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Millisecond electron—phonon relaxation in ultrathin disordered metal films
at millikelvin temperatures
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We have measured directly the thermal conductance between electrons and phonons in ultrathin Hf
and Ti films at millikelvin temperatures. The experimental data indicate that electron—phonon
coupling in these films is significantly suppressed by disorder. The electron cooling tifokows

the T~* dependence with a record-long valte= 25 ms aflf =0.04 K. The hot-electron detectors of
far-infrared radiation, fabricated from such films, are expected to have a very high sensitivity. The
noise-equivalent power of a detector with the arganf and the noise limited by fluctuations of the
temperature are expected to be (2x30 2°W//Hz, which is two orders of magnitude smaller

than that of the state-of-the-art bolometers. 2601 American Institute of Physics.

[DOI: 10.1063/1.1407302

Future space far-infrare@FIR) radioastronomy missions Hf and Ti films, which are promising candidates for the
will require significant improvement in the sensitivity of ra- HEDD sensor elements.
diation detectors in the 40-5Q@m-wavelength range and We have measured the electron—phonon cooling time in
integration of the detectors in large arrays for faster skythin films of Hf and Ti on sapphire substratise parameters
mapping! The photon-noise-limited noise-equivalent power of three samples are listed in Table The “bulk” values of
(NEP) of a detector combined with a cooled space telescopthe critical temperaturd . for Hf and Ti are, respectively,
is expected to be-1x10"**W/\Hz,2 or even lower for 0.13 and 0.4 K; for our films, deposited by dc magnetron
narrow-band applications. The state-of-the-art conventiona$puttering,T.=0.3—0.5 K and the superconducting transition
bolometers currently demonstrate NEPO ’W/Hz at Width AT;~2-7 mK. The films were lithographically pat-
0.1 K, along with the time constant-10 3534 terned into 5um-wide and 10-cm-long strips shaped as me-
Recently, we proposed a concept for a sub-mm/FIR di_andgrs. The large length ensures that one can neglect the
rect detector based on disorder-controlled electron heating iAutdiffusion of hot electrons into cold ledtand that the
superconducting microbridg&sThe hot-electron direct de- €l€ctron—phonon coupling is the only mechanism for elec-
tectors (HEDDs) operating at millikelvin temperatures can tron cooling.
offer unparalleled sensitivity, along with the simplicity of ~ FOf measuringr,, we used the well-developed hot-

fabrication on bulk substrates, integration with planar anten€!€ctron technique(see, e.g., Ref. 10 At T<1K, the

nas, and large-array scalability. electron—electron scattering rate exceeds the electron—

For HEDDs, both decrease of the device volume andonon one by many orders of magnltdﬂeanq the non-
increase of the time constant improve the sensiti/ifhe equ'lllbrlum distribution functlon' fpr electrons is well ther-
time constant of HEDDs is determined by electron Coolingmallzed. The thermal conductivity between electrons and
time 7. due to electron—phonon relaxation. To achieve hig honons,Ge'_ph= Ce/7., can be found from the energy bal-
sensitivity, materials with a long time, are needed. The &M1¢€ equatiort
theory predicts that the slowest energy relaxation can be re-
alized in properly designed disordered superconducting P fTe Ce(T) YTeH2-Tor2) L

r 7 T @ 2)r 1K) @)

films® Indeed, modification of electron—phonon coupling \%
has been observed in experiments with disordered metals at
T>1K (See, e.g., Ref. 7, and references thél’@ince the where Ce: ’}/T is the electron heat Capacityﬂ-e

first measurements of the electron—phonon relaxation time ia- - (1 K)T~%, P=12R is the Joule power dissipated in a
metal films afT = 25—320 mK? not much has been added to thin film of volume V, T, is the nonequilibrium electron
our knowledge of the electron—phonon processes at miltemperature, and is the equilibrium phonoibath tempera-
likelvin temperatures. In this letter, we present measurementgre. By applying different amounts of the Joule power to the
of the electron—phonon cooling time B& 1 K in disordered  film at a fixed bath temperature, and measuring the corre-
sponding increase of,, one can findr, from Eq. (1) [for

dauthor to whom correspondence should be addressed; electronide™ I<<Te, EQ. (1) can be linearized as(T)
mail: gersh@physics.rutgers.edu =Co(T)V(T—T)/P].
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TABLE |. Parameters of the samplesR is the sheet resistance of the filiD, is the electron diffusion

constant.
D ved
d Te Rg(lK) 1074 I 108 y U, p
Sample  Metal nm K Q m¥s nm m/s W/(mK? 1Cm/s 10°kg/nm?®
1 Hf 25 0.48 38 1.48 0.94 047 160 1.97 13
2 Hf 25 0.3 38 148 094 047 160 1.97 13
3 Ti 20 0.43 14.7 2.44 2.3 0.32 310 3.13 4.5

aReference 20.

