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Abstract-High-temperature thin-film superconducting devices are becoming commonplace for appli- 
cations such as Josephson junctions, superconducting quantum interference devices, interconnects and 
radiation bolometers. The thermal stability of these devices is critical and for effective heat transfer it is 
required to know the thermal boundary resistance at the interface of the high-Z’, thin films and their 
substrates. Many measurements of thermal contact resistance for bulk samples and metallic thin films have 
been reported, but only a few measurements have been made for high-T, films. In the present study, the 
thermal boundary resistance between Er-Ba-Cu-O films on MgO and SrTiOr substrates is measured as a 
function of both temperature and the applied heat flux, and for the first time at temperatures as low as 19 
K. The boundary resistance shows a decrease with increasing heat flux. Possible explanations for this trend 

are given by three proposed hypotheses. 0 1997 Elsevier Science Ltd. All rights reserved. 

INTRODUCTION 

The thermal boundary resistance (R,,) between a 
superconducting thin film and the substrate can stron- 
gly affect the thermal design of high-T, devices. A 
restriction for heat flow from the film can cause a 
transition from the superconducting state to the nor- 
mal state during operation of the device, resulting in 
device failure. High-Tc applications such as Josephson 
junctions, interconnects and flux flow transistors [l] 
are dependent on the thermal stability of the films and 
require knowledge of R, and its variation with heat 
flux, such as from heat generation within electronic 
chips. The time constant in the bolometric response 
of a high-T, superconductor depends on Rb which 
makes it important for the design of radiation detec- 
tors [2,3]. A few direct measurements of R,, have been 
reported [4-71. These measured values of Rb range 
between 0.5 x 10m3 and 5 x 10T3 K cm* W-’ and gen- 
erally show a sli,ght increase with temperature. No 
variation with heat flux has been reported in the past 
for thin films. In this paper we discuss primarily the 
effect of the heat flux, or equivalently, the interfacial 
temperature drop, on R,,. 

EXPERIMENT 

Samp Ies 
The Rb of thrsee Er-Ba-Cu-0 samples has been 

measured. Sampb 1 is 70 nm thick on MgO substrate 

t Present address: Department of Mechanical and Aero- 
space Engineering, Arizona State University, Tempe, AZ 
85287-6106, U.S.A. 

$ Author to whom correspondence should be addressed. 

with a T, of approximately 69 K ; sample 2 is 300 nm 
thick on SrTi03 substrate with a T, of 89 K and sample 
3 is an oxygen-deficient 70 nm thick film on MgO 
substrate. We are not able to determine the T, of the 
third sample even down to 19 K, the cooling limit of 
our cryogenic cooling apparatus. The characteristics 
of the three samples are summarized in Table 1. The 
substrate thickness for all samples is 1 mm. The films 
were made by ionized cluster beam codeposition [8] 
and etched in a meander pattern as shown in Fig. 1 
[5, 61. 

Procedure 
The experimental procedure is based on that 

described by Swartz and Pohl [P-11], and is fully 
described in Refs. [5, 61. A large current is passed 
through the wider (heater) strip shown in Fig. 1, and 
a much smaller sensing current is passed through the 
narrower (sensor) strip. Joule heating provides a tem- 
perature difference between the heater and the substr- 
ate. While the heat flux is measured directly from the 
heater electrical current and voltage drop, the tem- 
perature of the film and the substrate need to be 
indirectly determined. If a very small sensing current 
is passed through the narrower (sensor) strip, then 
its temperature is approximately equal to that of the 
substrate due to its insignificant Joule heating. Sep- 
arately, the electrical resistances of the two strips are 
measured with small sensing currents by the four- 
point method and plotted against temperature under 
isothermal conditions, as shown in Fig. 2. Calibration 
curves in the reverse plot of temperature vs electrical 
resistance allow us to determine the film temperatures 
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NOMENCLATURE 

nominal interfacial area 
enhanced interfacial area 
sound velocity 
thermal contact conductance 
Wcm-zK- 1 
Vickers microhardness 
mode of vibration 
Boltzmann constant 
[1.38062x 1O-23 J K-‘1 
harmonic mean thermal conductivity 
[w cm-’ K-‘1 
empirical constant 
empirical constant 
power index 
phonon number density 
heat flux [w cm-‘] 
heat transfer [w] 
thermal resistance [K cm* W -‘I 
thermal boundary resistance 
[Kcm* W-‘1 
temperature [K] 
temperature drop [K] 

@AT) error in temperature calibration [K] 
P apparent interfacial pressure [GPa] . 

