
UC Berkeley
UC Berkeley Previously Published Works

Title
Characterization of the Thermal Properties of Ir/Pt Bilayer Transition Edge Sensors

Permalink
https://escholarship.org/uc/item/48d093gz

Journal
Journal of Low Temperature Physics, 210(1-2)

ISSN
0022-2291

Authors
Zhang, J
Chang, CL
Fujikawa, B
et al.

Publication Date
2023

DOI
10.1007/s10909-022-02811-y
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/48d093gz
https://escholarship.org/uc/item/48d093gz#author
https://escholarship.org
http://www.cdlib.org/


Noname manuscript No.
(will be inserted by the editor)

Characterization of the Thermal Properties of Ir/Pt Bilayer1

Transition Edge Sensors2

J. Zhang · C. L. Chang · B. Fujikawa · G.3

Karapetrov · Yu. G. Kolomensky · W.-K. Kwok ·4

M. Lisovenko · V. Novosad · J. Pearson · V.5

Singh · G. Wang · B. Welliver · U. Welp · V. G.6

Yefremenko7

8

Received: date / Accepted: date9

Abstract We are developing a low-Tc-TES based large area and low threshold detector10

targeting a variety of potential applications. The detector consists of a 50.8 mm diameter11

Si wafer as the substrate and radiation absorber, a single Ir/Pt bilayer TES sensor in the12

center, and normal metal Au pads added to the TES to strengthen the TES-absorber thermal13

coupling. Tight TES-absorber thermal coupling improves detector sensitivity and response14

uniformity. Here we report on the electron-phonon (e-ph) coupling strengths for the Ir/Pt15

bilayer and Au that are measured with our prototype detectors and TES devices. We found16

that a second weak thermal link besides the one due to e-ph coupling in Ir/Pt or Au was17

required to explain our data. With the effects of the second weak link accounted for, the18

extracted e-ph coupling constant Σ for Ir/Pt bilayer in the Tc range between 32 mK and19

70 mK is 1.9×108 WK-5m-3, and Σ ’s for Au at 40 mK and 55 mK are 2.2×109 WK-5m-3
20

and 3.2×109 WK-5m-3, respectively.21

Keywords transition edge sensor · electron-phonon coupling · iridium platinum bilayer ·22
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1 Introduction24

We are developing an Ir/Pt-bilayer-TES based large area and low threshold detector targeting25

a variety of potential applications, such as direct detection of low-mass Dark Matter (DM),26

Coherent Elastic Neutrino Nucleus Scattering (CEvNS), cryogenic search of Neutrinoless27

Double Beta Decay (0νββ ), and high precision spectroscopy. For low-mass DM detection,28

the detector threshold determines the lowest DM mass detectable by an experiment. The29

CEvNS process through neutral current interaction is thresholdless, i.e., the lower the detec-30

tor threshold gets, the higher the fraction of neutrinos can be detected, resulting in improved31

experimental sensitivity. This is especially true for reactor neutrino sources. One particularly32

well motivated application is the CUPID (CUORE Upgrade with Particle IDentification) ex-33

periment [1], the next-generation bolometric search for 0νββ , where the detector is used as34

a light detector (LD) to detect the Cerenkov or scintillation light generated in the bolometer35

crystal. The detected light signal, together with the heat signal from the bolometer, is used to36

reject background events. Other than background rejection, the light signal can potentially37

extend the science reach of the experiment [1].38

As given by the TES physics, the detector baseline resolution ∆EFWHM ∝

√
4kBT 2

0 C [2],39

where kB is the Boltzmann constant, T0 is the TES electron temperature which can be taken40

as the TES superconducting transition temperature Tc, and C is the detector heat capacity.41

The lowest detector threshold is only achievable at the lowest TES operating temperature,42

which is our ultimate goal. This paper presents results for Tc 40-60mK, which would give43

sufficiently low thresholds for applications like CUPID. We will eventually lower the Tc of44

the detector down to sub-20 mK based on our R&D work at elevated Tc’s.45

The prototype LDs we are developing consist of a square Ir/Pt bilayer TES, a 50.8 mm46

diameter and 275 µm thick high resistivity Si wafer as the substrate and light absorber, and47

superconducting Nb electrical leads. The square TES is patterned in the center of the Si48

wafer to maximize its response uniformity. The LD is intended to be a thermal detector, for49

which the TES sensor response will be optimized to the overall temperature change of the50

light absorber, and as such, the event position dependence is maximally reduced. The pri-51

mary thermal conductance, G, for the LD is between the Si absorber and the thermal bath,52

which determines the time constant of the LD as τ ∝ C/G. The TES sensor and the absorber53

are thermally tightly coupled such that the temperature swing of both are nearly synchro-54

nized during an event. So it is necessary to substantially strengthen the thermal coupling55

between the Ir/Pt TES and the Si absorber beyond the e-ph coupling of the Ir/Pt bilayer.56