In our experiment, the resistance of a sample was med-igure 1 shows that the depende®{d ) coincides with the
sured with a very small ac current,, by a resistance bridge temperature dependeng&T) measured in equilibriuml .
as a function of the bath temperature and the heating de0). The latter dependence is due to the interaction-driven
currentl 4. As the electron “thermometer” above the critical corrections to the resistance in a two-dimensional*filtthe
temperature T>T¢), we used the temperature dependencedashed line is a guide to the gy&his coincidence rules out
of the quantum corrections to the normal-state resist&jce nonthermal effects in the resistive state, and allows us to
due to electron—electron interactiosAt T<T, a finite  facilitate measurements by taking advantage of a very high
electric resistancR<Ry was restored by the magnetic field sensitivity of the resistive state to electron overheating.
(the so-called resistive statelhe resistive state is very sen- The temperature dependences of the thermal conduc-
sitive to electron overheating; this allows us to measuyre tance between electrons and phond@s, ,,, measured for
with an unparalleled accuracy. two Hf samples with differenT, are shown in Fig. 2. With

We have verified that in the resistive state, the extractedbwering the temperatur&,._, decreases rapidly as. For
cooling time does not depend dh Only in this case, the comparison, we also plot the theoretical temperature depen-
nonlinear effects in superconductivity, e.g., depairing, can belence of the thermal conductance between the film and sap-
safely ignored. Comparison between the data obtained in thehire substraté’ G,=(R,d) *~T2® (R, is the thermal
normal and resistive states is shown in Fig. 1. First, the deboundary resistance between the film and the substiate,
pendencer (T) was extracted from the hot-electron mea-the film thickness Figure 2 shows that the lower the tem-
surements in the resistive state at different value®, efhich  perature, the easier to realize the hot-electron regime,
corresponded to the sample resistariRe (0.2—0.9Ry . Ge-pn<Gy, when the electron—phonon coupling is the
Second, the resistance was measured as a functigpafa  bottleneck of the energy transfer from hot electrons to the
fixed T<T, in the normalstate, when superconductivity was environment.
completely suppressed by the magnetic field. To obtain the In order to calculate the electron cooling time from
dependenc®(T,), shown in Fig. 1, the electron temperature G,_,,, we used the bulk values of the electron heat capacity
T, for each value of 4. was calculated from Eq1) using the  for Hf and Ti (see Table)l The temperature dependences of
7. data obtained from the measurements inrdsstivestate. 7, for these films are shown in Fig. 3. The cooling time

exceeds 1 ms al~0.1K, and becomes record long, up to
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FIG. 1. Dependenc®(T,) (A) for sample 1, measured at the bath tem- A | i
peratureT=0.1 K andB=5 T (superconductivity is completely suppressed 12 /| |
by the strong magnetic fieldfor different I ;.. The electron temperature 10 0.1 1
Te(l40 was calculated from Ed1), wherer, was obtained from the mea- T (K)

surements in theesistivestate. For comparison, we plot the dependence

R(Te), measured in equilibriun®, 15,=0, T.=T) atB=5T. In this case,  FIG. 2. Temperature dependences of the thermal conduc@qgg for two

the logarithmic temperature dependence is due to the quantum corrections kf meanders with the total area0.5 mnt: A-sample 1,¥-sample 2. The

the resistance in a two-dimensional filigee Ref. 11 (the dashed line is a solid line represents the thermal conducta@Ggebetween the meander and

guide to the eye the sapphire substrateee Ref. 1 the dashed line is a guide to the eye.
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10" : velocities. According to Eq(2), the relaxation rate is in-
TR\ ‘ versely proportional touts, and for Bi, u~1x10*m/s,
10 AN which is 2—3 times smaller than that for Ti and Hf.
0 PR 4 In conclusion, our experimental results show that the
—~ 10° “jf\\ — T electron—phonon coupling in thin films can be sufficiently
L ’ suppressed due to disorder and due to the strong temperature
l"“)10-4 N ’ dependence of,. The hot-electron FIR detectors with the
:‘\ sensor area-1 um? and the temperature-fluctuations-limited
10 W noise would demonstrate a noise-equivalent power NEP
RN =(4kgT?Ge_pV) 2~ (2-3)x 10 ®W/\Hz at T=0.1K
10° A (Ref. 179 (kg is the Boltzman constapti.e., at least two
IR orders of magnitude better than that for the state-of-the-art
107 L ' bolometers. In a micron-size sensor, the outdiffusion of hot
0.1 T (K) 1 electrons has to be blocked by Andreev reflection from the

current leads fabricated from a superconductor with a super-
FIG. 3. Temperature dependences of the electron cooling #jnfier ultra- conducting energy ga@\ much larger than that of the
thin films: A-Hf, sample 1,@-Ti, sample 3. The lines represent theoretical sensor® We expect that an antenna- or waveguide-coupled
estimates forr(T) in the dirty limit [Eq. (2)] (solid line, sample 3; dashed . b . . 3
line, sample 1 micron-size HEDD with a small time constant~10
+10 °s will exhibit at T=0.1-0.3K the photon-noise-
limited performance in millimeter, submillimeter, and infra-

25-30 ms, at the lowest temperatuiies 30—40 mK. Satu- 9
red wavelengthd’

ration of the temperature dependencefbelow 0.1 K,
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