Greek symbols 

: 
transmission coefficient 
change 

; 
area enhancement factor 
transmission probability function 

e phonon incidence angle 
CT surface roughness 

; 
frequency 
Plan&s constant/27r. 

Subscripts 
1 side 1 
2 side 2 

“D 
critical 
Debye 

h heater 
S sensor 
m mean. 

Table 1. Sample characteristics 

Sample Substrate 

Film 
thickness 

In4 T, &I 

Range of heat 
flux 

(W cm-‘] 

Substrate 
temperature range 

Kl 

1 MgO IO 69 20&800 1 l&240 
2 SrTi03 300 89 2&200 lOG230 
3 MgO 70 - l-150 20-210 

from their measured electrical resistances. The tem- 
perature drop in the substrate between the two strips 
is calculated using the thermal conductivity of the 
substrate and is accounted for while determining Rb. 
When steady-state is reached, Rb is defined as 

i-,-T, Rh = - 
4 

where Th is the average heater temperature, T. the 
average sensor temperature and q is the heat flux. 

These experiments were carried out in a closed cycle 
refrigeration system attached to a computer con- 
trolled data acquisition system. The sample was 
mounted to the surface of a copper cold finger, and 
was surrounded by vacuum. The imposed heat flux 
ranged from 200400 W cm-* for sample 1, 20-200 
W cm-’ for sample 2 and l-150 W cm-* for sample 
3. The sensing current was 10 PA-ac. The temperature 
during the calibration procedure was measured by a 
Si diode which was thermally connected by Apiezon 

Fig. 1. Two-strip meander etch pattern of the high-T, thin 
film. The width of the heater strip is 50 pm, that of the sensor 

strip is 10 p and the separation is 5 pm. 
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Fig. 2. Calibration plot of resistivity vs temperature. 

grease to the cold finger in the cryogenic refrigeration 
system. 

Error analysis 
We attribute errors in our measurements to three 

major causes : firstly, the heat leak through the elec- 
trical connection leads, secondly the temperature drop 
in the substrate ansd lastly, the uncertainty in the cali- 
bration curves. Heat loss due to radiation and errors 
due to Joule heating at the contact pads, which are 
minor, have also been determined. 

The heat leak through the leads is determined by 
considering the diRerent paths of heat flux and esti- 
mating the flow in each path. An equivalent thermal 
circuit diagram is made and a two-dimensional heat 
conduction solution gives the ratio of the heat leak to 
effective heat transfer as 0.16. The resulting percent 
heat leak is 13.7%. 

The uncertainty in the calibration curves for T, and 
T, is determined from the standard deviation of the 
curve fits to the plots of electrical resistivity vs tem- 
perature of Fig. 2. The uncertainty 6 in AT is 
&At) < 0.41 K folr sample 1 and @AT) < 0.17 K for 
sample 2. Since thl: AT for sample 3 is very large, the 
fitted curves give ,a very low % error. The heat flux 
uncertainty is 5% as a standard error of the current 
from the Keithley current source. 

- 

. ???? ?
????

Ts 6) 
Fig. 3. Thermal boundary resistance vs sensor temperature 

for all data points for the three samples. 

The temperature drop across the substrate, between 
the heater and sensor strip, affects the calculation of 
Rb and leads to a value of Rb higher than the actual 
one. This temperature drop needs to be determined 
and subtracted from all calculations to obtain a cor- 
rected value for Rb. The substrate thermal con- 
ductivity at different temperatures and two-dimen- 
sional heat conduction is used for the calculations. 
The effect is small at low temperatures and low heat 
fluxes, and for sample 3 is negligible due to its large 
temperature drops. The temperature drop across the 
thin film is also calculated and determined to be neg- 
ligible. 

The radiation heat loss from the film to the sur- 
rounding brass shroud is very low. The electrical con- 
tact resistance at the connection pads, which can cause 
Joule heating, is measured to be about 140 Q by a 
two-resistance technique. This extra generated heat is 
included in the uncertainty of R,, which is shown as 
error bars for representative data points in the figures. 

