Electron heating effects in diffusive metal wires
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We have investigated the electron heating in metallic diffusive wires of varying length at
liquid-helium temperature by measuring the electric noise. The local increase of the electron
temperature can be essential already for small currents and is well described by a heat-diffusion
equation for the electrons. Depending on the electron thermal conductance and the electron—phonon
coupling in the wire, different length regimes are identified. The quantitative knowledge of the
electron temperature is important for analysis of nonequilibrium effects involving current heating in
mesoscopic wires. €997 American Institute of Physid$S0003-695(97)01532-5

If an electrical current flows through a mesoscopic wire,contact pads. In a second step, 20 nm Au films were depos-
the electron temperature rises above the phonon temperatuited under perpendicular evaporatipfig. 1(b)]. In a third
Especially at low temperatures, this increase can be substastep, 200 nm Au films were evaporated again under a tilt
tial and may influence the measurements of electronic transingle of 30°. The tilt angle of the first and third step was
port properties. adjusted to the undercut angle such that no material was

Molenkamp and de Johgmeasured the local electron deposited in the wire regiofFig. 1(c)]. The large, thick Au
temperature in a two-dimensional electron gas quantum wirpads served on the one hand as thermal reservoirs for the
under dc bias current using the thermopower of a quanturalectrons and on the other hand as contacts for ultrasonic
point contact. Mittalet al? estimated the electron tempera- wire bonding.
ture from the electrical resistance by exploiting the known  The 20 nm thick Au films had a typical sheet resistance
temperature dependence of the weak localization. Anothedf Rp=1.7Q at 2 K, at which temperature the noise mea-
direct tool for the determination of the electron temperaturesurements were done. The voltage across the wire was am-
which is used in this work, is provided by electric-noise plified with a gain of 1000 by two independent low-noise
measurements. preamplifiers(EG&G 5184 operating at room temperature.

The electric current that flows through a conductor dis-The noise spectrum was obtained by a cross correlation of
plays intrinsic temporal fluctuations known as ndisero-  the two amplifier signals using a spectrum analyfdP
vided the 1f noise of the resistancR is negligible, the 89410A). For every data point, the signal was averaged in a
spectral-power density of the current fluctuatidhsabbre-  frequency interval of 20 kHz at a typical frequency of 400
viated as noise in the followings frequency independent. kHz, where contributions from fi/noise and other noise
In thermodynamical equilibrium at temperatufewhen the ~ sources can be neglected. The absolute amplitude of the
time-averaged current is zero: S;=4kT/R (Johnson— noise signal was calibrated for every wire against thermal
Nyquist noise.* Even forl #0, the electrons are still in local noise at zero current and temperatures ranging from 2 to 10
equilibrium if the wire lengthL is much larger than the in- K. While the sensitivity of our measurement setup for noise
elastic electron—electron scattering lendith,. Hence, the ~can be better than210™ % Vs for large signals, there is a
electrons still assume a Fermi—Dirac distribution, albeit withcutoff at a value of 21072 Vs, below which the mea-

a spatially varying electron temperatufie, which is in-  surementaccuracy drops. This cutoff corresponds to the ther-
creased above the phonon temperatligg. In this hot- mal noise of a 180} resistor at 2 K. Since voltage noise is
electron regime, the noise is determined by theanelec-

tron temperatureS;=4k(Tg/R. In the steady state, the L
current heating is balanced by the electronic heat conduction [e———>»]
to the contact padd-ig. 1(a)] and by the heat transfer to the a) -
phonon system, which is determined by the electron—phonon >

scattering lengthl._,. For large applied voltages/
>kTyn/e, two limiting cases can be distinguished:) is

either proportional toV if L<lg ;p° or to V¥ if b) c)
L>Ie_ph.3'7 In the present work, we bridge the gap between

these limiting cases by experiments, which are compared to

theoretical prediction$. ‘ ‘ S
Using standard e-beam lithography, we fabricated Au
wires with a length ranging from 0.84 to 2@0n on oxidized

Si wafers. In a first stgpa 2 nm Tilayer was evaporated —

under a tilt angle of 30° to provide good adhesion for theFIG. 1. (a) Schematic of the wire fabricated for noise measuremehjs;
perpendicular evaporation of the wire materia), evaporation of thick res-
ervoirs under a tilt angle; an@h) and(c) are cross sections along the dashed
3E|ectronic mail: henny@ubaclu.unibas.ch line in (a).
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FIG. 2. 50 wires with a length of 840 nm and a width of 140 nm each with

large, thick thermal reservoirs in between, were fabricated using the techF!G- 3. Measured naise power and corresponding electron temperature ver-
nique illustrated in Fig. 1. The inset shows one single wire. sus applied electric field for three different samples. Sample A is arb0

