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HOT ELECTRON EFFECT IN THE dc SQUID

F. C. Wellstood, C. Urbina* and J. Clarke,
Department of Physics, University of California, and
Materials and Chemical Sciences Division, Lawrence Berkeley Laboratory*,
Berkeley, CA 94720

Abstract

We have investigated the temperature dependence of
the noise in thin-film de Superconducting QUantum
Interference Devices (SQUIDs) down to 20 mK. The
white noise measured in the early versions of our
SQUIDs did not decrease as the bath temperature was
lowered below 150mK. 4We have attributed this
saturation to a hot electron effect in the thin-film
AuCu resistors shunting the Josephson junctions. A
theoretical investigation showed that the temperature
of the electrons in the shunts should be given by Ta =
(p/2Q)1/5, where P is the power dissipated in the
shunts, 1 is the shunt volume, and f is a
proportionality constant. Experimentally, we found
£=(2.4%0.6)X109WK"5m~3, We have redesigned the
shunts, adding large thin-film cooling fins, to
increase their volume substantially. This technique
has reduced T to about 50 mK, with a corresponding
improvement in the sensitivity of the SQUIDs.

Introduction

Our goal was to obtain a de SQUID with a
sensitivity limited only by quantum mechanical zero
point.motion‘. Such a device would be useful as a
preamplifier in a cryogenic Weber bar detector
provided it could be made with a relatively large
inductance L. Our approach was to reduce the noise in
the device by cooling {t to 20 mK in a dilution
refrigerator. At low temperatures, our early devices3
displayed excess flux noise with a spectral density
scaling as 1/£2/3+ where f is the frequency. This
excess noise was of such a high level that the white
noise was generally not measurable at temperatures
below 200 mK and frequencies less than 10 kHz.
Eventually, we were able to make devices in which the
slope of the excess flux noise was steeper,
approximately -1, and were thus able to measure the
white noise above 2 kHz. In these devices, described
below, we found that the white noise did not decrease
as the temperature was lowered below about 150 mK. We
explain this behavior in terms of electron heating in
the resistive shunts of the junctions of the SQUID.

We first present a brief overview of the theory of the
hot electron effect, then describe measurements of hot
electron effects {n thin metal films, and finally
discuss the results obtained on our SQUIDs.

Theory

For the purposes of this paper, we assume that a
normal metal is composed of two thermodynamic systems,
an electron gas and a phonon gas, coupled together by
the electron-phonon interaction. For the thin-film
systems considered below, the metals are deposited on
an insulating substrate, and the phonons in the metal
are coupled to the phonons in the substrate. The
dissipation of power P i{n the electron gas causes its
temperature, To, to rise above that of the phonon gas,
Tp, which {n turn {s higher than the substrate

*Present address: Centre d'Etudes Nucleaires de
Saclay, Service de Physique du Solide et de Resonance
Magnetique, Orme des Merisiers, 91191 Gif-sur-Yvette
Cedex, France.

temperature To. These increases in temperature may De
interpreted in terms of a thermal resistance, Rgp,
between the electrons and the phonons, and a Kapitzz
thermal resistance“, Rk, between the two phonon
systems. The resistance Rgp has been estimgted by
Littled, and more recently gy Roukes et al.®.

From a microscopic point of view, Rep is
determined by the rate at which the electrons lose
energy by the emission and absorption of phonons. we
can calculate this rate for a single electron by using
Fermi's Golden Rule, and find the rate for the entire
gas by summing over all electron states with a
weighting given by the electron occupancy. The result
of such an analysis can be written as:

P = f(Ey)Dg(Ep)dE, Dp(q)eq§§|M|2[1-r(sk.)]x

i
X([n(Q)*+116(E, ~E, ,=¢ )=n(Q)6(E,~E, e )}dq , (1)

where E, and ¢, are the energies of an electron and a
phonon with wavevectors K and g, k'=]k-g|, M is the
electron-phonon matrix element, f is the electron
distribution, n(q) is the phonon occupancy, Dg is the
electron density of states, and Dp is the phonon
momentum density of states.