Normal metal Au is added to the TES for this purpose. In this paper, we report on the e-ph57

coupling strengths for Ir/Pt bilayer and Au that are measured with our prototype LDs and58

TES devices. These results serve as the basis for our future LD design and optimization.59

2 Device Description60

We have fabricated and measured two types of TES devices. One consists of only a square61

Ir/Pt bilayer TES as shown in Fig. 1(a), and the other consists of a square Ir/Pt bilayer TES62

and a pair of Au pads symmetrically patterned over the TES edges as shown in Fig. 1(b). The63

second type of devices behave similarly as a single superconducting TES, with enhanced64

thermal coupling to the substrate from the added normal metal pads. We therefore call both65

types of devices as TES and refer to the former as bare TES if distinction between the two66

is needed.67
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Fig. 1: Example micrographs of the TES devices in this work: (a) a square Ir/Pt bilayer
TES and (b) a square Ir/Pt bilayer TES in the middle with a pair of Au pads. Nb leads are
deposited over the edges of the TESs for both layouts. The sizes of both the Ir/Pt bilayers
and Au pads for the devices shown are 300 µm×300 µm.

Fabrication of the TESs was carried out at the Argonne National Laboratory. All the68

TESs in this work were fabricated on high resistivity Si substrates with a nominal thickness69

275 µm. The TESs were patterned with photolithography and the films were sputtering70

deposited at room temperature in the order of Ir/Pt bilayer, Au pads, and Nb leads. The Ir71

layer thickness was kept at 100 nm, whereas the thickness of the Pt layer was varied to tune72

the Tc of the bilayer via proximity effect. The Tc range around 40-60 mK was found to allow73

adequate LD performance based on our simulations, and the thicknesses of the Pt layer were74

chosen accordingly. The deposition order of Ir and Pt for the bilayer did not affect its Tc or75

transition profile for the test samples we measured. Au pads of 200 nm thick were deposited76

after the Ir/Pt bilayer, each forming a 15-20 µm wide overlap region with the latter along77

the edge. A thin Ir layer around 3 nm was deposited underneath the Au layer to increase the78

adhesion to the Si substrate. Nb leads with thickness 200 nm were deposited over the overlap79

regions of the Ir/Pt bilayer and Au, which were terminated near the edge of the Si substrate80

as a pair of wirebond pads. The film thickness uncertainties of the sputtering process were81

less than 3% [3].82

The layout configurations of the TESs in this work are summarized in Tables 1 and 2.83

All the devices were first fabricated on �50.8 mm Si wafers, and then diced into cm-sized84

chips for measurement, except TP-1, IrPt-S005, and IrPt-S006 which were prototype LDs.85

The devices TP-1, JT-1, and JT-2 used a different Ir target from the rest of the TESs, and the86

deposition conditions were different between TP-1 and JT-x, making direct Tc comparison87

infeasible if either difference is involved. However, since the Tc’s of these three devices are88

about in the same range as those for the rest, we still include them in reporting the e-ph89

coupling constants for the It/Pt bilayers.90

3 Experimental Setup and Measurements91

We measured all the TESs in this work inside a Bluefors LD400 Dilution Refrigerator (DR)92

with a base temperature below 7 mK. To measure the e-ph coupling strength of Ir/Pt and93

Au, the substrates of the devices were thermally grounded to the thermal bath. The TES94

chips were glued directly to a Cu sample holder with a thin layer of rubber cement. The95

prototype LDs were clamped down to a Cu wafer holder by four PELCO SEMClipTM clips96

near the wafer edge. A thin layer of Apiezon N grease was applied between the wafer and97

the holder to ensure good thermal contact. The wafer holder has a 44.4 mm diameter hole in98

the center to avoid overly stressing the wafer. The TESs were electrically connected to the99

bias circuit via Al wire bonds with Tc around 1 K. The total parasitic resistance introduced100

in the TES wiring was typically 4 mΩ, whose effect is negligible for our TESs with Rn101
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Table 1: TES layout information and measured thermal properties for the bare Ir/Pt TESs.
The Ir layer is 100 nm thick. The Pt layer thicknesses and the TES sizes are listed in the
table. The parameters Tc, G, and Σ are from the fits to the power law in Eq. (1) with n = 5.

