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This work presents a thermal analysis on predicting the temperature increase and the
voltage response of high-T, superconducting bolometers. To consider the thermal
boundary resistance between film and substrate, an acoustic mismatch model (AMM),
a diffusive mismatch model (DMM), and an interfacial layer model (ILM) are
employed. The thermal boundary resistance significantly influences the voltage
response. Additionally, several common substrates are examined. SrTiO; (100) or
LaAlO; (100) is a better substrate for high-T, superconducting bolometers. Further-
more, we demonstrated that there are several factors to affect the voltage response,
such as the pulse duration for a constant total incident energy or a fixed highest inci-
dent heat flux, the pulse distribution function in time, optical penetration depth, the
thermal conductivities of the film and substrate, initial operating temperature, thick-
ness ratio, and the amount of incident heat flux. One interesting finding was that when
compared with experimental data, all the theoretical values from the present study as
well as the other previously theoretical treatment overestimate the voltage response
near the transition temperature. 0 1998 Elsevier Science Ltd. All rights reserved
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Nomenclature T temperature
Tavg average film temperature

B, elastic bulk modulus T, initial temperature
c specific heat T, transition temperature
D dimensionless thickness of substradgd; AT,ax Mmaximum temperature change
d thickness t time
0, 9o heat generation by absorption, see Equation  t, pulse length

(7) \Y, volume of specimen
o) heat generation by Joule heating v voltage per unit volume
h Planck’s constant 6.6262X 1034 J s v sound velocity
h h/(27) X distance from film front surface
I bias current
J current density
k thermal conductivity Greek symbols
ke Boltzmann constant 1.38062X 1022 J K™ S skin depth
N number of atom of SpeCImen T Constant, see Equation (8)
q heat flux y electrical resistivity
O boundary heat flux K constant, see Equation (8)
a" incident heat flux © permeability
R electrical resistance o electrical conductivity
Rog th_ermal boundary_resstance _ p mass density
rq thickness ratio of interfacial layer to film 05 Debye temperature
re thermal conductivity ratio of interfacial layer o angular frequency

to film
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Subscripts iter iteration

max maximum
O free space I interfacial layer
f film s substrate

One of the most potential applications of high-tempera- is dissipated in the conductor at a ratel &R or V4R if all
ture (highT.) superconducting thin films is a supercon- the conductor is maintained at the same temperature, where
ducting bolometer. Since the discovery of highsuper- V is the voltage. This dissipated energy is called Joule heat.
conductors, much effort has been focused on investigatingThe heat energy, as a whole, can be transmitted through a
the superconducting detectbrS, and several prototype crystal via the motion of phonons, photons, free electrons,
bolometers have been designed and constrictédA bol- electron-hole pairs, or excitons. In most situations the heat
ometer is a thermal detector of which resistance changesconduction is carried mainly by the free electrons for metals
with incident radiation. Conventionally, detectors have but almost carried by the lattice vibrations (phonons) for
been fabricated using semiconductors. Superconductingnon-metals. The highz superconductors exhibit a surpris-
detectors have the following advantages over their semicon-ingly large phonon contribution to the heat flow that, in
ducting counterparts: less power required, faster responsesingle crystal, amounts to some 60% and, in sintered
lower noise, and greater bandwidth. However, expensive samples, up to 90% of the total heat conduco®n the
liquid helium and complicated cooling systems are required other hand, the energy propagation through the substrate is
since detectors constructed from conventional (low- only by phonons since most substrates are dielectric
temperature) superconductors must be operated at liquid-(insulating) materials. In brief, the energy propagation in
helium temperature. In contrast, enormous advantages inthe composite materials of the film and substrate is mainly
simplicity of refrigerator and lower costs can be obtained by phonons. In generally, the absorption of substrate can
since high,; superconducting detectors are operated at he neglected because dielectric materials do not absorb the
liquid-nitrogen temperature. ~ radiation at most wavelengths.
~ There are many interesting phenomena as the radiation |5 modeling the heat transfer behavior of a supercon-
is incident onto the superconducting film. An ideal super- qycting bolometer subjected to incident radiation, two mod-
conductor, if operated at a temperature well below the tran- e|s have generally been utilized. The first is the surface
sition temperature, is expected to be a perfect reflector of heating model, which assumes that all of the energy is
electromagnetic radiation at low-to-moderate frequenties gpsorbed by the front surface of the superconducting bol-
The superconducting material will, however, absorb the gmeter and that there is no absorption of the incident energy
electromagnetic radiation like a normal conductor if the \ithin the film. The second is the heat generation model,
energy associated with a particular photon frequency is i, \hich the front surface is assumed to be adiabatic due
greater than the energy gap of the superconductor. For radiyq jt5 small energy loss to the surroundings. The incident
ation in infrared and visible regions, the photon energy is_gnergy is absorbed within the whole film or part of the film.
greater than the superconductor energy gap. When the radichenet a2t had discussed the effect of skin depéh,on
ation is incident onto the front surface of the supercon- o neat transfer and compared between these two models

ducting film, the electromagnetic waves are simply . - ; ; ial
absorbed and heat the lattice. Since the electrical conduc—In detail. The skin depthy, is a measure of the exponentia

tivity is dependent on temperature. measurement of thepenetration of plane electromagnetic waves into normal
elec}:/trical cgnductivit chan % is a méasure of the absorbedconducmrs' Actually, the surface heating model would be
y chang valid only when the skin depth is much smaller than the

g%eé?e%s Detectors based on this effect are termed as bOI'film thickness. Otherwise, the heat generation model should