To evalyate this expression, we make the following
assumptions: (i) the Fermi surface is spherical, (ii)
the electron-phonon interaction is described by a
scalar deformation potential, (iii) the phonons obey .a
linear dispersion relation, and (iv) the electron and
phonon temperatures To and Tp are well-defined so that
we may replace the electron and phonon distributions
by Fermi-Dirac and Bose-Einstein distributions,
respectively. With these assumptions, Eq. (1) may be
evaluated exactly in the low temperature limit, and
one finds the remarkably simple result:

P=EQ(Te5-Tp3),

where Q is the volume of the metal, 2=0.524a'¥, Y is
the electronic heat capacity per unit volume,
a*=14.4kp3ep2/ (9muh¥sivp) is the thermally averaged
electron-phonon scattering rate divided by Te3 as
defined by Gantmakher7, s is the longitudinal speed of
sound, vg is the Fermi velocity, eg is the Fermi
energy, and u is the mass density. This result is
analogous to Kapitza's law! for the heat transfer
between two phonon systems: P-uA(Tp“-Tou). where
c-l/(uRKAT°3), and A is the contact area between the
sample and the substrate. From these two relations,
it can be shown that the hot electron effect will
become dominant below a temperature T{=0.1660A/(LQ).

The above treatment makes certain simplifying
assumptions, which are not well satisfied for the AuCu
thin-films described below. First, the noble metals
do not have spherical surfaces, the electron-phonon
interaction is non-scalar and depends upon the
location of the electron on the Fermi surface, and we
have neglected alloying effects. Second, we have
implicitly assumed that the dimensicns of the metal
are large compared to the phonon wavelengths, which is
not at all the case in our thin~film samples at low
temperatures. In our system, the behavior of the
thermal phonons will be dominated by substrate
effects, and T,=To. The result of these correctlions
appears to be to alter the magnitude of the



coefficient L, without affecting the temperature
dependence. The theory also assumes that power is
dissipated uniformly throughout the metal. " When this
is not the case, the results can be drastically
modified, as we will see.

Heating in Normal Metal Thin-Films

Since an exact calculation of the heating effects
in a thin film is quite difficult, and no data exists
on the magnitude of the effect in alloys, we have
determined the size of [ experimentally. We tested two
Au(Cu25wt%) thin-film resistors, with the
configurations shown in Fig. 1. The smaller volume
resistor, Ry, has a resistance of 260 mQ, and has
approximately the same volume (2.2X10~17m3) and area
(6x10~10m2) as the two shunt resistors in one of our
typical early SQUIDs. The larger volume resistor, Rp,
has a resistance of 76 mQ, a volume of 1.9X10"3m§.
and an area of 1.6X10"%m2. This large difference in
size enabled us to test the volume dependence of the
heating effect, and also provided information for
subsequent designs of the SQUID shunts.

(a) Superconducting
Nb contacts

N AuCu Film
10 pm 36 nm thick
(b) Y AuCu Film
‘ﬁk- g0 nm
thick
I I
-— -—
Nb contact " Nb contact
100 pm

Fig. 1(a). Configuration of the thin-film resistor
R,. (b) Schematic of the large volume resistor
R, . The Nb contacts approach to within 7um of
each other. In (a) and (b), the Nb contacts _

supply current, and are connected to the input

coil of a dc SQUID for noise measurements.

For the heating measurements, we applied power P
to the electrons in the film by sending a current, I,
through the film, and used a dc¢ SQUID to measure the
Nyquist voltage noise spectral density, Sy(f)=U4kaTeR,
generated by the film, where R is the film
resistance. Since it is the electron temperature
which enters into the Nyquist relation, the noise
magnitude gives a direct measure of Tg. The SQUID and
film were cooled in a dilution refrigerator, which
kept the substrate at temperature Tg.