Device Pt TES Tc Psat G Σ

(nm) (µm) (mK) (pW) (nW/K) (WK-5m-3)
TP-1 201 500 41.0 0.89 0.11 2.5×108

JT-1 401 500 60.0 4.50 0.38 1.7×108

JT-2 801 500 32.5 0.35 0.053 2.1×108

IrPt-S005 60 500 43.7 1.35 0.15 2.1×108

IrPt-S006 40 100 69.8 0.56 0.040 2.4×108

MC-12-1 50 300 58.5 1.46 0.12 1.6×108

MCC-4-1 60 100 36.7 0.028 0.0039 2.7×108

MCC-4-2 60 200 39.8 0.11 0.014 1.8×108

MCC-4-3 60 300 41.3 0.26 0.031 1.5×108

MCC-4-4 60 400 42.2 0.43 0.050 1.2×108

1 The 100 nm thick Ir layer was deposited before the Pt layer for these
devices.

around 0.5 Ω. The assembled TES modules were mounted onto the mixing chamber stage102

of the DR. Two ruthenium oxide thermometers were installed to monitor the temperatures103

of the TES device holder and the mixing chamber plate. The temperature readings were104

cross checked to ensure consistency. The RMS uncertainties on temperature readings were105

typically within 0.1 mK.106

The TESs were voltage biased with 17.6 mΩ shunt resistors. TES current for each device107

was read out by an inductively coupled two-stage phase-locked DC SQUID amplifier from108

STAR Cryoelectronics. We took IV and RT measurements for all the devices. IV curves109

were taken by sweeping the DC bias voltage of the TES from the normal state to zero bias.110

At each voltage set point, the sweep paused for 1 s for the TES to reestablish equilibrium,111

which was long enough for the TESs in this work. A series of IV curves, each at a different112

bath temperature, were taken for each TES. The RT curves for the TESs were taken with a113

low frequency (<20 Hz) small AC bias (Ibias = 0.3–1 µA) to check the Tc independently.114

4 Data Analysis115

4.1 Analysis method116

The dominant cooling mechanism for these TESs when biased in superconducting-to-normal117

transition is expected to be electron-phonon coupling of the form118

P = ΣΩ(T n −T n
b ), (1)

where P is the TES Joule heating power, Σ is the e-ph coupling constant, Ω is the TES119

volume, T is the TES electron temperature, Tb is the thermal bath temperature, and the120

exponent n is usually between 5 and 6 [4,5,6]. Our TES devices operated in the strong121

electrothermal feedback regime, where the TES electron temperature T was very close to122

the transition temperature Tc. We therefore did not distinguish them in our analysis.123

The usual approach to analyze the P-T curve shown in Fig. 3(b) is to fit the measured124

data to the single-block power law of Eq. (1), the result of which is shown as the orange125

dash-dotted line with the fitted n = 4.6. It is not uncommon, for the bare Ir/Pt TES devices126
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we have measured, that the fitted exponent n from the single-block model is slightly lower or127

higher than the characteristic value 5 for e-ph coupling. The small deviations of n, however,128

would cause large variations on the parameter Σ , which we were trying to measure. We care-129

fully examined the potential sources of the systematics of our measurements, including the130

uncertainties on the bias and output voltages, bath temperature readings, and hypothesized131

external thermal loads on the TES; and none of these is large enough to account for our ob-132

servation. This leads to the conclusion that the one-block model is not adequate to describe133

the behavior of the bare Ir/Pt devices. We therefore introduced the two-block thermal model134

shown in Fig. 2(a). As it turned out, a different form of the two-block model as depicted in135

Fig. 2(b) is required to describe the TESs with Au pads. We leave the application details of136

the two-block model to the specific type of devices to the sections below, and discuss the137

general picture in this section.138

Au e TES e

Thermal bath

𝐺𝐴𝑢

Au-TES

𝐾1
𝐾2

𝐺𝑥𝑦𝑧

𝐺𝑇𝐸𝑆

TES ph TES e

Thermal bath

𝐾1

𝐾2

𝐺e-ph
(a) (b)

Fig. 2: (a) Two-block model for bare Ir/Pt TES. (b) Two-block model for TES with Au pads.

