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Role of Phonon Dimensionality on Electron-Phonon Scattering Rates

J. F. DiTusa, K. Lin, M. Park, M. S. Isaacson, and J. M. Parpia
Laboratory of Atomic and Solid State Physics and School of Applied and Engineering Physics

Cornell University, Ithaca, 1Vew York 14853
(Received 15 October 1991)

Electron-heating measurements were carried out to measure the electron-phonon scattering rates in
CuCr thin films. We examined free-standing and supported films whose thickness and width span
lengths comparable to the mean thermal-phonon wavelength. The measured scattering rate was propor-
tional to T-'from 0.5 to l0 K, independent of sample configuration. We observe that the quantization of
the phonon spectrum required by sample dimensions has no eA'ect on the temperature dependence of the
electron-phonon scattering rate.

PACS numbers: 63.20.Kr, 72. 10.Di, 72. 15.Eb, 73.50.Dn

The measurement of the electron-phonon scattering
rate (r, ~

') in thin metal films has received a great deal of
attention in recent years [1-3]. A variety of results have
been obtained for the temperature dependence of ~;p',
ranging from T' to T', in both electron-heating and
weak localization magnetoresistance measurements [4,5].

The first of two hypotheses used to explain the range in

power laws is a correction to the T dependence expected
for clean three-dimensional films due to disorder [6,7].
The impurity scattering in disordered metals modifies

r,,„' to the form r,,„' cc (T /8o)B(T), where 8o is the
Debye temperature. B(T) introduces the effect of disor-
der. Its temperature dependence is determined by the pa-
rarneter ql, where q is the mean thermal phonon wave

vector and I is the conduction electron mean free path. In
the limit that 8o/T » I and ql « I, r,.~' ~ T . In the
clean limit, 8g&/T»1 and ql » I, the temperature depen-
dence remains r,,„~T'.

An additional modification to the scattering rate may
be required if the phonon spectrum is aA'ected by the

'finite film thickness [1,3,8]. Many experiments have been
carried out (for films on substrates) in the regime where

the mean thermal phonon wavelength (XT) is greater
than the film thickness, d [1-3]. lf the acoustic mis-

match between the film and substrate is large, then the
quantization of the phonon spectrum in the direction per-
pendicular to the film may be significant. In this case the

phonon distribution at low temperature resembles a 2D
spectrum leading to a weakened temperature dependence
of r,,„'. However, no experiment has been performed
that systematically explores the role of phonon dimen-

sionality on the electron-phonon scattering rate.
We have performed an experiment designed to examine

the eAect of the quantization of the phonon spectrum on

the electron-phonon scattering rate in thin CuCr films. A

2D phonon spectrum can be realized at low temperature

hy removing the supporting substrate from the back of
the film (a free-standing film), thus separating the effect
of coupling across a film-substrate interface from the in-

trinsic behavior of the metal film. Electron-heating mea-
surements on free-standing and supported metal struc-
tures allowed the determination of the electron energy re-

laxation rate for sample dimensions and temperatures

which require that the phonon dimensionality change
within the metal films.

Films prepared for this experiment were deposited by
thermal evaporation from a single CuCr source onto a sil-
icon nitride film grown on a silicon wafer. All features
were defined by electron lithography and photolithogra-
phy using a liftoA' process which allowed fabrication of
films of thickness between 9.8 and 98.0 nm and widths
between 35.0 and 2000 nm. Free-standing and supported
structures were deposited simultaneously on the same
substrate [9]. The film thickness was measured with a
crystal thickness monitor.

The conduction electrons in a thin metal film can be
out of equilibrium with the metal lattice for moderate
current densities at low temperatures if the electron-
phonon scattering rate, which determines the rate of heat
Aow out of the electron gas, is smaller than the elastic
scattering rate [10,11]. The temperature difference be-
tween electrons (at temperature T,, ) and phonons (at
temperature Tp) is

T,,
—

Tt, =r,.pE /pC, ,

where E is the applied field, p the electrical resistivity,
and C,, the electronic heat capacity [10-12]. This expres-
sion should hold in the low-field regime where eEI,
& kqTp; here e is the electron charge and 1, is the inelas-

tic scattering length [10]. We define the thermal resis-

tance R,,p =(T,. —T„)/Q =z,.„/C,, V (V is the sample
volume and Q is the applied power) for comparison to
other thermal resistances in this system [10,12].