RESULTS AND DISCUSSION 

The thermal boundary resistance between two sur- 
faces causes a temperature discontinuity and occurs 
due to phonon scattering at the interface if one of the 
solids is nonmetallic. Such a contact resistance was 
studied extensively for the Kapitza helium boundary 
and the Acoustic Mismatch Model was used to explain 
this temperature discontinuity [lo]. Little modified 
the theory for the solid-solid interface and predicted 
values in close agreement with the observations at low 
temperatures [lo, 121. There was, however, a sub- 
stantial deviation at higher temperatures. 

We have measured the boundary resistance for thin- 
film superconductors in their normal state deposited 
on single crystal substrates. Measurements of Rb for 
high-T, films at temperatures as low as 19 K are 
reported for the first time. The oxygen deficient sample 
on MgO enables these measurements since it remains 
normal throughout the measured temperature range. 
During measurement at these low temperatures, we 
observe a characteristic effect of the heat flux on R,. 
Experiments are also performed at higher tem- 
peratures and a similar effect is observed. 

A plot of electrical resistivity vs temperature is given 
in Fig. 2 for the three samples. The resistivity plots 
indicate a T, of 69 K for sample 1 and 89 K for sample 
2. For sample 3, the resistivity shows an increase with 
a decrease in temperature, which is probably due to 
low oxygen content. For the heater strip, this 
decreases again while it becomes very large for the 
sensor strip. A similar increase has also been observed 
for bulk samples [13]. From the calibration curve, it 
is difficult to determine exactly the temperatures 
around the peak for the heater plot and, hence, no 
measurements are reported from 50 K to 80 K for 
that sample. Since sample 3 is very resistive, high 
currents cannot be imposed because of the limitation 
of our current source. 
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Fig. 4. Effect of heat flux on Rb for all data points. 

The plot of Rb against temperature for the three 
samples is shown in Fig. 3. A comparison of Rb 
between the oxygen deficient sample 3 and the other 
samples shows a vast difference with the values in 
the deficient sample being three orders of magnitude 
greater. Such large values of R, have not been 
observed before for thin films and we believe it to be 
a manifestation of the high oxygen deficiency and 
perhaps a lower film quality. Some measurements for 
sample 3 were made after a 2 month hiatus and a 
significant increase in the magnitude of Rb was conse- 
quently observed. We believe that the film degraded 
further and the oxygen deficiency was further 
increased. To distinguish between the two measure- 
ments, we label all measurements at the earlier date, 
with the lower oxygen deficiency, as sample 3(a) and 
the later measurements as sample 3(b). A comparison 
of our measurements is made with Ref. [4] and the 
data of sample 1 are in close agreement, while those 
of sample 2 and 3 are much higher. We expect the 
magnitude of Rb to be lower for sample 2, since the 
film is deposited on SrTiO, substrate which has a 
better lattice match with the high-T, film compared to 
MgO. The greater thickness of the film and the lower 
thermal conductivity of SrTiO, compared to MgO 
may possibly contribute to the higher magnitudes 
measured. The case of the film actually being sep- 
arated from the substrate is considered by assuming 
black body radiation between the film and the substr- 
ate, which yields a value of Rb as high as lo4 K cm2 
W-‘. This suggests not a separated, but rather a 
poorly deposited film. The scatter for sample 3 is very 
large, which could be a manifestation of different heat 
fluxes. 

Figure 4 shows the variance of Rb with heat flux for 
all three samples at different temperatures. A decreas- 
ing trend is observed and is especially noticeable for 
sample 3. As the applied heat flux increases, the tem- 
perature drop (AZ’) across the interface increases and 
hence we also observe a decrease in Rb with increasing 
AT. Some representative values of Rb at a constant 
temperature (Ts f 5 K) are plotted on a logarithmic 
scale vs AT in Fig. 5 for sample 3 and on a linear scale 

T, - T, VQ 
Fig. 5. Effect of AT on Rb at constant T, for sample 3. 

--A--T,= 14OK 
----x Ts = 160 K 

0.005 5 ’ t b ’ ’ ( 
0.5 1 1.5 2 2.5 3 3.5 

Th-Ts (K) 
Fig. 6. Effect of AT on Rb at constant T, for sample 2. 