The behavior of bolometers is generally divided into be employed. The influence of the skin depth on the voltage
bolometrid-+7#and non-bolometric behaviofo-1117.18 response with considering different thermal boundary-

the bolometric (thermal) mechanism, the effect of the inci- re?lstadndc_(s m(:detlﬁ, V\."" %e ptresented tlk? trt]rlls Worlk.b d
dent radiation is only heating and increases the temperature n addition to the incident energy, the thérmal boundary
of the bolometer. In the non-bolometric case, the voltage '€Sistance between the superconducting film and the sub-

response depends on a non-linearity in the voltage—currentS"a® also greatly affects the voltage response. Streffer
characteristic of the filAf. The mechanism of this non- al.?2 indicated thata5|gn|f|cant thermal barrier exists at the
bolometric behavior is related to the creation of quasiparti- Y-Ba-Cu-O/substrate interface. Marshall al** not only
cle pairs induced by incident photons. To date, this non- Showed that a temperature-dependent thermal barrier sig-
bolometric effect has not yet been completely understood. nificantly restricts hea_lt_ trans_fer from the film into th(_a sub-
Based on both mechanisms, several prototype bolometersStrate, but also quantified this thermal boundary resistance.
have been designed and construttett A recent investi- ~ Marshallet al** stated that the rate of flow through the Y-
gatiorf indicated that highF, superconducting bolometers Ba-Cu-O/MgO interface is about 100 times less than the
based on the bolometric mechanism have a higher responfate of flow in the Y-Ba-Cu-O film. Moreover, the barrier
sivity than those based on other mechanisms. to thermal flow at the MgO substrate interface has a thick-
Besides the radiation absorption, the film energy will also ness of the order of the unit-cell size of 1.1 nm. At
increase through the imposition of bias current. When cur- present, there are at least three different models used for
rent flows through a conductor with resistance, the energy predicting the thermal boundary resistance. The first model
is assumed with a radiation boundary condition, where the
thermal flow across the interface is proportional to the dif-
*To whom correspondence should be addressed. E-mail: ference of the fourth power of the temperature on each side
hachu@cc.nctu.edu.tw; Fax: 886-3-5727930. of the interfacé&. This approximation is based on the
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acoustic mismatch model (AMM). Since the temperature ance. In addition to the above researches, Ceeml?!
difference between the two materials is usually much further considered simultaneously two different thermal
smaller than the mean temperature of the two sides, theboundary resistance, the AMM and the ILM, to analyse the
thermal flow across the interface is approximately pro- voltage response of highs superconducting bolometers.
portional to the temperature difference, i.e. the thermal They concluded that the thermal boundary resistance sig-
boundary resistanc®,, is inversely proportional to the nificantly influences the voltage response and different
cubic power of the mean temperature. However, the AMM model can induce the obvious deviation in the special tem-
is found to be in agreement with measurements only for perature range.
temperatures below~ 30 K2°. When the temperature This paper presents a heat transfer analysis considering
increases, the thermal boundary resistance does not conthe other thermal boundary-resistance model (DMM) to
tinue to decrease with?, but instead approaches a constant investigate the voltage response of the superconducting bol-
value at higher temperatures. For some situations, if the ometers. Variable properties, conjugate film/substrate con-
interface itself is a very strong diffuse scatterer of phonons, duction equations, Joule heating, and the effect of different
the implicit assumptions of the AMM, based on that substrates are taken into account. Both the AMM and the
phonons either reflect specularly or refract “specularly”, are ILM are also employed to compare with the DMM to exam-
thus certainly not satisfied. Instead, the implicit assumption ine the effects of different thermal boundary-resistance
of complete specularity is replaced with the opposite models on the voltage response of bolometers. The analysis
assumption, that all the phonons are diffusely scattered atis applied to an incident pulse, which is absorbed within
the interface. Therefore, the second model named diffusivea skin depth. Our results show that the thermal boundary
mismatch model (DMM?¥ assumes that acoustic effects at resistance, the type and magnitude of incident heat flux,
interfaces to be destroyed by diffuse scattering, so that onlyand the thermal properties of the film and substrate have a
aspect of the AMM which must be modified in the DMM  great influence on the temperature increase and the per-
is the transmission probability. The third model (the interfa- formance of a highF, superconducting bolometer, whereas
cial layer model, ILM) assumes an interfacial layer of a the effects of penetration depth and substrate thickness on
variable thickness inside the superconducting film, where the voltage response are more insignificant than the others.
the diffusivity is significantly lower (- 10—100 times) than ~ From the viewpoint of heat transfer, SrEQ100) or
that of bulk Y-Ba-Cu-@3 since Nahumet al2® recently LaAlO; (100) is a better substrate for fabricating high-
measured the thermal boundary resistance betweensuperconducting bolometers. However, at temperatures
YBa,Cu;0,_; thin film and several substrates and found the near the transition temperature, the calculated voltage
measured thermal boundary resistance to be a factoB6f responses in this study as well as the previous rigorous ther-
larger than the resistance derived from the AMM at 100 K. mal analysis in Cheet al?* are higher than those obtained
Another important factor influencing the thermal by experimental measurements.
behavior and the voltage response of highsupercon-
ducting bolometers is the substrate properties. The most
common substrates used to fabricate highsupercon- Analysis
ducting bolometers are MgO, SrTiOLaAlO;, sapphire
(Al,03), and ZrQ. The effect of these substrates on the A superconducting bolometer can be simply described as a
temperature increase is considered in this study. superconducting film deposited on a substrate, as shown in
An adequate thermal model is crucial to the prediction of Figure 1 Typically, the film thicknessg, is from 0.01 to
the temperature rise of high: superconducting bolometers. 1 um, and substrate thickneg,is either 1 or 0.5 mm, i.e.
Superconducting bolometers are based on steep temperaseveral hundred or even hundred thousand times thicker
ture-dependent resistance at the transition temperaturethan the thin film.
Hence, a slight temperature rise will cause a large resist- The influence of Joule heating on bolometric response
ance change and then a large voltage change. For typicahas been discussed in detail by previous researtiérs
bolometers, the temperature change is controlled to beOnce Joule heating is neglected, it leads to a smaller pre-
within 0.01 K. Some superconducting bolometers even dicted temperature rise. A criterion for this effect to be neg-
require the temperature change to be within 0.001 K. There-
fore, a correct prediction of the temperature is very q/(t)
important. Three previously theoretical investigations did
give fair analysis. Kumar and Joshipresented a bolo-
metric study of examining the effects of incoming radiation
flux and bias current on the sensitivity and response of a BB
bolometer. Joule heating was considered in their work. A Region I 5
However, they did not consider thermal boundary resist-
ance, which several papers have proved to be very
important. Fliket al.?® presented a rigorous thermal analysis
of superconducting bolometers. They considered a conju- Substrate
gate radiation/conduction problem. They also considered
the effects of variable properties of the film and the sub-
strate as well as thermal boundary resistance based on the dj
AMM. Yet they did not consider Joule heating, which is
generally very important in predicting the performance of
bolometers. Furthermore, they employed the AMM, which Bath T
underestimates the thermal boundary resistance at above °
~ 30 K, to examine the effects of thermal boundary resist- Figure 1 Schematic diagram of the physical system