As shown in Fig. 2, the two-block model has two thermal impedances, K1 and K2, con-139

nected in series between the electrons of TES and the thermal bath. The power flows across140

the two thermal impedances each is assumed to follow a power law in the form of Eq. (1).141

Thermal power flow balance gives142

P = K1(T h −T h
a ) = K2(T m

a −T m
b )≡ K(T n −T n

b ), (2)

where Ta is the temperature of an intermediate stage, i.e., TES phonons in Fig. 2(a) or143

Au electrons in Fig. 2(b), h and m are the exponents of the power laws for K1 and K2,144

respectively, and the overall behavior of the device is still given by Eq. (1). The specific145

form of K1 or K2 depends on the mechanism of the heat conduction, and for e-ph coupling,146

it is given by ΣΩ , the product of e-ph coupling constant and the volume.147

A two-block fitting method can be constructed from the above model. For a set of mea-148

surements of the bath temperature and the TES Joule power, (Tbi, Pi), i = 1, . . . ,N, the χ2
149

of the fit can be defined as150

χ
2 =

N

∑
i=1

(Pi −K2(T m
ai −T m

bi ))
2

σ2
Pi

, (3)

where Tai is the solution to the equation151

K1(T h −T h
ai) = K2(T m

ai −T m
bi ), (4)

and σPi is the standard deviation of Pi. The value of σPi can in principle be estimated from the152

measurements, however, we have simply taken it as unity in our analysis because σPi ’s are153

small and their contribution to the the uncertainties of Σ is insignificant. The uncertainties154
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of Tbi are also neglected for the same reason. At the end, we have arrived at a nonlinear155

least-squares fitting method with T , K1, K2, h, and m as the fitting parameters. Because of156

the degeneracy in parameter space, it is generally desirable to fix some parameters that can157

be determined through other means or known as priors when applying this method.158

Thermal conductance is an important quantity for the TES device. Assuming the thermal159

bath is at a constant temperature, for the single-block model, the thermal conductance G is160

given by161

G =
dP
dT

= nKT n−1. (5)

The thermal conductances for impedance blocks K1 and K2 can be defined similarly,

G1 =
∂P
∂T

= hK1T h−1, (6)

G2 =
∂P
∂Ta

= mK2T m−1
a . (7)

The total thermal conductances for the two-block model, defined with respect to K1 and K2
are given by

G =

(
dP
dT

)
K1

= hK1T h−1 −hK1T h−1
a

dTa

dT
, (8)

G =

(
dP
dT

)
K2

= mK2T m−1
a

dTa

dT
. (9)

Combining Eqs. (6), (7), (8), and (9), we obtain162

G =
G1G2

G1(Ta/T )h−1 +G2
. (10)

When the bath temperature is close to the superconducting transition temperature, Ta/T163

approaches unity and we recover the expression for linear thermal conductances connected164

in series.165

4.2 Σ for Ir/Pt bilayer166

The first goal of this work is to measure the e-ph coupling constant Σ of the Ir/Pt bi-167

layers. Fig. 3(a) shows the measured IV curves for the TES device MCC-4-3 at a series168

of bath temperatures. At a given bath temperature, the Joule power of a TES within the169

superconducting-to-normal transition is largely a constant due to strong negative electrother-170

mal feedback. This is especially true for the bare Ir/Pt TESs whose saturation powers are171

small. We plot the Joule power of the TES at a fixed TES resistance close to Rn against172

the bath temperature as the black circles in Fig. 3(b). The green dashed line in the same173

plot shows the fit to the power law in Eq. (1) with n = 5. The thermal parameters ex-174

tracted from the fit are the transition temperature Tc = 41.3 mK, the thermal conductance175

G = 0.031 nW/K, and the e-ph coupling constant Σ = 1.5× 108 WK-5m-3. The exponent176

n = 5 in the power law is the characteristic of the e-ph coupling. We performed the same177

analysis for all the bare Ir/Pt TESs and the fitted thermal parameters are summarized in178

Table 1.179

We also performed alternative fits to the P-T data with n as a free parameter in Eq. (1).180