Electron thermometry must be established for a suc-

cessful measurement of R p ~ We chose to use the resis-
tance anomaly associated with the Kondo efTect as an

electron thermometer [13]. Since the Kondo contribution
to the resistivity is dependent only on the electron distri-
bution at the Fermi surface [14], the electrical resistance
will yield the effective electron temperature [15]. The
Kondo resistance anomaly of a CuCr film can be as large
as a few percent of the residual resistivity for moderate
Cr concentration [16], allowing the electron temperature
to be determined accurately as a function of heating

power. The electron gas temperature is defined in equi-

librium where the electron energy has a Fermi distribu-
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FIG. 1. The thermal resistance for heat transport out of the
electron gas for supported and free-standing films. (a)-(c)
refer to a 20.0 nmx2. 0 pmx100 pm, 2000 ppm Cr in Cu sup-
ported (0) and free-standing (zi) film. (a) ln vacuum: The
lines are a 1.52x10 T ' fit to the supported film and a
3.33x IO"T ' lit to the free-standing film. (b) 3 to 4 mono-
layers of He deposited onto both films: The line is a
1.42x IO'T ' fit for the thermal resistance. (c) In 3 atm He:
The line is the same as in (b). (d) Data for five parallel 98.0
nmxO. I6 pmx50 pm, 1000 ppm Cr in Cu supported (0) and
free-standing films (0) in 3 atm 4He, and a free-standing film
in vacuum (&). The solid lines are a 4.72 x lOiT ' fit for the
free-standing film in vacuum and a 2.51 x10 T ' fit for the

tion. In the nonequilibrium situation of a heating experi-
ment, the electron distribution will not necessarily resem-

ble a Fermi distribution at an elevated temperature.
However, calculations by Arai [17] and by Sarker et al.
[I8] show that this is indeed the case.

The thermal resistance between 0.5 and 10 K was mea-
sured by determining T„ from the electrical resistance as
a function of dc heating current. An ac bridge with an

excitation frequency of 17 Hz and amplitude small

enough to generate negligible heating was used to mea-
sure p. The differential resistance was integrated to find

the static resistance from which T, can be determined by
comparison to the calibration at zero dc electric field.
The electron temperature was raised by no more than
10% above ambient, minimizing eAects of a nonequilibri-
um phonon distribution.

The first set of samples consisted of two 20.0-nm-thick
films each 2.0 pm wide and 100 pm long. One film was

supported by a 140-nm-thick silicon nitride film on a sil-
icon wafer, while the other was free standing. These
films have kFl =140, with resistivities differing by only
4%. The total thermal resistance R&h of these films is
shown in Fig. 1(a). Rih of the supported film is best
fitted with a T dependence. The free-standing film has
a much higher thermal resistance, fitted with T ' that
results from conduction of heat by electrons along the
length of the film. The electron-heat conduction in such
a small metallic structure is much larger than the phonon
conductivity [19,20].

A He film, about 3 or 4 monolayers thick, was depos-
ited onto the surfaces of the films. Below 1 K, the helium
will consist of a -2-monolayer-thick, solidlike film and a
—1-monolayer superfluid film. The helium thickness can
be estimated from the Kosterlitz-Thouless transition tem-
perature of the films [21,22] which was manifested in the
heating curves. This case is shown in Fig. 1(b), where

Rih of the free-standing film changes dramatically when
the helium is added. The phonons can now couple to the
helium film, which has a high thermal conductivity below
the Kosterlitz-Thouless transition. The thermal resis-
tance of the free-standing and supported films is now

similar up to about 1 K. Above 1 K, the thermal resis-
tance of the helium becomes the main bottleneck for heat
transport. Upon pressurizing the cell to 3 atm He [Fig.
1(c)], we found R&h of the two films to be similar up to
= 3 K, where the thermal resistance of the helium dom-
inates.