—_—

df X Region II Film
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ligible is that the Joule heating power must be smaller than
the time rate of change of thermal energy stored in the film,
| ZR<p; CGATalt,, WhereR is the electrical resistance and
AT..ax the maximum temperature change during the transi-
ent. Referring to the experimental results of Frerdtehl®

for t, = 200 ns and = 5 mA, this condition is found to be
well satisfied forT, = 50 K, but not forT, = 70 K. At low
temperatures, where thRe—T curve is in the flat region,
Joule heating can be neglected. At high temperatures,
where theR-Tcurve is in the steep region or on the pla-

teau, the neglect of Joule heating leads to an underestim-

ation of the bolometric response.

If the whole film were at the same temperature, the Joule
heating would be equal t&?R. However, the temperature
of the film at thex direction is not constant during the
conduction transient. Therefore by considering the film to
be composed of infinitely many filaments and each filament
in the film to be in parallel, the voltage change per unit
lengthv is given a$’

}—1
where vy is the resistivity and is equal to resistance times
unit cross-sectional area normal to the current per unit
length, andJ is the current density. The local Joule heat
per unit volumeg; is equal to the square of the voltage

changes per unit length divided by the resistivity, and can
be represented as follows:

d;

d

]

0

dx
YT(x))

(1)

_ (JId)? dx ]2
j‘wum[lvwnj' ?)
The skin depthg, is given a¥
2
= Voo @

where o is the angular frequencyy the permeability of

Wu et al.
0T, @ 0T,
PsCs E = & (ks 6)()’ (4b)
T(xt=0)=T(xt=0)=T,, (5)
OT{x=04t) _
B v 0 (6a)
aT, aT,
ke gy (X7 ) = e o (x= i) (6b)
aT,
~k 5 (= cht) = D) (6¢)
TX =d; + do,t)—T,, (6d)

where T is the temperaturep the density,c the specific
heat, andk the thermal conductivity. Subscripfsand s
stand for the film and the substrate, respectivglyt) rep-
resents volumetric heat generation. Uniform or constant
heat generation is usually assumed. In this work, however,
we consider the effect of the skin depéh and thus the
volumetric heat generation is expressed as
g(x.t) = go(t)exp(— x/3). (7)
This generation form is not given arbitrarily, but is from
eer’s law.

If the AMM or the DMM model is employed for the
boundary condition of the interface, Equation (6¢c) becomes

B

-k % (X =dit) = «{[Ti(x = di,t)]* = [To(x = di,1)]%}
(6¢')
_2mkgl (#*
T e (15)’ (8)

the medium penetrated by the electromagnetic wave, andwherex is a constant which depends on the densities and

o the electrical conductivity. For most materials,~ wo,

i.e. the permeability of free space. A typical skin depth for
an infrared source is about 0.1+n. This skin depth, in
fact, determines the validity of the surface heating model.
Only when the skin depth is much smaller than the film
thickness is the surface heating model valid. Currently,
Chenet al?! presented that the surface heating model over-

the longitudinal and transversal sound velocities. Suppose
there were no thermal boundary resistance between the
superconducting thin film and substrate, the characteristic
time required for thermal diffusion across the film thickness
would be proportional to the square of the film thickness.
There is a significant thermal boundary resistance to pre-
vent thermal flow from removing out the film, however,

estimates the temperature increase. Since superconductingnd this characteristic time is found to be Iinearly21pro-
bolometers are generally operated at the transition temperaortional to the film thicknes& Furthermore, Cheat al.

ture, a slight temperature increase will cause a large voltageindicated that neglecting the thermal boundary resistance
response. To predict the voltage response correctly, theycauses the average film temperature to be greatly underesti-
suggest that the effect of the skin depth should be con-mated. Here, there are three different thermal boundary-
sidered in a heat transfer analysis of superconducting bol-resistance models applied to the interface between the film
ometers. Consequently, to assume that all incident energyand the substrate to be proposed to analyse the voltage
is absorbed within a skin depth of the film. The energy response of a bolometer.

equations, initial conditions, and boundary conditions are

as follows:
, L Acoustic mismatch model (AMMP*. Predictions
pfcfﬁzﬂ (kf an) +g(xt) + (Jd) U dx } based on this model are found to be in agreement with
ot ox\ ' ox ’ y(L T L) v(1,To) measurements below 30 K. The expression for this bound-
° ary condition is given in Equation (6cand Equation (8).
(4a) The most important constantli a function of the material
884 Cryogenics 1998 Volume 38, Number 9
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properties of the two contacting media. Using the figure

provided by Littlé4, T' can be obtained if the density ratio

and the sound velocity ratio of two media are known. To

the authors’ knowledge, no direct measurements have been T,

made for the average sound velocities of some typical sub-T) = T, = 1k == = — ks ——atx = dy(1 +ry)
! 0 X

strates. However, there are at least two ways to find the

sound velocity. The first way is from the elastic bulk modu-
lus®°, B..

