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%e describe a simple electron-heating experiment in which the phonon escape from thin metal

films is changed in situ. This provides clear evidence that the pkonon-escape rate can
significantly affect electron heating. From the results we have determined that phonon generation

by the heated electrons and phonon escape have comparable rates.

The nonequilibrium properties of metallic microstruc-
tures have been of considerable recent interest. ' Experi-
ments to study these properties have used electric fields to
heat the electron system above the ambient temperature
of the lattice. With this technique it has been demonstrat-
ed that the electron and phonon temperatures can be
made very different. This has raised questions about the
appropriate temperature to be used to describe, for in-

stance, the electron-phonon interaction in the nonequili-
brium situation. The additional complications of non-
thermal distributions of electrons and phonons have also
been discussed. 5 In the analysis of the nonequilibrium
heating experiments, one approximation has been con-
sistently applied: the phonons have always been con-
sidered to escape from the microstructure in a time less
than the electron-phonon relaxation time. Within this ap-
proximation the lattice temperature of the microstructure
remains the same as that of the substrate on which it is
supported. Electron-heating experiments using different
substrate materials have indicated that this is not neces-
sarily a valid approximation. 2 In this Rapid Communica-
tion we describe an experiment in which the phonon-
escape time from a thin metallic film to the surroundings
is changed in situ The resu. lts show very clearly that the
phonon occupations in the film and the substrate can be
very different.

The samples used for the experiments were 30-nm-thick
Au6pPd40 alloy films that were thermally evaporated onto
a silicon substrate at room temperature and at a pressure
of 5 X 10 Torr. The typical sheet resistance of the films
was R&=10 Q. The sample geometry was defined by
electron-beam lithography and was designed for true
four terminal resistance measurements. The active sam-
ple region was 1 pm wide and 10 pm long. Some of the
samples were made free standing by removing the silicon
beneath the active region using a CF4-02 reactive ion etch
for approximately 40 s. The experiments were performed
with the samples mounted inside a sealed copper chamber
that was thermally attached to a temperature controlled

bath of helium. The sample mounting arrangement pro-
vided good thermal contact between the substrate and the
chamber walls. The chamber could either be evacuated or
filled with liquid helium so that the exposed surface area
of the films was either in a vacuum or liquid helium. The
process of changing the conditions from vacuum to helium
was carried out at low temperature so that the phonon
boundary conditions could be modified without cycling the
sample to room temperature.

Four terminal resistance measurements were made over
the temperature range 1-4 K using a low-frequency ac
bridge. To provide electron heating a dc electric field of
up to 6.5 V/cm was applied across the sample. The ac
sensing current was always kept low enough that its con-
tribution to the heating remained very small.

Under equilibrium conditions we observed a tempera-
ture dependent resistance which had a minimum Ro,q, at
a temperature To 7 K. Below To the resistance in-
creased logarithmically with the substrate temperature
and was consistent with the resistance corrections report-
ed for similar alloy films by other workers. ' We found
no change in the equilibrium temperature dependence of
the resistance with the sample chamber evacuated or filled
with liquid helium.

Figure 1 shows the striking difference between the
response of the resistance hR/Ro, q to an applied dc field
when the film surface was in a vacuum and when it was in
liquid helium. The electron heating by the applied electric
field appears to be significantly reduced when the free-
surface area of the sample is covered with helium. We be-
lieve this simple result provides strong evidence that the
phonon-escape time from the film cannot be neglected in
electron-heating experiments.

The change in resistance AR/Ro, q as a function of sub-
strate temperature T, for several electric fields is shown in
Figs. 2(a) and 2(b) for vacuum and helium, respectively.
The data shown in Fig. 1 are the set of data points at
T, 1.5 K. Comparing the data in Fig. 2(a) and 2(b), the
reduction in the resistance change with applied field when

9714 1990 The American Physical Society



PHONON TRAPPING IN THIN METAL FILMS 9715

1x10 4 1 5xl 0 4

(L)

0
p

CL

(Li

0
CL

—1 x10 4 I I I I I I I

0.0 1 0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Electric Field (V/cm)

—0 5x10 4

1.5
I

2. 0

T, (K)

I

2.5 3.0

FIG. 1. The change in resistance with electric field of a sup-

ported film in vacuum (0) and covered with liquid helium (+).
T, 1.5 K.

FIG. 3. The change in resistance of a free-standing film sur-
rounded by liquid helium as a function of the helium tempera-
ture. The fields applied were 0.26, 0.49, 0.98, 1.47, 1.96, 2.45,
2.93, and 3.42 Vcm ' (top to bottom).

helium is present is seen to occur over the whole tempera-
ture range studied. As additional evidence of the impor-
tance of the phonon-escape mechanism, we observe a dis-
tinct change in dR jRo,q as the helium temperature passes
through the k point [Fig. 2(b)l. This is also observed in

the data for the free-standing film shown in Fig. 3. The
phenomenon responsible for this change is uncertain at
present but we suggest it may be associated with either

the changed excitation spectrum or the changed thermal
conductivity of the helium. However, crossing the A, point
is only expected to change the phonon-loss mechanism
from the sample to the helium which confirms the sensi-
tivity of electron-heating experiments to the phonon-
escape time.

