency response made the acts like a simple ac resistance bridge as long as
amplified signal monitored both at the input and outpuRnfyt << 1.  With r=100Q the bridge tends to
of the phase-sensitivdetector (i.e.before and after  become unstable for §>10KHz; dc noise
demodulation). With a direct bridge curreny the measurements are preferred for r > 10.K
PSD-input may be spectrum analyzed to obthandc . ] ) )
five-probe measurement of Eq.(2). With a bridge ~ Proper impedance matchiregnd choice ofcarrier
current h+igsin(2rit+3) the spectrum of Eq.(2) is frequency allows resistance fluctuations to be measured
available at the PSD-input while the spectrum ode.W.” .to 1mHz. frequencywith preampl|f|er”n0|sel
Eq.(3) is available at the PSD-output. These th‘nInImlzed. With the PAR 116 preamplifier this
signals havebeen used to cross-correldbe 1/f noise a(rjnounts to no morhan a0.05 dB NF at L KHz, or
and 1Af-noise [12] of two matched 5@ carbon 1% of the room temperaturthermal noise of the

resistors (similar to those of Figure 7). With a 500 stample resistor. In principle this can szomplished

. with a PAR 190ow-noisetransformer for 0. <r<
carrierfrequency § the measuredoherence [30]/2(f) 10KO. As th e t e h
between the two signals reaches a peakalue - s e' sampie temperaiu Cfeases ©
y2(5Hz) =0.9975 falling either side to values of preamplifier noise becomes more important.

R B Assuming a 0.05dB NFand neglecting the
VA(256H2) = 0975 and y(2Hz) =0.984, The temperature dependence ofthe preamplifiernoise
decreased coherence #ie low frequency end is

o _would becomeequal to the sample thermabise at
expected due tthe presence of preamplifier 1/f noise T=3K. With transformer couplinghowever, the

anq thefact that t'helock-m preamplifier is aa:ogpled thermal noise of the transformer winding resistances
toits mpyt. yz(f) s also expgcted 0 decreag@@her dominates wellabove 3K. This problem may be
frequencies wheréhe two signals are dominated by eliminated (achieving the 3K noise temperature) by

th.ermal noise. The results acemplete!y consistent cooling the transformer [21]. For large bridge currents
with those reported by Jones and Francis [12]. the sensitivity may also bdimited by the thermal

. . stability of the bridge componentand temperature
5. Discussion drifts. For instance, with 50 wire-wound resistors

Several groups have reported observations ofor rq and p and R = Ry = 500Q we foundthat
unrectified 1/f noise from resistors passing anSy(fi) exceeded fi=0) at f=10mHzand { =
alternating current [31-34] while others hadetected 28 mA.
noise sidebands abob&rmonics of the carrier [35].
More recengefforts have failed to confirm these reports
[36] Sucheffects suggeshon-linear mechanisms; a
simple model involving diodeand resistorshas been
suggested [37]. As mentionedrlier, allprevious ac

If contact noise is not important (& inherently
two-probe devicetike tunnel junctions) thepecimen
resistor may be placed in just omem of thebridge
(say ). To reducethe effect of bath temperature
: fluctuations a "pseudo" five-probe device may be
noise measurements have used dmlp probes and  .,,qicted fronwo matcheddevices(as was done for

.have. been subject t(,), co_ntact noise.  ltessy to carbon resistors). If contact noise is to be eliminated,
imagine thasome rectification would take place at the |, aver the symmetric four-probe specimen must be
contact interface betwedwo materials. Sucleffects used. Notahat thecenter contack must be external

have not been observed with five-probe ac ;e bridgeand that § and » must not be separated
measurements on metal films. . : .
by any contact resistance$his cannot bechieved by
The Cornell group haperformed measurements connecting two separate four-probe devices together.
on tunnel junctions with slightly non-linear |-V
characteristics [38]. Preliminary results suggestat 6. Conclusions
complicated §, dependences of\ &f;| j) measured with

a direct current 4 resolveinto simpler § and |, An ~ac technique for measuring resistance
dependences of \&fl) determined by ac fluctuation spectra dbw resistance conductors soib-
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mHz frequencieshas been presentedhat is readily 8.
implemented with decade resistors, a lock-in amplifier,
and aspectrum analyzer. Improveldw-frequency
sensitivity over dc methods is achieved by avoiding™
preamplifier 1/f noise.  Contact noise, present in
previous ac measurements, is avoidedubiizing a
center-tapped, four-probe specimen geometry. Unlike
the usual four-probe measurement this measurement isl
not sensitive to spatially correlatedesistivity

fluctuations such as those due to bath temperaturi2.

fluctuations. The technique is generally applicable for
specimen resistances r < 1@Kwe have used it to
measure the 1/f noise of metal film conductodse of
simultaneous direcand alternating currentsrovides

3

new informationthat may be especially useful with 14.

non-linar conductors.

15.
16.
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Appendix A

Current Biased, Four-Probe Noise Measurement

The usuafour-probe dc method fameasuring resistance fluctuations is illustrated in Figure 1. We wish to
calculate fluctuationg)v = v — <v>, in thevoltage v acrosthe specimen resistances r{+rp. It is assumed that
the battery g andballast resistors Rand B do not fluctuate. Specimedr (= dro+0rq) and currentontact §& 1
anddé ) resistance fluctuations contribute a compoe@nto dv,

Sv, = T—R {6 ——6R’}

whereR =R +€ (=12, R = R + R is theeffectiveballast resistanc®R' = d¢, + 0¢, is the contact
noise, | =E, /(R +T) is the mean current, arfd=F, +,, &, and &, are the mean specimemd current

contact resistances respectively. (Niiat in the limit as” / R — 0, the currentl — |, anddv, — I3r, i.e
the currendoesnot fluctuateand there is ngontact noise.) In addition to tiadovecurrent noisedyv|), Nyquist
(or thermal)noisedvy contributes taddv. The preamplifier also injects noidep (as referenced to itsput) so
that the voltag@V at the preamplifier output is

3V = G(8y, +5Vv)
where G is the preampffif Vdtage gain andV, = 0V, + 0V, is the "background noise."