_\/Es
v=_|—
p

(9)

T,
Te=T, -5 = I

x ——rk&atx:df

(13)

" (14)
wherer, is the thermal conductivity ratio of the layer to
the film, ry4 the thickness ratio of the layer to the film, and
subscriptl represents the layer.

This model can be significantly influenced by the
assumptions of the values of andrg. If r, decreases, i.e.
the thermal conductivity of the interfacial layer is

For solids, Equation (9) gives the correct order of magni- decreased, the effect of a resistance would be more appar-

tude for the longitudinal sound velocity. Comparison with

ent. Whereas as; or the thickness of the interfacial layer

direct measurements shows that sound velocities calculatedncreases, the temperature gradient at the interface can be

from the elastic bulk modulus give tolerably favorable

attenuated, on the contrary, ongadecreases, the tempera-

values for some typical solids and demonstrates that soundture change from film to substrate would be more fluent.

velocities are of the order of 5000 m/s in typical metallic,

Therefore, the precise estimationrQfandr is correspond-

covalent, and ionic solids. The second method is from the ingly important by various experiments, while these para-

Debye temperatufe3’ 6y:

-1/3
kg0p < 6 N)
f \V/

(10)

v=

wheref: = h/(27), V is the volume of the specimen, ahd
is the number of atoms of the specimen. For M§@N =
0.935 nm. Substituting this value arg = 946 K 32 into
Equation (13), we obtainv ~ 6700 m/s, about 4% lower
than the value reported by Sla&ék

Diffusive mismatch model (DMM) 2. This model is

meters are strongly dependent on the material categories,
thus resulting in difficulty in estimating these parameters
for the universal material.

Method of solution

Since Joule heating is a complicated function of film tem-
perature, the film energy equation is highly non-linear. We
will use a fully implicit, finite-difference scheme with an

under-relaxation technique to solve this highly non-linear
conjugate film/substrate conduction problem. Harmonic

chosen in order to suggest the basis of the model and tomean is employed to model the non-uniform thermal con-

contrast that with the basis of the AMM. In this model,

ductivities. lterations between the Joule heating, thermal

acoustic effects at interfaces are assumed to be destroye®roperties, and energy equation at each time step continue
by diffuse scattering, so that the only determinant of the until the criterion of convergenc¢T—Tie|/|Tmais is within
transmission probability is densities of states and detailed 10°*. Low temperature cases require the use of a smaller

balance. In other words, the only aspect of the AMM which
must be modified in the DMM is the transmission prob-
ability. Therefore, Equation (6€)and Equation (8) are
applicable to this model but the value Bfis different with
that derived from the AMM, which is based on that
phonons either reflect specularly or refract “specularly”.

Interfacial layer model. The thermal boundary resist-

relaxation factor and thus take more time to calculate. If
the ILM is employed as the interfacial boundary condition,
the convergence of numerical calculations is swifter than
that calculated from the AMM or the DMM, because the
assumption of continuous temperature is given at the inter-
face between different layers for the ILM.

ance between solids is often actually higher than that calcu-Results and discussion

lated from the AMM. Thus, it is important to find a model

that can predict the thermal boundary resistance more accu-To compare our results with those of previous investi-
rately. The other model for calculating thermal boundary gations, the configuration of the bolometer is chosen to be

resistance is the interfacial-layer model (IL®) This
model assumes a layer of a variable thickness1-10%
of the total sample thickness) inside the Y-Ba-Cu-O film,
where the diffusivity is significantly lower ¢~ 10—100

the same as those from the experimental work of Frenkel
et al® and two theoretical analyses in Flit al?® and
Chenet al?t. The thin-film superconductor is Y-Ba-Cu-O
with a thickness of 40 nm deposited on the MgO substrate.

times) than that of bulk Y-Ba-Cu-O. Based on the experi- The bias current is 5 mA. The incident heat flux for the

mental results of Marshadt al.23, the conductivity ratio of

interfacial layer to film is assigned to be 0.01 and the
interfacial layer thickness is assigned to be 1.1 nm. Accord- .
ing to this concept, an interfacial layer is assumed to exist 4 = (3.81x 107ex

200 ns long pulse is represented®as

- (tt, - 1)2}

0.36067 (15)

between the film and the substrate, and its energy equation,

initial, and boundary conditions are as follatks

on_ 0 ( om
prf E - aX (rkkf ax)1 (11)
T,=T,att=0 (12)

The energy absorbed equals the absorptance times inci-
dent energy. The absorptance is 32Regarding the ther-
mal boundary resistance in the base case, the valugs of
are 0.2 and 0.131 for the AMM and the DMM, respectively,
as calculated using the figure provided by Litle=or the
ILM, Marshall et al.>® stated that the rate of flow across

Cryogenics 1998 Volume 38, Number 9 885
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the Y-Ba-Cu-O/MgO interface is* 100 times lower than 512 —m——m—pr———7—1—71—
the rate of flow across the Y-Ba-Cu-O film. This finding YBCO/MgO
corresponds to the case where the conductivity mgtiof t . =200ns
interfacial layer to film is 0.01. In addition, we assume the S1r T —50K
thickness ratiory is assumed herein to be 0.025. The fact | t=220ns ©

that the surface heating model neglects the effect of the

50.8

skin depth accounts for why the following results were all
obtained by employing the heat generation model.

