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1/f Noise from Systems in Thermal Equilibrium

Richard F..Voss and John Clarke

Department of Physics, University of California, and
Inorganic Materials Research Division,
Lawrence Berkeley Laboratory, Berkeley, California 94720

ABSTRACT

The power spectra of fluctﬁatiohs in the mean sﬁuare Johnson
noise voltage across small'semiconductor.ana metal films in thermal
equilibrium were measured down to 10;4Hz. Tﬁe spectra have a 1/f-like
behavior that matches the resistance fluctuation spectra obtained by
passing a current through the samplés. These ﬁeasurements constitute

¢

strong evidence that 1/f noise is due to equilibrium resistance fluctu-

ations.
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Iﬁ this Letter we report tﬁe obéervation‘cf.é.l/f¥1ike‘pggef
spectrum for low fréqﬂency fluctuations of the mean square Johnson
noise voltage across a very small sample of semiconductor or dis-
continuous mefal film in thermal equilibrium. The 1/f spectrum is
shown to be due to resistance fluctuations in the sample, and closely
matches the resistance fluctuation spectrum obtained by passing a
Ia current through the sample. Our measurements are the first obser-
vation of 1/f noise from a system in thermal equilibrium. The fact
that 1/f noise had until now been observed only under non-~equilibrium

> to propose non-equilibrium

steady state conditions led some authors
theories for its origin. Our present results, however, together with
‘earlier work éhowing that a theory based on equilibrium temperature
fluétuations quantitatively predicts the magnitude of 1/f noise in
continuous metal films3, supgrconducting filmsaybiased at TC, and Jéseph~
son junctionss, constitute strong evidence that 1/f noise is an equili-
brium effeét. |

Consider a resistance, R, o} total heat capacity CV shunted by a
capacitance, C, and in thermal contact with a reservoir at temperatﬁre
To' The voltage across the capacitor, V(t), representé a single degree
of freedom that can exchange energy with the resistor via the charge
carriers in the resistor. This exchange takes place on time scales of
order T = RC. 1In thermal equilibrium the average énergy of the capaéitor,

. 1 v
<Eé> = §C<V%> = %kBTo' These voltage fluctations (Johnson noise) are

limited to a bandwidth of 1/4t1 , and consequently have a spectrum
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of the form SV(f) 4kBTOR/[1+4n ]. If the resistor is assumed to

exchange energy with the reservoir on a time scale of order TR
that is much gfeater than T, the capacitor is able to reach equilibrium
with ﬁhe internal degrees of freedom of the resistor before the in-
ternal eﬁergy of the resistor can change. The temperature of thev‘%‘
capacitor is then the same as thegtemperature of tﬁe resistor.-'Vz(t),
like V(t), is a rapidly fluctuating quantity in time due to this ex-

' change of energy between the resistor and capacitor. However, the
average bf V2(t) over a time, e,lsuch that 7 <9< TR’ <V2(t)>6 ;'kBT)c
(T is now the instantaneous temperature of the resistor), is sensitive
to slow energy or temperature fluctuétions in the resistor on time
scales Tp OF longer.

Experimentally, the Johnson. noise voltage, V(t), is passed
tﬁrough a filter with a bandpass from fO to fl, squared, and averaged

over a time 0 > l/fO to give P(t), a slowly varying signal proportional

Thus,

to the Johnson noise power in the bandwidth fo to fl.
o flz]
P(t) ~ 4k Tl‘yf df/(l+lm2f212) + P (t)s
B o7’ (€Y
c :
)

where Po(t) represents the fluctuations in P(t) due to the rapid

exchange of energy between capacitor and resistor. Because this ex-

P
0

of £ for the low frequencies in which we are interested. S

change is so rapid, Po(t) has a spectrum, S, (f), that is independent

p may be
o

" reduced by increasing the bandwidth or by moving the bandwidth to higher
frequencies, but in practice Po(t) severly limits the accuracy of measure-

ments of P(t).
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If the band&idth in Eq. (1) is either tétaliy aﬁove or fotally
below the knee at 1/2nwt, P(t) is sénsitive to slow resistance as well.