The orange dash-dotted line in Fig. 3(b) shows the example for MCC-4-3 which resulted181
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Fig. 3: (a) Measured TES current vs. TES bias voltage for MCC-4-3 at a variety of bath
temperatures. The ∼ 4 mΩ parasitic resistance is not subtracted from the IV curves so the
superconducting region in the vicinity of zero bias is not vertical. (b) Measured TES Joule
power vs. bath temperature for the same TES and the power law fits. The orange dash-dotted
line and the green dashed line are the fits to Eq. (1) with n floating and n = 5, respectively.
The fitted parameters for n = 5 fit are listed in Table 1. The red solid line is the two-block
fit with h = 5 fixed. The blue dotted line is the one-block fit with n = 4.0 fixed to show
degradation of the fit when n deviates from e-ph coupling.

n = 4.6. For these fits, the fitted exponent n spreads from 4.3 to 5.3. The induced changes182

of Tc’s and G’s from the n = 5 fits are not significant, however, the spread of Σ is much183

larger since it strongly depends on n. We therefore standardized all the fits in Table 1 by184

fixing n = 5 so the fitted parameters are in a more accessible form, without losing fidelity in185

predicting the TES properties. To better understand the deviation of n from the characteristic186

value 5, for the worst case n = 4.3 with IrPt-S005 in the n < 5 fits, we conducted the two-187

block fit with h= 5. This time we obtained m= 3.9 and Σ = 2.2×108 WK-5m-3. The second188

weak thermal link may be attributed to the Kapitza resistance between the TES phonons and189

the thermal bath. The value of Σ is slightly enhanced, by 5%, and is consistent with the190

dominant thermal conductance being e-ph coupling in the TES even in the presence of this191

second weak thermal link. The deviations for the n > 5 fits are not yet fully understood, but192

they are still in the regime of e-ph coupling. One possible scenario is that disorders in the193

TESs weaken the e-ph coupling [5], which up shifts n, and Σ ’s for these fits will also be up194

shifted as a result. These alternative fits, both for the n < 5 and n > 5 cases, are consistent195

with the dominant cooling mechanism for the TESs being e-ph coupling.196

The spread of Σ for the Ir/Pt bilayers in Table 1 is also correlated with the Tc variations197

within the same batch of devices, MCC-4-x and MC-12-x, each deposited with the same198

process. The Tc variations are independently confirmed by the RT measurements. These199

variations may come from the nonuniformity of the deposition process, which will need200

further investigation.201
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Table 2: Configurations for TESs with Au pads. The TES-Au interface structure is depicted
in Fig. 5(a). Psat is the Joule power measured at the base temperature below 7 mK. Tc and
G are from the single-block power-law fits to Eq. (1) with n floating, neither of which is
sensitive to the value of n around the best fit.

Device Pt TES Au pad TES-Au Tc Psat G
(nm) (µm) (µm × µm) x/y/z (µm) (mK) (pW) (nW/K)

MC-12-2 50 300 300 × 300 5/10/5 54.6 34.2 3.3
MC-12-4 50 300 900 × 900 5/10/5 55.0 173.2 16.2
MCC-4-8 60 300 230 × 300 5/10/5 42.5 10.7 1.3
MCC-4-10 60 300 900 × 300 5/10/5 39.6 22.1 2.8
MCC-4-11 60 300 900 × 300 5/10/10 41.2 29.4 3.6
MCC-4-12 60 300 900 × 300 5/5/5 42.0 32.3 3.9

4.3 Σ for Au202

To measure the e-ph coupling constant Σ for Au, we have fabricated two batches of TES203

devices with Au pads, MC-12-x and MCC-4-x. Table 2 lists the detailed parameters of these204

devices. Both batches have 300 µm square Ir/Pt bilayer TES with 100 nm thick Ir. The Pt205

layer thicknesses are 50 nm and 60 nm, giving the measured Tc’s around 55 mK and 40 mK206

for MC-12-x and MCC-4-x, respectively. The Au pad size is varied within each batch while207

keeping the TES-Au interface unchanged. The TES-Au interface variation is introduced208

within the batch MCC-4-x while keeping the Au pad size constant. We were able to study209

the dependence of TES thermal properties on both the Au volume and TES-Au interface210

with the two batch of devices.211

4.3.1 Existence of a second weak thermal link212

By taking the IV curves and fitting the P-T data for the TESs with Au pads, the e-ph cou-213

pling constant Σ for Au could be extracted similarly as that for the Ir/Pt bilayers discussed214

in Sec. 4.2. But there are new challenges to the data analysis brought in by the addition215

of the Au pads, which introduces additional complexity to the devices. Fig. 4(a) shows216

the measured P-T curves for MC-12-4 in black squares and MC-12-2 in black circles. The217

single-block fits to Eq. (1) for the two devices are shown as the solid black line with fit-218

ted n = 5.2 and the dash-dotted blue line with fitted n = 5.3, respectively. The single-block219

model appears to be a rather good description to these devices, and the values of the fitted220

exponent n indicate that the dominant heat conduction is through e-ph coupling. However,221

as shown in Fig. 4(b), the saturation power of the TESs with Au pads does not scale propor-222

tionally to the volume of the Au pads, which is expected for e-ph coupling. The saturation223

behavior suggests that there exists a second weak thermal link in these devices besides the224

e-ph thermal conductance of the Au pads. Consequently, the e-ph coupling constant Σ for225