We can determine the dominant contributions to the
thermal resistance of the free-standing and supported
films described in the preceding two paragraphs. In gen-

supported film. At high temperatures the data for the support-
ed film fall on the dashed line representing the data for the eva-
cuated cell (not shown) due to the higher thermal resistance
through the He.
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eral, R&h can be written as

R,h' =R,, '+
R +(R~'+R, ') ' ' (2)

where Rbd is the boundary resistance between phonons in

the metal and the substrate, R~ the Kapitza resistance
between phonons in the metal and the helium, and R,„
the thermal resistance associated with the electron
thermal conductivity. From Fig. 1, R,, is small and so
the first term can be neglected in all cases except that of
the free-standing film in vacuum. For the supported film

in vacuum, Rth=R, ,~+Rbd. With He present we find

that below -3 K the thermal resistances of the free-
standing and supported samples are equivalent. Since
there is no film-substrate interface for the free-standing
film, Rbd is infinite and R&h reduces to R„„+Rg. The
supported film's thermal resistance is nearly unchanged

by the addition of helium. The thermal resistance of the
free-standing film in helium is nearly identical to that of
the supported film in vacuum: R,„+R~ = R,,p+ Rbd. It
is now evident that R p dominates ~ If for example Rbd
were much larger than R,~, then it follows that R~
= Rbd. Consequently, we would expect that the thermal
resistance of the supported film, Rih=(Rbd'+Rir ')
should be substantially lower after the addition of helium.

This is contrary to our experiment. A calculation sup-

ports the conclusion that R,z dominates and we find that

Rbd contributes about (25+'10)% of the thermal resis-

tance for this film thickness [23]. Since the data very

closely follow a T power law over the entire tempera-
ture range, we conclude, from Eq. (1), that r„~=(4.2
+'0.5 K )T '

ns.

The fact that the scattering rate is not affected by the
film-substrate condition (whether the film is supported or
free standing) implies either that the phonon spectrum in

both films resembles a 2D spectrum or that the T depen-
dence is intrinsic to the film and not affected by the
dimensionality of the phonon spectrum. We present ar-

guments as to why the latter is correct. The mean ther-
mal phonon wavelength in copper (A, T) can be estimated
as kT =Ac/2kliT, where c is the speed of sound. Since c
in copper is 4760 m/s (longitudinal) and 2325 m/s (trans-
verse), kT falls in the range 55.5 nm/T (kT ( 114 nm/T
with T in kelvin. Thus, below a few degrees, A, T is greater
than the thickness of the free-standing metal film plus
helium [Fig. 1(b)], ensuring a 2D phonon spectrum. We
conclude that r,p for a Cu film on a silicon-nitride/sil-
icon substrate has the same temperature dependence and

magnitude as a film with a 2D phonon spectrum. If the
phonon spectrum were 2D in both the free-standing and

supported films, we would expect the scattering rate to
cross over to a higher power law at a few degrees. We
observe no evidence for such a crossover and conclude
that the T dependence represents processes intrinsic to
the films.

In an attempt to induce a 3D phonon spectrum we

measured Rth of five parallel 98 nm thick, 0.16 pm wide,
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50 pm long, 1000 ppm Cr in Cu films in both free-
standing and supported configurations [Fig. 1(d)]. For
this set of films, kFI =500, and the resistivities differ by
10%. The power law is similar to the 20.0-nm-thick sam-
ple and Rbd is a larger fraction of the thermal resistance
of this film. If Rbd had been dominant in the 20-nm-
thick films, the thermal resistance in the 98-nm-thick
films would have been 5 times larger due to the smaller
contact area (compared to the 70% increase observed).
The thermal resistance of the supported film decreases by
-35(~ 5)% when the cell is pressurized with 3 atm of
He. We observed no evidence for a change in either the

magnitude or temperature dependence of r,,~' from the
rate measured in the 20.0-nm-thick films despite the Sx
increase in film thickness. If the modification of the pho-
non spectrum were responsible for the T-' dependence of
r,,„' in the 20-nm-thick films, we would expect that the
po~er law would increase for the 98-nm films since
d & kT. Again, the lack of any crossover implies process-
es intrinsic to the film.