50.6
Temperature profile

Figure 2 displays the temperature profiles across the film 50.4 |
and partially into the substrate at the initial temperaftiye

= 50 K with a substrate thickness of 1 mm. Incident total
energy is persistently equal to 7.96 3/and heat fluxg”
reaches a maximum at 200 ns. The temperature profiles,
however, do not reach their maximum average film tem-
perature, i.eT,,, att = 200 ns (the time of the incident
energy arriving at the maximum value, but urttie 220

ns) since the energy needs time to transfer to the entire film
to obtain a higher average temperature within a larger dif-
fuse region before more heat is conducted into the sub-
strate. “Delay time” refers to the difference in time between
the maximum incident energy and the maximum film aver- ) .
age temperature. The temperature decreases with distance Figures 3and 4 compare the results of three different
into the substrate. At the interface a great temperature jumpmodels for thermal boundary resistance. Notably, the tem-
occurs. Moreover, the fact that heat conductance across thd€rature profiles at the interface for the ILM are continuous
film is larger than the heat conductance across the interfaceS!INce an interfacial layer is assumed to have a continuous
accounts for why the temperature difference across theten"!pergture at the boundar_les; however, the profiles exh|b|t
interface is larger than that across the film. Another notable @ Significant temperature difference as the results consider
phenomenon is the linear tendency of the temperature Ioro_the other thermal boundary-resistance models. From a heat
files. In general, temperature profiles governed by transienttransfer perspective, a greater thermal resistance impedes
heat conduction are curved, and are linear only for steadythe more energy to transfer through the substrate into the
states without heat generation. From a mathematical per-coolant. Therefore, at the same timefigure 3 the tem-
spective, the criterion for linearity is c; T/dt<<k; 02T/9x2. perature profiles of the DMM always exceeds that of the
By substituting the characteristic valuesgfc, K, d;, and AMM, because the thermal resistance value for the DMM
t, = 200 ns, this criterion is found to be well satisfied. From IS greater than that for the AMM for all temperatures.

a heat transfer perspective, on the other hand, the timeBesides, the magnitude of thermal resistance predicted by
required for thermal diffusion across the film thickness is theé ILM is maintained as a constant during all time,

Temperature (K)

50.2 |-

sob—m1t 1 s T
0O 02 04 06 08 1 12 14

x/d

Figure 3 Effect of different thermal-boundary-resistance mod-
els on transient temperature profiles

16

~ 0.5 ns.Figure 2 plots the times of at least 50 ns. For

whereas the others models, i.e. AMM and DMM, predict a

the linearity of the temperature profile.

decreases with an increasing temperature. According to

51 LJ I L ' L] I L) I Ll ' L) I L I
- 220 ns YBCO/MgO 1
— - — DMM
- 50.8 - T t p=200ns
X | T, =50K i
> 300 ns ’ 0 =50
5 506 T TTTTee——o ! -
d
© i ’ ]
S
a |
g 04[100ns S
m --------- - | -
= 400 ns o]
502 | i .
- 50ns - —
50 L ' 1 I il l 1 I L L I L ] 1
0 02 04 06 08 1 12 14 16

x/d

Figure 2 Transient temperature profiles across the film and the
interface, and partially into the substrate for DMM
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t—Zﬂs tp=200ns |
I — e -
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o
-
® .
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8 |
o
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Figure 4 Comparison of different thermal-boundary-resistance
models at the maximum average temperature



Thermal boundary resistance on bolometric response of high-T, superconducting films: J.-P. Wu et al.

Equation (6c), for small values of the ratio T¢—T)/T;, 105 P ———rr S
Equation (6¢) can be written as YBCO/MgO

4 | = .
q=4kTHT; - To) (16) 10 To =50K

which yields a simple formula for the thermal boundary
resistanceR,q = 1/(4«T$#). Such a relation indicates that
the boundary resistance due to an acoustic mismatch is
inversely proportional to the third powers of the thin-film
temperature. Consequentljigure 3reveals that when the
film temperatures are lower at= 50 and 400 ns, the tem-
perature difference across the interfacial layer calculated
from the ILM is the magnitude between those from the
AMM and the DMM. This observation suggests that at
these times the thermal boundary resistances for the ILM
cases are greater than those for AMM, but lower than those
for DMM. As the film temperature increases, the resistance ) L s
of the ILM can surpass that of the DMM in magnitude, as 1 10 100
shown inFigure 3att = 220 ns. This figure also indicates
that the film temperatures are nearly independent of the tp (ns)
type O-f resistance due to two factors: (a) th-e substrate thick- Figure5 Variation of maximum voltage response with pulse
ness Is markedly I.arger_ t,han th{:lt of the film; ‘T’md (b) the duration at a constant incident total energy for different ther-
incident energy is insufficient to influence heavily the tem- mal-boundary-resistance models
perature distribution of the substrate.