Table 2. Curve fit coefficients and equations for Rb as a 
function of AT, at constant substrate temperatures 

21 Equation 

80 
90 

120 

140 

Sample 3 
Rb = 32295*AT-'.'=' 
R,, = 38.47 * AT-o.66868 
R, = 6718.8 *AT-2.5*99 

Sample 2 
R, = 0.020555*AT-0-2'522 

160 R, = 0.026644s AT-o.“‘o8 
180 Rb = 0.02626 * ATmo,2674 

in Fig. 6 for sample 2. We observe an almost power 
law decrease of Rb with AT. Table 2 shows the curve 
fit equations of the form Rb = y*(AT)” at different 
sensor temperatures for samples 2 and 3. The power 
law decrease is not observed for sample 3 at T, = 30 
K and for sample 2 at T, = 120 K. The scatter in the 
sample 1 data does not allow us to segregate data 
points to observe the effect of AT and, hence, those 
values are not presented here. 

Kashani and Sciver [ 141 measured the Kapitza con- 
ductance of technical copper samples with different 
surface preparations. A variation of the surface tem- 
perature with heat flux as well as the limiting values 
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of Kapitza conductance for a small temperature 
difference were determined in the study. The plots of 
the surface temperature of the samples against heat 
flux showed a decrease in their slope. If the sur- 
rounding temperature is assumed constant, this would 
indicate a decreasing contact resistance with increas- 
ing heat flux, in accord with the results in Figs. 5 and 
6. Satter and Ashworth [15] suggested a decrease of 
thermal boundary resistance with increasing heat flux 
for a thin nylon sample on copper. They also presented 
their data graphically showing the decreasing trend, 
but the error bars were large. Balcevic and Bolsaitis 
[16] gave values of the thermal contact resistance at 
high heat fluxes for bulk samples. They observed a 
decrease in Rb with increasing contact pressure but 
show no dependence of heat flux. In our measure- 
ments, the plot of R, vs heat flux, or temperature 
drop, levels off and we also observe an almost constant 
R, at high magnitudes of heat flux, as seen in Figs. 4- 
6. Fletcher [17] discussed some related effects of the 
heat flux and contact pressures on the contact con- 
ductance. 

Three hypotheses are proposed to explain the effect 
of the temperatum drop (or equivalently, heat flux) 
on the measured 12,. The first is based on the change 
in peeling stress generated due to thermal stresses in 
the film, the second on microscale heat transfer effects 
and the third from the 74 dependence of heat transfer 
as derived from the acoustic and diffuse mismatch 
theories. 

Explanation based on peeling stress 
When thermal transport across interfaces is mode- 

led, most often, a perfect contact of the two solids is 
assumed. The interface formed due to the joining of 
two solids is represented in different ways in Fig. 7. 
Practical situations appear as in Fig. 7(b, c). 

To measure Rb, the contact area at the interface 
needs to be determined. A larger area provides a gre- 
ater path for heat transfer and thus reduces the contact 
resistance. The application of a heat flux across the 
interface raises the temperature of both the lattices 
and also causes a temperature drop. The differential 
thermal expansions results in a change in the contact 
pressure between ,the two solids. This change in con- 
tact pressure, if positive, causes the film to press onto 
the substrate by elastic (or plastic) deformation, 
thereby increasing, the contact area. A film-substrate 
interface upon thermal expansion may change as in 
Fig. 7(b) to that in Fig. 7(c). 

The effect of contact pressure on heat transfer 
across interfaces and thermal boundary resistance (or 
contact conductance) has been observed in many stud- 
ies on bulk samplies [ 17-201. There is a direct depen- 
dence of the contact conductance on the interfacial 
pressure. The relation between conductance and con- 
tact pressure is typically given as [20-211. 

h-o /P\n ._ 

a) Perfect interface 

b) Imperfect contact with large mean roughness 

c) Imperfect contact with small mean roughness 

d) Idealized interface for a thin film 
Fig. 7. Different types of interfaces. 

where h, is the thermal contact conductance, Q the 
surface roughness, k,,, the harmonic mean thermal 
conductivity, P the apparent interfacial pressure, H 
the Vickers microhardness and c and n are empirical 
constants. Though this equation is primarily derived 
for plastic deformation, Mikic [20] explains that the 
constants are very similar for the elastic case as well. 