Au cannot be extracted from the single-block fits in the same way as that for the bare Ir/Pt226

TESs. Nonetheless, the transition temperature Tc and the total thermal conductance G of the227

device are nearly model independent and, as such, their values from the single-block fits228

with a floating n are listed in Table 2, as well as the measured TES saturation powers.229

With the addition of Au pads to the Ir/Pt TES, the dominant thermal conductance of the230

device is through the Au pads. The saturation power of the 300 µm square bare Ir/Pt TES is231

less than 5% of that for the TES with the smallest Au pads for both batches. This indicates232

that the weak thermal link that throttles the e-ph thermal conductance of the Au pads resides233

either between the Au pads and the thermal bath or between the Ir/Pt bilayer and the Au234
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Fig. 4: (a) P-T data for MC-12-4 and Mc-12-2 and various fits. (b) TES saturation power
for TESs with Au pads vs. Au volume for two batches of devices, MC-12-x in black dots
and MCC-4-x in red triangles. The two points near the origin are the bare Ir/Pt TESs. The
sub-linear dependence of the P-V curves indicates that there is a second weak thermal link
in these TESs.

pads. For the former case, the coupling between the Au pad phonons and the thermal bath235

would reduce the exponent n from the single-block fits to less than 5, as we have observed236

for the bare Ir/Pt TESs. This contradicts the single-block fitting results for the TESs with Au237

pads, where the fitted n’s are between 4.8 and 5.3, and the TESs with larger Au pads tend to238

favor larger n’s. So this leads to the conclusion that the second weak thermal link is between239

the electrons of the Ir/Pt TES and the Au pads.240

We thus varied the TES-Au interface to investigate its influence on the TES thermal241

conductance. TESs MCC-4-10, -11, and -12 with TES-Au interfaces 5/10/5, 5/10/10, and242

5/5/5, respectively, in the notion of Fig. 5(a) and Table 2, were fabricated to test the interface243

effects on the total thermal conductance. These devices all have relatively large, 900 µm ×244

300 µm, Au pads intended to saturate the second weak thermal link. We indeed observed245

thermal conductance changes due to the TES-Au interface variation. From the interface246

5/10/5 to 5/10/10, the Au-Ir/Pt overlap on the inner side of the Nb leads is increased by247

5 µm, and the saturation power of the device goes up from 22 pW to 29 pW. Similarly,248

there is a 10 pW TES saturation power increase from the 5/10/5 to the 5/5/5 interface. These249

results clearly show that the second weak thermal link is at the TES-Au interface, and both250

decreasing the width of the Nb leads and increasing the overlap between Au and the Ir/Pt251

TES can increase the interface thermal conductance.252

4.3.2 ΣAu and Gxyz near transition253

With the thermal conductance of the TES-Au interface properly accounted for, ΣAu can be254

derived from the TES thermal conductance near transition, assuming the nature of the Au255

thermal conductance is known. Fig. 2(b) shows the thermal circuit for the TESs with Au256

pads, depicting the second weak thermal link between the electrons of the Ir/Pt TES and the257

Au pads. The dashed line between the TES electrons and the thermal bath means the di-258

rect thermal conductance, GTES, between them is generally negligible. At bath temperatures259

close to the transition temperature, by Fig. 2(b) and Eq. (10), the total thermal conductance260
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Au TES

Au pad Nb lead Au/TES overlap TES

Thermal bath

1

𝐺𝐴𝑢

𝑦 𝑧

Au/IrPt

𝑥

𝑅𝑥/𝑦/𝑧

Nb

𝑦𝑥 𝑧

(a) (b)