as temperature- fluctuations. These resistanc¢ fluctuations, AR, may

either be driven by.temperature fluctuations with a spectrum ST(f) so

that AR = EBAT, where B (1/R)3R/§T; or be temperature independeﬁt

fluctuations, ARO, with a spectrum SR (£) (such as number or mobility
o

fluctuations of the charge carriers). Thus, from Eq. (1),

'AP(t)/§ = (liBTO)AT/T6~E_AR0/E f‘Po(t)/E, and the relative power spectrum

for fluctuations in P(t) is of the form

: S, (£) S
S.(f) S. (f) R P
P . LN 2 T + o + o,

= (l:tBIO) ) = — (2)

P T R P
) .0

where the plus sign corresponds ‘to fo Kfl < l/ZWTﬁand the minus sign

corresponds to £, > f&> 1/2mt. 1If, however, most of the noise power

1
and the knee frequency, 1/2mwT, are included in the bandwidth (i.e.

fo <l/2ﬂ1”<fl),from Eq. (1) we find P(t)~ kBT /C + Po(t) and

SP(f)/§Q= ST(f)/To2 + SP /52. In this limit, P(t):is not sensitive to

. o
resistance fluctuations. Thus, with an appropriate choice of bandwidth,

the low frequency spectrum of P(t) is an equilibrium measurement of
ST(f) or SR (£) provided the'température or resistance fluctuations

o
are large enough to dominate S

p °
. o
Our initial measurements were on evaporated InSb films with a
© ' .
thickness of 1000A and a.resistivity of about 1flcm. Previous measure--
.. . 3 . L . .
ments on similar InSb films " had shown that-the_l/f noise did not arise

primarily from temperature-induced fluctuations: the noise was too
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large in mangitude, and spatially uncorrelated.  Therefore, we ex~
peéted to observe only the resistance fluctuations ARo(t). In order to
make the relative résistance fluctuation spectrum, SR (f)/ﬁz, 1é§ge enough
to dominate SP /?2, the samples were made as small asopossible.' The |
'resistance of Z stfip of InSb was monitored thlé the strip was cut
‘ transverseiy with a diaﬁond knife until only a small bridge containing
'_typically about 106 atoﬁs“iremained.f ‘In fhe'presence of -a direct
currént, I, there are voltage fluctuations aéross the sample,

AV(F) = iARO(t), which have a relative spectrum
R (f)/ﬁz; where V is the average vo}tage across

o v
the sample. The solid line in Fig. (1) shows S(f) for a 20M? bridge

._.2 «
.S(f) = Sv(f)/V =5

of.InSb measuréd with a direct current; The noise voltage was amplified,
. digitized, and analyzed by a PDP-1il computer using a Fast Fourier Trans-
form algorithm to detérmine the power spectrum. ' The spectrum was re-
‘measured_using an ac téchniqué in which a square wave current was applied
to the sampie, and the PDP-11 was used as a digital lock-in détécfor to
measure the spectrum of the amplitude fluctuations éf the induced
voltage. The relative spectrum is plotted-with open circles in Fig. (1).
In a third technique the current was supplied as a series of pulses to
reduce the power dissipated in the sample. The relative spectrum is
shown in Fig. (1) aé open triangles. All three techniques measure the
resistance spectrum,fSR (f)/ﬁz. The agreement of the three spectra