In bolometer-related applications of priority concern is
the magnitude of the maximum voltage response, which is effect of thermal boundary resistance is attenuated with a
proportional to the maximum average temperature of the decrease in pulse duration. The limiting values are approxi-
film. According to Figure 4, the maximum average tem- mately 4.5 1078, 10° and 6X 10'°s, respectively, for
peratures of the film reach the different values at different the DMM, the ILM, and the AMM. Above the limiting
times for the three resistance models. The temperaturevalue, the voltage response relies heavily on the length of
increase for ILM is the highest, that for DMM is the pulse duration. For instance, the voltage response is about
second, and that for AMM is the lowest. Interestingly, the 0.5 mV att, = 100 ns for the AMM case; however, once
larger resistance not only induces an increase of the tem-t, decreases to 1 ns, the voltage response rapidly increases
perature difference across the interface, but also shortensabout 2600 times to 1300 mV. When the pulse duration
the delay time. The delay times are 19, 20, and 25 ns, forincreases persistently, the voltage response can decrease
the ILM, the DMM, and the AMM, respectively. A delay until zero with a fixed incident energy.
time is attributed primarily to the capability of heat transfer ~ This study also attempts to understand further how dif-
of a substrate, which can bring out the energy from the ferent modeling functions influence the performance of a
film before the energy accumulated in the film can induce superconducting bolometer by using three different func-
a maximum average temperature. tions to model the incident heat flux. In addition to the
Gaussian distribution with respect to time, the sine function
and unit step function are also chosen to demonstrate the
effects of k on voltage response, as shown kigure 6.
Figure 5demonstrates how the thermal boundary resistanceWhere k represents a parameter, and is inversely pro-
influences the voltage response for various pulse durations portional as increasing decrease®,,. The energy distri-
t,. The energy flux and bias current are fixed at 7.962Jm butions of the three selected functions show that the Gaus-
and 5 mA, respectively. The voltage response increasessian distribution possesses the most concentrated energy
with a decreasing pulse duration for all resistance models.among all functions during the incidence of the pulse, the
Because of the incident total energy fixed, a shorter pulsenext is the sine function and, finally, the unit step function,
produces a greater average incident heat flux, leading to awhich evenly distributes the energy. &ggure 5indicates,
greater average temperature increase and voltage responséhe more concentrated the energy generally leads to a larger
Restated, a more concentrated energy released within avoltage response. Consequently, this figure reveals that an
shorter duration can cause the energy to diffuse more rap-incident heat flux with a higher peak value yields a higher
idly over the entire film, whereas the voltage responses for voltage response, in spite of the equal incident energy per
three different resistance models approach the same limit-unit area and the same thermal boundary resistance. In
ing constant for a shorter duration, which is equivalent to particular, the voltage responses for unit step function are
about 2000 mV. This result is largely attributed to the fact always below the others far away. Thus, according to our
that the time to arrive at the maximum film average tem- results, the form of an incident heat flux can significantly
perature is shorter than that of a sensible amount of energyinfluence the response of a bolometer. Another noteworthy
transferred through an interfacial layer into the substrate. phenomenon is that as increases, i.eR,y decreases, the
Therefore, a limiting voltage response exists in this bol- voltage response decreases asymptotically towards a
ometer for a fixed amount of incident energy; under this smaller constant since a lowBg4 prevents the energy from
situation, the maximum voltage response of a bolometer ismore easily accumulating within the film, ultimately
independent of the pulse duration, the magnitude of thermalresulting in the poor performance and sensitivity of a bol-
boundary resistance, and substrate effects. Restated, themeter.

Voltage Response (mV)

Incident pulse
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Figure 6 Variation of maximum voltage response with « for
the incident pulse in different distribution functions with respect
to time. Curve A, Gaussian distribution; curve B, sine function;
curve C, unit step function

Figure 8 Variation of maximum voltage response with the
ratio of thermal conductivity of selected film to YBCO at 50 K
for different initial operating temperatures

response for a smalléy. This result implies that, for these
pulse durations, whed/d; > 0.1, the voltage responses
Another probable factor to impact the bolometer response reach different constants and the influence of penetration
is the optical penetration deptld, which depends on the depth can be neglected. This figure also indicates that a
wavelength of an incident electromagnetic wave and the shorter pulse leads to a greater average temperature
film properties. Figure 7 depicts the influence of pen- increase and voltage response, as previously discussed in
etration depth on voltage response while considering the Figure 5 Notably, if the pulse duration decreases for the
DMM for different pulse durationst, = 160, 200 and 400  same incident energy, the effects of penetration depth can
ns. At the special pulse duration with a fixed energy, the be slightly strengthened, particularly in a thinner pen-
smaller penetration depth implies a lower voltage responseetration depth.

since the incident energy is released within a thinner region Figures 8 and 9 illustrate the variation of voltage
adjacent to the upper surface. This finding suggests that theresponse with different thermal conductivity ratios of the
energy distributes itself over a smaller volume to yield a film and substrate, respectively, for various initial operating
lower average film temperature, whereas the effects of pen-temperatures. Herein, we select the base thermal conduc-
etration depth on the performance of a bolometer are insig-tivity for the superconducting film YBC®, k = 2
nificant and only generate a diminutive decrease in voltage Wm™K™1, and the substrate MgQ®, = 1088 WnT*K™, at