long Au wire (R=812(), width w=110 nm), sample B consists of five
wires of 10um length in serie§R= 667}, w= 120 nm, sample C consists
proportional toR, this implies a lower limit for the resistance of 30 wires with a length of 0.84m (R=300(Q, w= 140 nn). a—c corre-
and for the wire Iength of about Bm for a 50 nm wide Au spond _to samples A-C, res_pectiyely. The typical_current range isAL5
. T . The thickness of the Au films is 20 nm, and its sheet resistdRge
wire. To overcome this limit, a series of up to 50 equal short_, " % o measuring temperatuFe-2 K (AB) andT=2.2 K (C). The
wires were fabricated with reservoirs in betwegfig. 2) solid lines are fits using Eq1). The inset shows the calculated temperature
using the angle evaporation technique described above. Theofiles along the wire for the three different samples der160 uV/um.
noise signal of a single wire is multiplied by the number of
wires allowing the measurement of wires shorter thaom. ] ) 5
Figure 3 shows the spectral density of the noise and thé&n be omitted for long wires andS,=4kg(Tg,
corresponding mean electron temperature versus the appliéd(ef/kB)Z/F)llis- Using this approximation curve a was
electric-field e for three different sample6A—C) represent-  calculated, which shows very good agreement with the ex-
ing three different length regimes. For better comparison oPeriment since, for large voltagé&>T,,, we obtain the
samples with different resistances, we have plot&R  dependencd .= €?® in this limit®> Even for the compara-
=4k(T¢). The electric field determines the amount of energytively high phonon temperature of 2 K, a current of only 3
locally transferred to the electron gas. Symbols denote mea+A (corresponding t&=50 uV/um) leads to an increase of
surement points and solid curves are theoretical fits. Sampl€, of =25% aboveT,. The heating effect becomes even
A'is a 50 um Au wire (L>1._p), sample B consists of five more pronounced at lower temperatures. Fgi=0.3 K, Eq.
wires of 10um length L=I._,), and sample C consists of (1) predicts for sam@ A a doubling of the mean electron
30 wires of 0.84um length L <l._,). temperature to 0.6 K induced by a current of only 300 nA.
The noise behavior of all these regimes can be quantita- If L=I,_p, the influence of the contact pads can no
tively explained by a nonlinear differential equation, which jonger be neglected and leads to a cooling of the electrons
_descripes the spatial dependence of the electron temperatu®se to the reservoirs. In this intermediate regime, @.
in a wire? has to be solved numerically, taking into account all three
2 d2T2 ce terms. The reservoirs in a sample withwires of lengthL
— —2e= - (_ +F(T2_Tgh)a (1)  effectively reduce the mean electron temperature compared
6 dx Ke to a single wire of lengtiNXx L, although the overall resis-
tance is the saménset of Fig. 3. This cooling effect is
clearly seen when comparing curve b with curve a in Fig. 3.

the form of a heat-diffusion equation. The left-hand side de-Th€ corresponding theoretical curve was obtained by solving
scribes heat diffusion due to a gradientT, the first term ~ EQ- (1) numerically and averaging the electron temperature
on the right-hand side is a source term describing Joule heaf Over the whole wire. The agreement with the experimen-
ing, whereas the second term accounts for the heat transfé@ data points is, again, very satisfactory. The fits for
from the electron to the phonon system due to electron-Samples A and B yield similar values for the electron—
phonon scattering. The inset of Fig. 3 shows the calculate@honon coupling parameteff=5x10° K=>m~2, corre-
temperature profile along the wire for the three differentsponding tol_p~7 um at 2 K. Our value of" is in agree-
samples. ment with the values for Cu and Ag from Refs. 3 and 6.

For the long wire limit (>1,_,y), the influence of the For sample Q30 wires with 0.84um length, the cool-
contact pads can be neglected and the electron temperaturdrig of the reservoirs is so effective that nearly no heating
nearly constant over the whole wire except close to the regakes place for the electric fields shown in Fig. 3. Neverthe-
ervoirs, whereT, drops to the lattice temperatufimset of  less,T2 varies along the wire and assumes a parabolic shape.
Fig. 3, upper curve Therefore, the left-hand side of E(.) Sincel <l_,,for each individual wire, the second term on

2

where the parameteF is related to the electron—phonon
scattering Iengthe_ph=1.31/\/TegF (Ref. 7). Equation(1) has
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neglected in a metallic wire of this length at 2 K. Curves a, b,
and c of the inset show the calculated temperature profiles
for 150, 75, and QuA, respectively.

In conclusion, we have demonstrated that noise measure-
ments are a powerful tool to obtain information on electron
heating effects in narrow metal wires. The measured electron
temperatures are in excellent agreement with model calcula-
tions for all wire lengths ranging fromL>I._,, to L
<le_ph. The experiments demonstrate that electron heating
depends crucially on the length of the wires and the presence

-1|00 ' 0 ' 1(|)0 ' of thermal reservoirs. Hence, our results have important im-
I[pA] plications for the sample layout of electric microcircuits at
low temperatures.
FIG. 4. Noise measurement of sample C of Fig38 wires in series with a The authors acknowledge fruitful discussions with D.

length of 840 nm The solid line is the prediction of Eq2), which has no < . . .
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