Typical curves fitted to experimental data for two 
metal surfaces [21] changes equation (2) to 

c = 1.25 P ha o.95 
mk, 0 H 

where m is the mean profile slope. 
Such a relation, specifically for the interface of 

uncoated bulk BiCaSrCuO superconductor and cop- 
per at cryogenic temperatures, was given by Och- 
terbeck et al. [2] as 

p 0.51 

?=5.25xlO-” z . 
m 0 

The relationship between Rb and the contact pres- 
sure for these bulk samples is a reciprocal of the 
relationships given in equations (2)-(4), since 
Rb = l/h,. No study so far has been done on the effect 
of applied pressure on thermal contact resistance of 
the interface of thin films on single-crystal substrates. 
An empirical relationship between the resultant peel- 
ing stress in thin films and Rb is suggested. 

The formation of residual stresses in thin-film high- 
temperature superconductors during in situ processing 
was modeled and calculated by Phelan and Ghasemi 
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T,- T s (K) 
Fig. 8. Change in peeling stress at the fihn+ubstrate interface 

with increasing temperature difference. 

Nejhad [22]. They represented the film-substrate sys- 
tem as a multi-layered, multi-ply asymmetric lami- 
nate. The in situ unrestrained processing strains were a 
sum of the thermal expansion strains and the chemical 
shrinkage strains. The residual stresses due to this 
chemical shrinkage and the cooling from the pro- 
cessing temperatures (N 630 K) to the operating tem- 
peratures (= 50 K) were calculated. A so-called peel- 
ing stress, normal to the interface, was defined as a 
resultant of the residual stresses in the bordering layers 
in the film and substrate. The films used in the pre- 
sently studied samples were annealed after deposition 
and hence the effect of chemical shrinkage is not con- 
sidered. The change in peeling stress generated by the 
temperature difference between the film and substrate 
is calculated using the model of Phelan and Ghasemi 
Nejhad [22]. 

Figure 8 shows a plot of the calculated change in 
peeling stress, Ap, with an increase in the temperature 
drop between the film and the substrate for the Er- 
Ba-Cu-O/MgO system. Suhir [23] presented an 
approximate expression for the peeling stress at the 
interface of multilayered elastic films, and calculations 
using this expression show the same trend as the 
results from the Phelan and Ghasemi Nejhad model. 
Figure 8 indicates that the relative change in peeling 
stress increases with increasing temperature due to the 
temperature dependence of the material properties. 
The AP for the film/substrate interface, when the film 
is heated to a temperature AT greater than that of the 
substrate, can be represented by the relation 

APcc (AT) or AP = m(AT) (5) 

since Fig. 8 shows that for all values of T,, the peeling 
stress decreases linearly, i.e. becomes more compress- 
ive, with increasing AT = T,, - T,. 

If equation (2) is coupled with equation (S), and 
noting that Rb = l/h,, we get 

R, = A s(AP)-~ (6) 

where A and n are constants. In particular, because of 

this linear dependence of AP on AT, the exponent “n” 
has the same meaning as those in equations (2)-(4), 
and thus our data can be compared directly with those 
previous results. 

From Table 2, we can see that the typical measured 
values of “n” for sample 2 range from - 0.2 to - 0.35 
and for sample 3 from -0.6 to -2.5. The power 
indexes for sample 3 are much higher and for sample 
2 are much lower than those in the general expression 
for the contact conductance (equations (3) and (4)). 
This is the first time that a contact pressure approach 
has been applied to explain the Rb at the interface of 
thin films and their substrates. Since the films are 
physically deposited by sputtering or laser ablation, 
they result in a very uniform interface in contrast to 
the interface of bulk samples. There may actually be 
a local displacement in the lattice and filling of defects 
which causes the change in the effective interfacial 
area. The dependence of R,, on the interfacial pressure 
here is different than for the bulk metallic or super- 
conducting samples [2 11. 