Fig. 5: (a) Cross section view of the TES-Au interface. x, y, and z are the widths in µm
of the three overlap regions Au over Ir/Pt outside Nb leads, Nb over Au and Ir/Pt, and Au
over Ir/Pt inside Nb leads, respectively. (b) Schematic of the thermal impedances for the
TESs with Au pads and the TES-Au interface. The dashed line between TES and thermal
bath means the direct thermal conductance between the Ir/Pt TES and the thermal bath is
generally negligible.

of the device is261

G = GTES +
1

1/Gxyz +1/GAu
, (11)

where Gxyz is the TES-Au interface thermal conductance and GAu = 5ΣAuΩAuT 4 is the262

thermal conductance for Au, assumed due to e-ph coupling based on the single-block fits.263

Here we have kept the term GTES for the completeness of formality, although its effect on264

the numerical results is insignificant. Gxyz and ΣAu can be solved for from Eq. (11) for a265

complete set of TESs.266

Consider the set MC-12-1, -2, and -4, for which GTES is 0.12 nW/K from the measure-267

ment of MC-12-1, and the rest pair MC-12-2 and -4 share two common unknowns Gxyz268

and ΣAu since they both have the same 5/10/5 TES-Au interface and the same film depo-269

sition process. The temperature dependence of Gxyz is neglected because the Tc difference270

is small. The effect on ΣAu from a temperature gradient in the Au pads is less than 8%271

for the largest pad size from our estimates based on the measured electrical resistivity of272

a reference device. So we assumed the same batch of devices share the same value of ΣAu273

considering the fact that the model uncertainty dominates the measurement. With the mea-274

sured total thermal conductances for MC-12-2 and -4, we obtained Gxyz = 32.0 nW/K and275

ΣAu = 2.2× 109 WK-5m-3 by solving Eq. (11). More details are listed in Table 3. We can276

see that for MC-12-4, the thermal conductance of Au is starting to surpass that for the TES-277

Au interface. ΣAu for this device extracted from the single-block fit would be significantly278

underestimated. The results for the pair MCC-4-8 and -10 following the same method are279

also listed in Table 3, which are Gxyz = 7.4 nW/K and ΣAu = 3.2× 109 WK-5m-3. The280

same ΣAu value was then applied to MCC-4-11 and -12, which gave Gxyz = 12.4 nW/K and281

Gxyz = 13.2 nW/K, respectively. For devices MCC-4-x with Au pads, Gxyz is always much282

larger than GAu.283

4.3.3 ΣAu and Gxyz from two-block fits284

In Sec. 4.3.2, we have calculated the TES-Au interface thermal conductance Gxyz and the285

e-ph coupling constant ΣAu for the devices in Table 3, with the assumption that the thermal286

conductance of Au is due to e-ph coupling. In this section, we apply the two-block fitting287

method described in Sec. 4.1 directly to the P-T data of the same devices without assuming288
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Table 3: Thermal conductances near TES transition temperature calculated from the two-
block formula given in Eq. (11), and the derived e-ph coupling constant for Au assuming
GAu = 5ΣAuΩT 4. G, Gxyz, GAu, and GTES are total, TES-Au interface, Au pad, and Ir/Pt
TES thermal conductances, respectively.

Device G Gxyz GAu GTES ΣAu
(nW/K) (nW/K) (nW/K) (nW/K) (WK-5m-3)

MC-12-2 3.3 32.0 3.5 0.12 2.2×109

MC-12-4 16.2 32.0 32.2 0.12 2.2×109

MCC-4-8 1.3 7.4 1.5 0.03 3.2×109

MCC-4-10 2.8 7.4 4.3 0.03 3.2×109

MCC-4-11 3.6 12.4 5.0 0.03 3.2×109

MCC-4-12 3.9 13.2 5.4 0.03 3.2×109

Table 4: Two-block fitting results of P-T data according to Eq. (3). G, Gxyz, and GAu are the
total, TES-Au interface, and Au pad thermal conductances, respectively. h and m are the
power-law exponents for the TES-Au interface and Au pads, respectively. ΣAu is calculated
with GAu = mΣAuΩT m−1.