Thermal property

DMM YBCO/MgO — YBCO/MgO T, =50K

S To =50K > bMm T -

e %5 D=25000 _ . 3 t , =400ns 0 =58K
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Figure 7 Variation of maximum voltage response with the Figure 9 Variation of maximum voltage response with the
ratio of penetration depth to film thickness for different pulse ratio of thermal conductivity of selected substrate to MgO at 50
durations K for different initial operating temperatures
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320 — T T T strate to the coolant, particularly for a lower thermal con-
YBCO/MgO ] ductivity of a substrate, such as LaAj@nd SrTiQ. Conse-
300 | AMM quently., the fact that the voltage_response is approximately
To=77K proportional to the temperature increase accounts for why
tp=200ns ] it increases with an increasirg. For LaAlG; and SrTiQ
280 | LaAlO3 4 substrates, the voltage response quickly approaches a
maximum constant due to the lower thermal conductivity
to form an analogically larger capacity of heat. In contrast,
for MgO and sapphire with a large thermal conductivity,
the voltage response only slightly increases withuntil
500, because the heat generated within the film rapidly
removed to a coolant through the substrate. On the other
hand, the voltage responses for all substrates reach the same
value asD = 0 with no substrate. Whel > 50, the voltage
response for LaAl@is the highest; that for SrTiQis the
second; that for MgO is the third highest; and that for
200 —_—t . sapphire is the lowest. Several factors lead to this result.
0 100 200 300 400 500 The thermal conductivity and the specific heat of the sub-
D strates significantly influence the temperature increase of
the film. A high thermal conductivity conducts heat more
Figure 10 Comparison of different substrates on maximum rapidly to the coolant, thereby reducing the temperature
volk;ratget response with various dimensionless thicknesses of increase of the film. A substrate with a lower heat capacity
substrates has a higher voltage response owing to the fact that the
lower the heat capacity implies an increasing substrate tem-
T, =50 K. According to those results, the voltage response perature. This result subsequently leads to a smaller tem-
for a higherT, surpasses that for a lowdf, for all the perature difference between the film and the substrate, ther-
conductivity ratios until the maximum response occurs, as eby complicating the conducting of heat from the fim to
mentioned later inFigure 13 Two main factors lead to  the substrate. The heat capacity of Laji®approximately
these results. One is thaR@T increases withl, for T, = 13 times smaller than that of SrTiDslightly influencing
77 K, as shown irFigure 13 Another factor is that the  the temperature increase of the film for the lovizzrand
thermal boundary resistance based on the DMM dependssirongly inducing the difference between the two materials
on temperature. The thermal boundary resistance at a loweryith 40 mv for the higheD. In contrast, the thermal con-
T, is greater than that at a higher for the DMM, and causes ductivity of SrTiO; is slightly lower than that of LaAlQ

a greater average film temperature when this factor over-yiq |ower thermal conductivity magnifies the temperature
whelms the others. In addition, the magnitude of voltage ;

: . : ncrease of the film. Such an effect appears visibly in the
response INCrease IS nearly mdependent.of the two the.rmatange ofD < 50. Under this range, the influence of thermal
conductivities within the entire calculating conductivity '

L conductivity overwhelms that of the heat capacity and, thus,
el s ooy 12 7 h volage response of SIT@iceecs hl ofthe LaAID
for fabricating superconducting bolometers are MgO, y hig Y- P

SITiO,, sapphire, and LaAl® In this work, we examine substrate is ZrQ Owing to the unavailability of data on
the effects of these different substrates by employing the:he therrpal c_onductlwty of Ztrgi)at low dt-e[nﬁergfgﬁsi 1t1he
AMM. Figure 10 demonstrates how different substrates ‘cMPeratureé increase can?f(]) e preaicted. i
influence the voltage response for various thicknesses off€Ported a value of 1.5 W thK™%. This low thermal con-
the substrate aT, = 77 K andt, = 200 ns.Table 1lists ductivity is rather favorable for the_ temperature increase
the properties of substrates at 77 K. In general, increasing@nd voltage response. However, this value is questionable.
the substrate’s thickness can induce not only a higher IN this work, for all the analysed substrates the preferable
capacity of heat, but also a weaker capability of heat trans- Substrate to enhance the responsivity of the bolometer
fer. Such an increase reduces the substrate temperature an@ppears to be LaAlO

hence, makes the heat transfer more difficult from the sub-

260

240

Voltage Response (mV)

220

Table 1 Properties of substrates at T, =77 K

T, =77 K ps (g/cm3) ks (W/m K) C; (J/Kg K) 7 (m/s) I®

LaAlO, 6.52° 18.6° 14.1° 5400° 0.3
SrTiO; 5.12¢ 18.3° 181.6° 7200¢ 0.15
Sapphire 3.99¢ 1131° 60.7¢ 6600° 0.2
MgO 3.58¢ 485.7¢° 88.7° 7000° 0.2

aFrom figure provided by Little?4.

PMichael et al.*’.

°Touloukian and Dewitt8.

dCalculated from Young’s modulus, Nassau and Miller®®,
eSlacks®3,
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Incident heat flux

Figure 1lillustrates the effects of incident heat flux with
the DMM for t, = 200 ns. As easily understood, the voltage

response increases with an increase in the incident heat flux

since a greater amount of energy irradiated into the film

increases the maximum average temperature. For instance,

for T, = 50 K the incident heat flux changes from 1 to 100
Wm™ and, then, the voltage response increases slightly
from 0.06 to 5 mV. On the other hand, fog = 55 K when

the heat flux exceeds 40 W the response rises more
strongly up to 17 mV for incident heat flux 100 WtnThis
abrupt increase is because beyond the flux, 40 %Vthe
increase of film temperature approaches its transition tem-
perature, i.e. in the vicinity of the critical temperature of a
superconductor, where the electrical resistance heavily
relies on the temperature of a superconducting film. Thus,

a large voltage response can be generated by a trifling tem-

perature increase. Therefore, Bt = 60 K, i.e. closer to

the transition temperature, the response more quickly raises

from the beginning of the low flux until the flux reaches
100 Wn?2 and the response around 42 mV. Notably, when
the incident heat flux diminishes, the difference between
the voltage responses for a differéitreduces in a special
incident heat flux until the incident energy disappears,
whereas foiT, = 50 and 55 K the response curves approxi-
mately merge into a common, decreasing line under 40
Wm™=. The result, the voltage response for lowEy is
smaller than that for highef,, is again demonstrated in
this figure.