Figure 2 shows the dependence of Ty on the power
P. In the case of Ry at 25 mK, there are three
notable points: The onset of heating is at a very low
power (about 1fW), the transition from a region in
which heating is negligble to one in which it is
dominant is abrupt and is seen as a fairly sharp knee
in the curve, and, above the knee, the data fall on a
straight line on the log-log plot. The solid line is
a fit to a heating law of the form ’
Te=[(P/IQ)+T,R11/N,  The fit is quite good, even at
the knee, and yields £=(2.4%0.6)X109WK-5m"3, and
ne4.87%0.05. Since this is only slightly less than
the predicted value of 5, these results provide strong
evidence for the hot electron effect. Heating
dominated by Kapitza resistance would yield n=4, and
at low temperatures would require Rx to be about 40
times larger than one would naively estimate based on
the materials and the geometry. Thus we believe the
observed heating effect is dominated by the .
electron-phonon effect, rather than the Kapitza
resistance. From the experiments of Roukes et al.” on

P (p)

Fig. 2 Electron temperature T, vs. applied
power P: 0 Resistor Ryat T5=25 mK,O Resistor
Ry atTy=105 mK, ¥ Resistor Rz at T5=25 mK.
Dashed lines are to guide the eye, solid line

is fit to R, data.




Cu thin-films, we can deduce a value of I about 25%

smaller than our own; this small difference is (a) —
somewhat surprising, given the different film 100 um ]|
compositions. These values of [ are about a factor of
2 larger than that found by Anderson and Peterson® in
bulk Cu, the difference possibly being due to Pbin
substrate effects.
From Fig. 2, we see that the larger volume
resistor, Ry, shows much less heating than Ry for the
same amount of power., At a power level of 10pW,
typical of that i{n our SQUIDs at low temperatures, Tg ‘\
is only about 30mK, as compared to 140mK for Ry. This
means that we should be able to redesign the SQUID fuCu
shunts to reduce the heating greatly. After the onset shunt

of heating, however, the slope is steeper than for

Ry. The data yields n=2.7. We do not understand this Nb
different slope in detail, but believe that it may

result from the spatial inhomogeneity of the hot

électrons. The configuration of Ry is such that its

resistance is determined predominantly by the narrow (b) —
gap between the two superconducting contacts. Most of 20 um Pbin
the current flows in this region, and the electron

heating {3 greatest there. At low temperatures, the
hot electrons are slow to emit phonons, and have time
to diffuse far into the surrounding region before
cooling. In the same way, cooler electrons from the Nb —»
surrounding region can diffuse into the central gap.
The surrounding region thus acts as a "cooling fin"
for the electrons. The inelastic electronic mean free
path in a dirty metal i3 fLjn=(iovpa"Te"3)1/2, where 2,
{3 the elastic mean free path. Fa our AuCu films
with £,+20nm, at 20mK we estimate y,~2mm, while at
100mK one finds lin-180um{ Thus at low temperatures,
all of the electrons in the cooling fin can contribute
to the cooling, while at 100mK only those in a much
smaller region near the central gap are involved. The
effective volume of the structure should thus decrease
as its temperature increases. A rough calculation
reveals that n=2 when the spatial variation is taken
into account, a value closer to the observed value

- n«2.7 than the value n=5 predicted by the theory for
the spatially uniform case.

Results on SQUIDs

We tested four planar thin-film dc SQUIDs (D1, D2,
M1, and M2) in the configuration shown in Fig. 3(a),

each with an estimated inductance L of 0.5nH. The ‘\\\\\

shape of the SQUID body was the same for all of the Nb ) cooling
SQUIDs, and only the shunts differed. The Au(Cu25%wt) fin
shunts for D1 and D2 were of small volume, typical of

the “""J°"iiy of SQUIDS we have testedd (see Fig. 3b). Fig. 3. (a) SQUID configuration for D1 and D2,
Large cooling fins were connected to the shunts of M1 . P

and M2 (see Fig. 3(c)], with the same area but with (b) deteil of D1 and D2 shunt, (c) detail of M1
thicknesses of 30nm and 900nm respectively. The and M2 shunt, the rest of ?he SQUID Is the
resistance per shunt (R), the area (A) and volume. (Q) same as in (a). Cooling fin is 30nm thick for
of the shunts (including the cooling fins), and the M1 and 900 nm thick for M2.