AssumingdroR’ = 0, the power spectral densitx/s;l) of &V(t) for a current | is
S(fN= Gz{ﬁ( f+ IZ[ A D+ Sh( f)}}

where 8, (), S(f), and K(f) are the power spectra &i(t), dr(t), anddR'(t) respectively. The backgroundoise
spectra 8(f) = G'st(f;I:O) is measured with zero current; current noise specgaubsequently obtained from
Sy (f;) by subtracting background. To distinguisf(ffrom Sy«(f) it is necessary to determirtiee curreninoise
spectra for two or more ratiog ( R').8

For comparison with the bridge circuit it is useful to define

oz, = R {ér— J}azj
R+ R

for j=1 and 2, so thabv| = 1(dz1+ dz5) = 16z. With these definitions theower spectrumx(f;1) of the measured
voltagedV(t) is just

S(EN/IG=9(0+ FS()

where $(f) is the spectrum obz(t). Forsufficiently large ballast resistors (i.e., #&/ R — 0) &z - &r and
S0 - S

The stability ofthe battery E, andballast resistors Rand B may bedetermined by replacing trepecimen
with equivalent noise-free resistors (e.g., wire-wouaadl measuring\Jf;l), both for zerocurrent andfor the
maximum current to be usegn4x Thenecessary stability in E is usuatipt achieved bypower supplies. We
have found the switch contacts of most decade resistors to be too noisy for use with continuous metal films.
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Appendix B

Spectral Density Measurements With a Lock-in Amplifier

Recall that, in the five-probe bridge measurement, specimen resistance fluctumgaarsddr,) modulate the
bridge current to  produce a bridge  error signal ov(t) = I(t)or_(t), where
or_=0rp—0r1. Here we calculatéhe power spectral density\&w) of the output of a lock-in amplifigior an
input signal

dv(t) = dv, (1) + i,dr_(t)sin(2r t +3).

The lock-inconsists of an ac amplifier, a phase-sensitive detector (RBId)a dc amplifier. The ac and dc
amplifier stages are characterized by complex transfer functiggesHand Hy{(w). The PSD stage multiplies the
time-domain output of the tuned amplifier by a square wave

odd

e(t) = 48 > @ n)sin n{w,t+8)]

LI

of frequency §=wy/(2m), amplitude g, andfixed phased with respect tdhe carrier. The Fourier transform of the
output voltageBV/ () = [ 3V(t)€ dtis

V() = ;‘—fg Hy(@) 3 (1 1) Hiu 00+ reo,)5u(eo+ rua,) €%,

n=-o0

wherej =+/-1 and
SV(w) = 5V, () +;—°j{6r_ (0= 0p) =& _(0+y)}

is the Fourier transform of the inputitage. We consider only frequencies fy;ahdassume g{w) = 0 for o] =
W (i.e., that thdock-in low pass filter is set to pass only frequendietow the carrierfrequency). The power
spectral density

S =% 3V ()8 Vw) d.

of the output voltage is

2 odd
TlHa @ Y (@10 Hy(eo o, )" § (w0 + o)

2jd

s@=+S . 5 iés;(m(n—l)wo)[(l/ )] He @+ o) * - —

. Hac(w+nwo)H;c(w+(n—2)wo)}
== n

odd

+%z|Hdc(‘*’)|2 2 ‘53‘(w+(n+1)w0){(1/ )| He (@+ )] -ne—lé

H.(w+ Ho(w+(n+2
2 on ac (0 +NW,) Hyo(w+(n )wo):'

where Sy(w) is the power spectral density&£(t). The principal contribution toy5comes fronthe n =+1 terms
(the only terms if the PSD multiplied by a sinusoid). Dropping higher order terms we find

Page 12 of 13



John H. ScofieldRev. Sci. Instrun®8 (6), June 1987, pp. 985-993.

A H o (@ + 0))|” S (0, + ) + 4 Hoo( 030~ )] S(w - w,)

e 2
((A)):— Hdc(w) . 12
A=) +i257 (00)] F (095 + )€ + Ho (09— ) €7

*

Assuming a symmetric tuned amplifier, i.¢1, (0, +w) = H_ (W, —w), and S (w, + ) = (w0, - w),

we find that the one-sided power spectrum

S(N =25,y

‘ac

is
S0 =2 |H(OH0, - DS 5= N+ S(§+ 9+ ] S( 1c08 6.

The transfer functions bothecomereal andfrequencyindependent as £ 0. For sufficienthiow frequencies the
above equation becomes

S(H=G{S(H+:§S( jeog ©)

where

Gy

8e’ 2
%| Hdc(o) Hac( f0)|

is the square of thiew frequencylock-in gain. With a carriefrequency §= 700 Hz, a tuned amplifier Q=1, and

a single stage lock-ilow pass filter time constanfy < 1 ms, these approximations introdlessthan 1 dBerror

for f <50 Hz. Corrections for § and H,c extend measurements to 400 Hz. The error introduced by dropping
higher order terms in thworst casdi.e., “"ac(‘*))|2 = constant, $(w) = const.) is not morthan 1dB. To assure

that Hy is zero whem > wy, the output of the lock-in'swn low-pass filter ided into a Unigon digital filter with

a 120 dB/octave roll-off.
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