o

demonstrates that neither a direct current nor a constant dissipation

of power is the cause of the 1/f spectrum,

For the measurement of P(t), the sample was capacitively coupled

to a preamplifier to pfevent any leakage;curréht'flowing through the
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sample. The input capacitance produced a knee frequency, 1/27RC » SOOHz,
in the Johnson noise spectrum. After‘amplificatioﬁ the noise was filteréd.
. with a 10kHz to.300kHz bandpass filter, squared with an analog multiplier,
and filtered to remove frequencies above the digitizing frequency. |
'Since‘the bandpass is above the knee\frequency the calculated relative
" spectrum of this signal is given b§ Eq. (2) (with thé minus sign), while ”
" the measured relative spectrum‘iSIShown as the open squares in Fig. (1).
~ The white spectrum above lHz represents Sp /EQ. The 1/f spectrum below |
1Hz closely matches the current—biased.mea:urements. To insure that the
l/f‘spectrum was generated by fluctuations ihytheésémple.rather than by
-spurious effects from our electronics, the InSﬁ was replaced by a metal
film resistor (which did not exhibit 1/f noisej of the same resistance.
This relative spectrum is shown dotted in Fig. (1). The spectrum is

white down' to the lowest frequency measured, and represents only the

—2
term SP /P,
o B

We have made similar measurements on metal films. Although the
three current-biased techniques give identical relative spect?a for
continuéus metal films in which the resistance fluctuations are
temperature induced3, we were unable to make thesejfilms small enbugh

3

for SR(f)/ﬁz to dominate SP /52 at frequencies down to 10 “Hz. Very

o
-]
thin (~100A) metal films, however, (in which current transport is -
probably partly via metallic conduction, and partly via a hopping process)

1 ., 6 :
exhibit much greater noise than can be -accounted for by temperature

induced resistance fluctuations.



In Fig. (2), the continuous curve is the relative spectrum of
- a very thin Nb film (R = 200k?) measured with an ac current bias.
The open squares are a Johnson noisé measurement with a bandwidth of
.lOdkHz to 200kHz, above the knee frequency of 40kHz. The agreement
_ below lO-ZHz is excellent; The dotted spect%um was obtained from the
. same sample using a bandwidth of 5kHz to 200kHz, which includes the knee
frequency and most of the Johnson noise power. Although the low fre~
quency spectrum is substantially reduced (as e%pected Qhen P(ﬁ)_is no
longer sensitive to resistaﬁce fluctuations), it is still above the
‘background spectrum of a large metalvfilmvresispor. This residual noise
is possibly dﬁe to the tempéra£ure flucﬁﬁation term ST(f)/TOZ. Indeéd;'
the assumption3bof a l/f spectrum for ST(f) for a sample of 106 atoms
yields ST(f)/Toz~ 3X10_?/f Hz—li a value that is consistent with the
obéerved spectrum. |

Our results strongly.suggest that 1/f noise in semiconductors and
discontinuous metal films arises from equilibrium resistance fluctu-
ations. Current-biased meaéurements probe these resistance flﬁctuations,
but in no way generate them. This idea ié consistent Qith séveral
current theories of 1/f noise that propose various mechaﬁisms for the
resistance fluctuations, for example: surface traps.modulating the
number of carriers in semiconductors7; mobiiity fluctuations of the carrie;s
in semiconductors ané ionic solutionss’g; and temperature induced re-

sistance fluctuations in metal films3, superconducting films at the

. 4 , 5 £ 4T
transition , and Josephson junctions™. Our equilibrium measurements
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:are, however, obviously inconsistent with theories that rely on non-
equiliﬁriem processes, fo; exemple: turbulence theoriesl; theories .
that require a loﬁg termesteady current or powerz; and ;heories in-

volving thermal feedback via the heat generated by an external current.

We gratefully ackowledge helpful conversations with Professor F. Reif.
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- FIGURE CAPTIONS

InSb bridge: Sv(f)/—ﬁ2 using dc bias (—), ac bias (o), pulsed
current bias (A); Johnson noise meagurement, SP(f)/EQ(ﬂ).
Background SP(f)/F2 from metal,film-resistor G..0.

NE bridge: SV'(f)/_\-T-2 using ac bias (—); SP(f)/ﬁz(Zj).

SP(f)/E'including knee frequency (---).
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