To further explore the possible phonon dimensionality
effect on r,,„', we measured the thermal resistance of
thin, narro~ wires of the same material as in Figs.
1(a)- 1 (c). Figure 2 presents R,h of two parallel 35.0 nm

wide, 20.0 nm thick, 50.0 pm long, 2000 ppm Cr in Cu
wires on a silicon-nitride/silicon substrate with kFl =104.
These data are best fitted with r,,~ =(3.1+'0.5 K-')T
ns, and have the same ratio of Rqd to R,.~ as the previous
20.0-nm-thick films. The temperature dependence of
i,,~' is unaffected by decreasing the film width. In this
sample the thickness as well as the width will be less than
kT below 2 K. It is clear that the modification of the pho-
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FIG. 2. The thermal resistance for a 20.0 nmx35. 0 nmx50
pm, 2000 ppm Cr in Cu supported wire in vacuum (0). The
line is a 6.25x 10"T ' fit to the thermal resistance. We observe

the same temperature dependence and magnitude for the

electron-phonon scattering rate as in the wide film (2 pm) case.
Also presented are the thermal resistance for two 9.8 nmx2. 0
pmx50 pm, 2000 ppm Cr in Cu films, one on a silicon sub-

strate (0), and the other on a l40-nm-thick silicon nitride film

grown on a silicon substrate (~). The line is a 7.87x10 T ' fit

to the thermal resistance. No evidence is seen for a contribu-

tion to the thermal resistance from the nitride layer.
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non spectrum is not responsible for the T dependence of
r,,„'; the reduction of the film width does not cause a cor-
responding change in the temperature dependence.

Finally, we investigated the eA'ect of the nature of the
substrate material on the thermal resistance. In Fig. 2,
we present R&|, of two 9.8-nm-thick CuCr films, one film

on a silicon nitride film/silicon substrate and one film on a
clean silicon substrate. The two data sets are identical
within experimental uncertainty. We see a change(( 10%) when He is added to the system and conclude
that the 120-nm-thick glassy nitride layer between the sil-
icon and the metal film has no significant eAect on Rig in

this system. These 9.8-nm films extend the thickness
range to a factor of 10 over which r,,p is essentially in-

dependent of d. A comparison of r,„measured at
diA'erent film thickness is instructive. The scattering
times measured for the 98.0-, 20.0-, and 9.8-nm-thick
films are between (3.1 K )T and (4.7 K )T ns.

Rammer and Schmid [6] calculate the function B(T)
for various values of the parameter ql in the limit
eD&&T. In our films, qI varies from 0. 1 in the thinnest
films at 0.5 K to 21 in the thickest at 10 K (0.3 ~ ql(5.8 in the 20.0-nm films) for longitudinal phonons and

Bo/T ranges from 630 to 31.5 over the temperatures
studied. These values of ql lie between the limits set in

the introductory paragraph. Consequently, B(T) should
exhibit a functional form between T and T', leading to
a r,p ~T, with 3(p &4. This description will not fit

our data. We find that s,&' ~ T independent of phonon
dimensionality and ql It is the. view of Al'tshuler et al.
[I] that there is no experiment which has indicated the
existence of a new mechanism of energy (or phase) relax-
ation that would account for r,p'~ T . They suggest
that it is suScient to take into account the particular film

geometry, the electron mean free path, the structure of
the film, and the phonon dimensionality. It is our view

that other features may need to be included, such as pho-
non surface states and grain size, to understand the tem-
perature dependence of the electron-phonon scattering
rate.

In summary, we have measured electron-phonon
scattering rates in thin CuCr films for free-standing as
well as supported structures. The geometry of the films
was varied in order to search for a change in the tempera-
ture dependence due to phonon quantization. The tech-
nique allowed us to characterize contributions to the
thermal resistance from the electron conductivity, the
acoustic mismatch at the interface, and electron-phonon
processes. No evidence that the phonon dimensionality
has an eAect on z,,z' was found. The measured tempera-
ture dependence of the scattering rate cannot be ex-
plained within the theory of Ramrner and Schmid. The
absence of a dimensional dependence is unexpected and
suggests that the theory of electron-phonon scattering
may not be complete. Evidently more experimental and
theoretical work is needed to understand the specifics of
electron-phonon scattering in thin films.
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