values of Be2LIy/9y and 8,=21I,RC/¢, are listed in
Table I; I, and C are the critical current

and capacitance per junction and ¢, is the flux
quantum. The current-voltage characteristics of D1,
D2, and M! showed slight or negligible resonant

structure at low temperatures, and were otherwise Table I. Shunt and SQUID parameters for the four dc
nearly ideal. Device M2 showed a moderate amount of SQuIDs D1, D2, M1, M2.

structure, presumably because of {ts higher value of 3 A a 3 g
8o« Consequently, we had to operate M2 at a higher QUID R 2 (@3) ¢
bias voltage than the other devices. The bias voltage (a) (m<) m

V, the current I, the power dissipation P, and the -10 -17

power per unit shunt area and volume are listed in g; g g'g§:g_10 2'3;18_]7 :'? g::;
Table II. The last column lists Tmin'(P/tn)‘/s, the . o= u.6x10“5 1.u 012
minimum temperature that the electrons in the shunt M1 6 2 X1°'7 'u 10713 1.5 0.30
can reach for a power dissipation P, calculated with M2 8 1.54x10 .4 : .

the value £=2.4X109WK~5m~3 found in the thin-film

measurements, The inclusion of spatial hot electron
effects would yield larger Tpin.



Table II. Operating point, power dissipation, and Tmin
for the four dc SQUIDs.

SQUID v I P P/A P/Q Tmin
(u¥)  (uA)  (pW) (Wm=2) (Wm~3) (mK)
D1 1.1 5.0 5.4 5.6XxX10°3 1.9 %105 150
D2 1.1 3.5 3.8 4,0x10°3 1.3x105 140
M1 1.2 4.5 5.4 3.5X 1075 1.2 x 103 55
M2 4.0 5.0 20.0 1.3X 1074 1.4 x 102 36

We measured the noise in the SQUIDs as a function
of temperature using a second dc SQUID as a sensitive
preamplifier3. We subtracted the 1/f excess noise and
noise from the measuring system3 to find the
spectral density of the white flux noise in the
SQUIDs, S4(f), when the devices were biased near
®o/4. Figure 4 shows the flux noise energy Se(f)/2L

vs. the refrigerator temperature To. At high
temperatures, the flux noise energy for all the SQUIDs
scales linearlg with T, and is in good agreement with
the prediction” Sg(f)/2L=8kgTL/R, shown as a solid
line. However, at low temperatures, all the data lie
above this line. The noise energies in D1 and D2 do
1ot decrease below about 140 mK, but make an abrupt
transition from a linear dependence on T to a constant
value. This behavior i3 inconsistent with the effect
of an external noise source, which would produce a
much more rounded knee, and is entirely consistent
with the hot electron effect. The knee temperature of
140 mK {s remarkably close to the value of Tpyn listed

3
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Fig. 4. Flux noise energy vs. T, for SQUIDs O D1,

" D2, eM1, O M2, SQUIDs were biased near <D0/4.
with the operating points given in Table {I. Solid
line is prediction of Tesche and Clarke?

in Table II for these two devices. The noise iz M1
continues to decrease down to about 50mK, below which'
it is apparently constant. Because of its large
cooling fin, its value of Tpin is smaller than for D1
and D2, -and the observed temperature where the noise
flattens out is close to the predicted value of Tpin.
The scatter in the data is appreciable because :he
background correction is large, making a more detailed
analysis difficult. The data from SQUID M2 are
somewhat more accurate because we used a 50-turn input

coil on the measuring SQUID instead of the 20-turn
co1l3 used for the other measurements, thereby )
reducing the background noise. The noise energy of M2
falls almost exactly on the same curve as Mi.

Although the volume of the cooling fin for M2 was much
larger than for M1, it had to be operated at a soint
where it dissipated substantially more power than
M1's. Because of this, and the fact that Tyypn scales
as (P/n)‘/5, Tmin was only slightly smaller than that
for M1, The lowest measured value of the noise energy
was Sg(f)/2L=(5.0%0.6) H.
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