To discuss these results in more detail we will consider
first the data shown in Fig. 1. The straightforward rate
equation
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can be used to describe the relaxation of energy from the
electron system to the phonon system in the film and sub-
sequently to the substrate. n(ro) is the nonequilibrium
phonon distribution and the Bose distributions of the pho-
nons at the electron temperature T, and the substrate
temperature are n(ro, T, ) and n(ro, T, ), respectively. For
moderate electric fields, two characteristic times are re-
quired to determine the relaxation of energy; the phonon-
escape time from the film to the substrate r„„and the
electron-phonon relaxation time r, ph, taken to be of the
Pippard form. 'o Under the steady-state conditions of the
present experiments, the power per volume being
transferred from the film to the substrate is
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FIG. 2. (a) The change in resistance of a supported film in

vacuum as a function of the substrate temperature. The fields

applied were 0.15, 0.64, 1.28, 1.91, 2.55, 3.19, 3.83, 4.47, 5.11,
5.74, and 6.38 Vcm ' (top to bottom). (b) The change in resis-

tance of a supported film covered in helium as a function of the
substrate temperature. The fields applied were 0.15, 0.64, 1.28,
1.91, 2.55, 3.19, 3.83, 4.47, and 5.11 Vcm ' (top to bottom).
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where E is the electric field applied to the film, p is the
resistivity, and D(ro) the phonon density of states. From
this equation it is clear that the two characteristic times
act in series and form a bottleneck in which the longest
dominates the overall relaxation of energy from the film.
Since it seems unlikely that the electrons in the film cou-
ple directly to the helium, the process of allowing helium
into the chamber can be considered to introduce a loss
path for phonons that is in addition to the phonon escape
into the substrate. The two routes for phonon loss will act
in parallel with the combined effect of reducing the
phonon-escape time from the film. If, as is usually as-
sumed, r„,&& i, ~h, the energy relaxation bottleneck would
be dominated by ~, ~h and the reduction of the phonon es-
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cape time by the additional helium loss path would be ex-
pected to have a negligible effect on the heating data.
This is obviously not the case and shows the importance of
the phonon escape in electron-heating experiments. Our
data therefore imply that r„, is at least comparable to

ph ~ Under these conditions, as the electrons are heated
by the field we expect T, & T~ & T, where, for succinct-
ness, we have used an effective temperature T~ for the
phonons in the film even though they are not in equilibri-
um. A full description using the nonequilibrium phonon
distribution will be given elsewhere.

An interesting feature, shown in both Figs. 2(a) and
2(b), is that in the presence of the electric field the
steady-state resistance of the films can be reduced below
Ro,q. This effect has been observed previously but in the
present experiments we have found that the amount by
which the resistance falls below Ro,q depends critically on
the rate of phonon escape from the samples, and thus on
the phonon occupation within the film. Liu et al. ' ex-
plained the lowering of the resistance below Ro,q by con-
sidering the sum of three eff'ects to describe the overall
temperature dependence of the resistance: a Drude term
that includes the electron-phonon inelastic lifetime,
z,' ~h,

" electron-electron interactions; and weak localiza-
tion. In equilibrium, at temperatures well above To, the
Drude term is dominant and since z, ~h cc T this gives a
power-law dependence R cx: T~. In the present experiments
we find P 3. At temperatures well below To, the Drude
term becomes smaller than the other terms which provide
the observed logarithmic resistance rise. Therefore, the
combination of the three terms gives a resistance
minimum under equilibrium conditions. When the system
is in the steady state, the relative contribution of each
term is changed because they each have a different depen-
dence on T, and T . In particular, z,' ~h becomes a func-
tion of T, and T~. Consequently, since changes of z„,
affect both T, and T~, z„, will modify z,' ~h in the steady
state. In order to simplify the situation we follow the ar-
gument presented by Liu et al. ,

' that for small tempera-
ture differences between the electrons and the phonons,
the effective temperature describing the electron-phonon
interaction remains close to the phonon temperature.
Therefore, for the present discussion, we will suppose that
in the steady-state z,' ~h is only a function of T~. The drop
of the resistance below Ro,q is now easily explained by two

competing processes: A net logarithmic contribution pro-
viding a decreasing hR/R with T, due to electron locali-
zation and electron-electron interactions, and a Drude
contribution providing an increasing AR/R with T~.
Clearly, the minimum in the nonequilibrium situation de-
pends on the relative values of T, and T~ which in turn
depend on z„, T. herefore, if phonons are trapped in the
film the resistance can still drop below Ro,q, but at high
enough electric fields T~ will increase and the Drude term
will dominate over the logarithmic terms. The data in

Fig. 2 are decreasing with electric field, even at the
highest fields, which indicates that even though the Drude
term is increasing, it is not the dominant term at the fields
applied.

Another interesting effect shown in Fig. 2(a) is the posi-
tive slope of the high-field data with T, . Previous
electron-heating measurements have yielded data that is
independent of the substrate temperature at high electric
fields. ' ' In such cases the explanation has been that
the resistance is a function of T, and that T, becomes in-

dependent of the substrate temperature above some criti-
cal value of electric field. We suggest that the cause of
the positive slope in our data is the temperature depen-
dence of the Drude contribution via z,' ~h. At each higher
substrate temperature, the Drude contribution is some-
what larger which will result in a smaller negative d,R/R
for a given electric field. The relative insensitivity of the
data to T, above the lambda point [Figs. 2(b) and 3] sug-
gests that the temperature dependence arises predom-
inantly from T~, that is, phonons trapped in the micro-
structure.

In conclusion, using a very simple experiment we have
clearly demonstrated that electron-heating experiments
are aff'ected by the process of phonon escape from a metal
structure. This indicates that the usual assumption of
rapid phonon escape from films and wires is not always
valid and needs careful consideration for each metal-
substrate combination. The breakdown of this assumption
also leads to a nonequilibrium phonon distribution within
the film which must be taken into account in a complete
analysis of the problem. This will be discussed in a subse-
quent paper.
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