Explanation on the basis of microscale heat transfer 
The basis of this theory is the discussion by Little 

[ 121 on heat transfer in dielectric solids which is domi- 
nantly by phonons [24]. At the interface there is a 
scattering of phonons which gives a resistance to heat 
flow. The long wavelength and long mean free path 
phonons can carry heat more effectively across an 
interface [25]. Consider an actual interface with gaps 
in the contact zone as shown in Fig. 7(b). The long 
wavelength longitudinal lattice waves would move in 
phase between these contact points at large distances, 
but the high energy phonons, with wavelengths much 
smaller than these separations, would be scattered. 
The scattering would depend on the actual separation 
between the two lattices at that point. Point defects 
and boundaries also constitute a major source of 
phonon scattering, which affect their mean free path. 
The number density of excited phonons is pro- 
portional to temperature and at high temperatures all 
phonon modes are excited [26]. 

The films are deposited by rf-sputtering to a thick- 
ness of the order 10’ A. At this small dimension it is 
possible for the films to cover the undulations in the 
substrate due to its inherent roughness. For such an 
idealized case of the film-substrate interface as shown 
in Fig. 7(d), the contact area is actually greater than 
the area of contact in the perfect interface of Fig. 7(a). 

For high energy (low wavelength) phonons with a 
mean free path of the order of the surface roughness, 
the effective area becomes an integrated microscopic 
area of the interface. If the wavelength of the phonons 
is large, then they see the geometric area, thereby 
reducing the heat transfer [ 121. 

The quantized energy of a phonon is given as hw 
[26]. A supply of heat to the lattice increases the energy 
of the phonons which leads to an increase in high 
frequency and low wavelength phonon concen- 
trations. For the interfaces considered, long wave- 
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length phonons would see only the geometric area, but 
the short wavelength phonons would see an integral of 
the microscopic area. Thus there is a greater effective 
area for the transport of high frequency phonons than 
for the long wavelength phonons. 

Little [ 121 explams in detail the heat transfer across 
an interface between dissimilar solids and gives an 
expression for the net heat transfer Q as 

xcosBsint7dwdBdA 

xcosf3sinOdodBdA Explanation on the basis of T4 dependence of Rb 

(7) 
The expression for net heat transfer based on the 

acoustic mismatch theory, equation (7), can be inte- 
grated to obtain the following expressions. At small 
T, and T2 we derive [12] where N is the phonon number density, 0 the phonon 

incidence angle, w the phonon frequency, u the trans- 
mission coefficient, c the velocity of sound in the 
medium, A the geometric or nominal interfacial cross 
sectional area and h is Planck’s constant/2rr. 

The substrate teimperature (TJ is kept constant and 
any increase in h’eat flux is assumed to increase the 
film temperature (T,). For the considered interface, 
due to an increase in energy and thus a decrease in 
wavelength an increase in area is observed on the film 
side. If the geometric nominal area is denoted as A 
and it is assumed that all phonons on side 2 see this 
nominal area, then due to an increase in temperature 
T,, all film phonons would see a net microscopic area 
grater than A, say A+. Thus the first term in equation 
(7) would be increased by a factor of y, where 
y = A+/A, thereby increasing the Q. This means that 
an increase in the: heat flux causes an increase in the 
net heat transfer. An approximate relationship can 
thus be derived far this effect of enhanced area on R,,. 

The expression for experimentally measured Rb in 
equation (1) can be written as 

AT AT 

Rb=4=e!A 
(8) 

where Q and A are defined above. 
A heat flux q when applied to the film causes an 

increase in A+, the interfacial microscopic area. The 
ratio of A+ to A, introduced earlier, is defined as the 
area enhancement factor y. The heat flux across this 
increased interfacial area is called qenhanced. The bound- 
ary resistance due to the net effect of the microscopic 
area at the interface is termed Rb,cnhaneed and is given 
as 

R 
AT AT 

-- 
b,cnhanced - =- 

qenhanccd Q/A’ 
(9) 

From the definition of y we can modify equation (9) 
to get 

AT 
R 

yAT yAT 
- - = - = - = 7% 

bwhanced - Q/yA Q/A q 
(10) 

which gives us an expression for the experimentally 
measured Rb as : 

R b,enhanced Rb = ~ 
Y 

(11) 

If it is assumed that the microscopic boundary 
resistance remains the same throughout, then any 
increase in q increases y, which would result in a 
decrease in the measured Rb as per equation (11). It 
is useful to note that Rb decreases inversely with y, i.e. 
inversely with q, which is similar to our experimental 
observations. 

q = 2 = ~~[c+YJ(T: - T:) (12) 
/ 

and at large T, and T2 we have [12] 

e _ k,w:, 
A - j$[cLj2TI(T~ - T2) 

i 
(13) 

where I is an integrated transmission function 
depending on the sound velocities and the trans- 
mission coefficients of the two media. 