Device G Gxyz GAu h m ΣAu
(nW/K) (nW/K) (nW/K) (WK-5m-3)

MC-12-2 3.2 32.1 3.5 6.3 5.0 2.2×109

MC-12-4 16.4 33.3 32.1 6.3 5.0 2.2×109

MCC-4-8 1.3 7.4 1.5 1.8 5.0 3.1×109

MCC-4-10 2.7 7.0 4.5 1.8 5.0 3.1×109

MCC-4-11 3.6 13.7 4.9 5.0 5.0 3.1×109

MCC-4-12 3.9 14.5 5.3 4.2 5.0 3.1×109

the nature of Au thermal conductance. We first fitted the pairs MC-12-(2,4) and MCC-4-289

(8,10). Each pair shared a common set of fitting parameters, K1, h, ΣAu, and m, because290

they are described by the same thermal circuit in Fig. 2(b) but with different Au pad size.291

The Tc’s of a pair were fixed at their individual single-block fitted values listed in Table 2.292

The contributions of GTES were neglected in the two-block fits for simplicity. The fitted293

curves for the pair MC-12-(2,4) are shown in Fig. 4(a) as the dashed red lines with fitted294

h = 6.3 and m = 5.0. The detailed fitting results for both pairs are listed in Table 4. The295

fitted values of m = 5.0 for both pairs, MC-12-(2,4) and MCC-4-(8,10), are consistent with296

the assumption that the thermal conductance of Au is through e-ph coupling. The derived297

thermal parameters G, Gxyz, GAu, and ΣAu are in good agreement with those in Table 3.298

Gxyz for MCC-4-10 is dragged slightly lower because it has a lower Tc than MCC-4-8. The299

two-block fits for MCC-4-11 and -12 were conducted individually each with Tc, ΣAu, and m300

fixed. The adopted GAu in the fits are slight lower than those in Table 3, which pushed the301

fitted Gxyz slightly higher.302

4.4 TES-Au interface thermal conductance303

Our LDs require a subdominant TES-Au interface thermal conductance around 10 nW/K304

or higher. From Tables 3 and 2, we can see that, by changing the interface from 5/10/5 to305

either 5/10/10 or 5/5/5, i.e., by either increasing the TES/Au overlap or reducing the Nb lead306

width, this goal is already met at 40 mK. And there is still room for further improvement.307

More information about Gxyz can in principle be extracted from the two-block fits, where308
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the exponent h gives its temperature dependence. However, since GAu almost universally309

dominates for the devices we measured, it is expected that the model uncertainty on Gxyz310

will be large. Compared to MC-12-x, the constraining power to Gxyz from MCC-4-x is sub-311

stantially weaker because of stronger dominance of GAu, and therefore the best-fit values of312

m are subject to larger uncertainties.313

5 Conclusions314

We have measured the thermal conductances of the Ir/Pt bilayer, Au pad, and TES-Au in-315

terface for Ir/Pt TESs with and without Au pads. For both types of devices, we found that316

there was a second weak thermal link present besides the one due to e-ph coupling in Ir/Pt317

bilayer or Au. This necessitated two-thermal-block models to fit the P-T data to decouple318

the effect of the second weak link. For bare Ir/Pt TESs, the second weak thermal link was319

between the TES phonons and the thermal bath, possibly due to the Kapitza impedance be-320

tween the Ir/Pt bilayer and the Si substrate; the dominant thermal impedance was still e-ph321

coupling despite its presence. Whereas for TESs with Au pads, the addition of Au pads322

increased the total thermal conductance of the device significantly, meanwhile, the second323

weak link emerged at the interface between the Ir/Pt bilayer TES and the Au pads. By vary-324

ing the designs of the TES-Au interface, we found that both reducing the Nb lead width325

and increasing the TES/Au overlap within the TES current path could increase the interface326

thermal conductance. The measured values of the TES-Au interface thermal conductance327

with improved designs already meet the requirement of our LD, and there is still room for328

further improvement.329

The e-ph coupling constants for Ir/Pt bilayers and Au are extracted from the P-T mea-330

surements. The average Σ for Ir/Pt bilayer in the Tc range between 32 mK and 70 mK is331

1.9× 108 WK-5m-3 with 1.2× 108 WK-5m-3 the lowest and 2.7× 108 WK-5m-3 the high-332

est. Σ ’s for Au are 2.2× 109 WK-5m-3 at 40 mK and 3.2× 109 WK-5m-3 at 55 mK. The333

values for Au are consistent with earlier measurements [7,8,9,10,11]. The spread of Σ ei-334

ther for Ir/Pt or Au is likely dominated by the uncertainties of the physics model , i.e., there335

are mechanisms that contribute to the measured thermal conductance not captured by the336

power law for e-ph coupling. The uncertainties in temperature and voltage measurements as337

well as film thicknesses are too small to account for the observed spread.338

The datasets generated during and/or analysed during the current study are available339

from the corresponding author on reasonable request.340
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