From Figures 5and 11, we can infer that the highest
incident heat flux can heavily influence the voltage
response. Next, we model the type of incident heat flux
under a fixed highest flux, 3.8% 10 Wm=2, with varying

t,, i.e. t, decreases while decreasing the total incident

energy, but persists with the same magnitude of the highest

incident heat flux, for the different film thermal conduc-
tivities, as shown irFigure 12 A striking phenomenon is
that although the total incident energy decreases, the volt-
age response is still promoted persistently to a limiting con-
stant ast, decreases for all different film thermal conduc-
tivities. The limiting constants are 19 2 X 10° and 5

50 T | T
YBCO/MgO
; DMM
= 40 I tp =200ns <
qm’ To =50K
§ 30F — — To=55K -
R — To =60K
()
X ot i
o
S e
5 -
» 7~
S 10 s -
0 L=
0 20 40 60 80 100
Incident Heat Flux (J/m2)
Figure 11 Variation of maximum voltage response with inci-

dent heat flux for different initial operating temperatures
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Figure 12 Variation of maximum voltage response with pulse
duration under a fixed highest flux for different ratios of thermal
conductivity of selected film to YBCO at 50 K

X 1072 s, respectively, fok; /kiveco = 1, 0.1, and 0.05.
This finding suggests that decreasing the duration to pro-
mote the voltage response below the critical pulse duration
is futile. The trend of the curve variation implies that under
a fixed highest flux, the excess energy of a long pulse dur-
ation cannot heighten the performance of a bolometer, but
diminish the voltage response. The main reason is a low
energy, but that short duration of a pulse induces a more
concentrated energy to increase the film temperature,
resulting in a prominent response for an operating bol-
ometer. Moreover, whety > 5 X 10° s, a lower film ther-

mal conductivity causes a larger response, because of poor
heat transfer to bring out energy more slowly. In contrast,
for a shortett, ( < 2 X 10 s), the fact that there is inad-
equate time to conduct heat into a substrate before the
maximum average temperature has arrived accounts for
why a higher film thermal conductivity can more rapidly
distribute the energy over the whole film to increase the
average film temperature and voltage response. Therefore,
a lower film thermal conductivity to reach the limiting volt-
age response requires a shorter pulse duration for a fixed
highest incident heat flux.

Comparison

Results obtained in this study are compared with the theor-
etical results of Cheet al?* and the experimental analysis
from Frenkelet al*4, as presented iRigure 13 The present
result is from the DMM, while the results of Chext al*

are from the ILM. A notable phenomenon is that at tem-
peratures near the transition temperatrepoth theoreti-

cal papers overestimate the experimental value; meanwhile,
at temperatures beloW, both underestimate the value. At
temperatures below;, the underestimation is reasonable
since both thermal models can predict only the bolometric,
i.e. the voltage change caused by absorption of radiation.
However, there is a non-bolometric effect in the work of
Frenkelet al. In the non-bolometric mechanism, the voltage
response is ascribed to non-linearity in the voltage—current
characteristics and is related to the creation of quasiparticle
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Figure 13 Comparison between the calculated voltage
responses for the DMM and the ILM with experimental data3®4,
and the dependence of dR/dT temperature®* (right vertical
scale) is also shown

uncertainty of experiments. Further investigations should
remedy the discrepancy between theoretical and experi-
mental results.

Conclusions

A thermal analysis of higfi-. superconducting bolometers
has been carried out. One-dimensional, variable properties,
conjugate film/substrate heat conduction equations with
complicated Joule heating have been solved. Three models,
the AMM, the DMM, and the ILM, were used to examine
the thermal boundary resistance. The thermal boundary
resistance is very important for predicting the temperature
increase of the bolometer. In general, the voltage response
increases with an increase in the thermal boundary resist-
ance or the incident heat flux, whereas the excess energy
of a long pulse duration under a fixed highest flux cannot
promote the performance of a bolometer. Besides, a shorter
or more concentrated energy pulse is favorable for a higher
voltage response. The effects of penetration depth are insig-
nificant and only induce a diminutive decrease on voltage

pairs induced by incident photons. Only when the non-bolo- response for small penetration depth. In addition, for
metric part is considered do the theoretical results and designing a prominent bolometer, the bolometer forma-
experimental results correlate with each other. To our tions, the film and the substrate must be selected to be not
knowledge, this non-bolometric mechanism is still not well only both the poor thermal conductivities but also the great
understood. Herein, a flux creep model has been employedspecific heat and the thick thickness of the substrate. On
to study the non-linear characteristics in the low resistivity the other hand, for short pulse duration a high film thermal
region; however, the results of this model are questionable.conductivity can more rapidly distribute the energy over
Unlike the underestimation beloW, the theoretical results  the whole film to increase the response before the heat con-
overestimate the experimental voltage response at temperaeducted into the substrate. From the viewpoint of heat trans-

tures neafl,. Several possible reasons exist for this overes- fer, SrTiO; (100) or LaAlQ; (100) is a better substrate for
timation. One is overestimation of the incident heat flux: a fabricating highT. superconducting bolometers.

higher incident heat flux causes a higher temperature
increase and voltage response. Another possible reason is

that the energy loss from the front surface is large. The Acknowledgements

third possible reason is the influence of flux motion. In a
high resistivity region, the flux motion changes from flux
creep to flux flow. This flux flow mechanism may lead to
a lower voltage response than that predicted by the bolo-
metric mechanism. A final possible reason is the hot-elec-
tron transpof®. The initial effect of radiation is to create

a number of highly excited electrons and holes at the top
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essentially bolometric response.
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