For the assumption of constant material properties 
over the temperature ranges considered, equations 
(12) and (13) can be rewritten as 

q=$=K,(T:-T;) (14) 

q = ; = K2(T, - T2) (15) 

where K, and K2 are constants evaluated on the basis 
of the material properties and P is obtained from the 
appendices of Ref. [27]. 

If T,-T, is denoted as AT, then 

T’:-Tj = AT(2T,+AT)(2T;+AT2+2T2AT). 

(16) 

Combining equations (14) and (15) in equation (l), 
we can write for high and low temperatures 

R,(low) = y = 
1 

K,(2T2+AT)(2Y$+ATZ+2T,AT) 

(17) 

R&&h) = F = $ 
2 

(18) 

It is observed by experiments that R,, becomes con- 
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o.lIl,,‘,,,‘,‘l’l,l’,l”,““,,‘,,,’ 
4 6 8 10 12 14 16 18 20 

T, - Ts VQ 
Fig. 9. Comparison of theory with data for sample 3. 

stant at high temperatures, while it is a function of q 

or AT at low temperatures. A plot of Rb *K, vs AT 
for different substrate temperatures yields a depen- 
dence of Rb on AT of Rb- (AT)-‘-“. Note that the 
term R, * K, is not a function of the substrate 
material. A similar T4 dependence is also observed 
from equations based on the diffuse mismatch model 
1111. 

Comparison with experimental data 
The theories proposed above are compared to the 

data of sample 3 at a sensor temperature of 120 K. 
Figure 9 shows a plot of a nondimensionalized R, vs 
the temperature drop. The nondimensionalization is 
done by dividing all values with a reference value at 
AT = 10 K and is necessary in order to easily compare 
the trends of the data and the proposed theories. A 
curve for the microscale heat transfer theory is not 
shown since an explicit dependence of Rb on ATcould 
not be derived for that theory. Instead, a plot like Fig. 
9 will yield empirical information about the depen- 
dence on y, as discussed below. 

A power law fit to the data of sample 3 indicates an 
exponent of - 2.2. The exponent in the p dependence 
curve is -0.2 and that from the peeling stress curve, 
assuming a relationship like equation (3), is -0.95. 
The theories individually indicate an index smaller 
than the observed trend of the data. A curve with the 
sum of the indexes of the two theories is also plotted 
and shows an improved match with the experimental 
data. In some sense, sample 3 is a worst case scenario 
in that it has the highest index amongst the three 
samples and thus the fits for the other samples are 
better. The microscale effect would presumably add to 
the exponent. Based on this assumption, a comparison 
between the experimental data in Fig. 9 and the sum 
of the three theories yields an additional value for 
the Rb dependence on AT as N - 1. From this and 
equation (11) we can deduce that y is almost a linear 
function of AT. Fits to other data at different tem- 
peratures would yield different values of dependence 
on y. Thus a sum of the exponents obtained from the 

three theories would explain the measured data more 
accurately, and it is suggested that an approximate 
equation derived from all three theories is possible. 
Future work will concentrate on providing better 
characterized experimental data that will allow such 
a quantitative theory to be developed. 

CONCLUSIONS 

The film-substrate thermal boundary resistance is 
measured for three Er-BaaCu-0 films as a function 
of temperature and the interfacial temperature drop. 
All measurements are carried out in the normal state 
and for different substrates and varying film thick- 
nesses. Measurements are made for the first time at 
temperatures as low as 19 K. The results indicate an 
Rb greater than lo-’ K cm2 W -’ for the first sample, 
lo-’ K cm* W-’ for the second sample and 10-r K 
cm* W-’ for the third sample. The large values for 
sample 3 are thought to be due to the poor quality 
of the film. Rb also shows a decreasing trend with 
increasing heat flux and interfacial temperature drop. 
Possible explanations for this effect are discussed in 
the form of three hypotheses : a thermal stress effect, 
a microscale heat transfer effect and the effect of the 
p dependence of heat transfer. A combination of the 
three hypotheses attempts to explain the trends in the 
data. 
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