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Abstract—The next generation of ultra-low-noise cryogenic source at temperatufg, is given by the radiometer equation
detectors for space science applications require contindeex-
. . . T2
ploration of materials characteristics at low temperatures. The s
tTTLA.f

low noise and good energy sensitivity of current TransitionEdge
Sensors (TESs) permits measurements of thermal parameters . . .

mesoscopic systems with unprecedented precision. We deibera  Wheret,, is the measurement time agdf is the measurement
radiometric technique for differential measurements of maerials bandwidth.[2], [3] In practice the bandwidth is limited dyet
characteristics at low temperatures (below about3K). The gource resistance and the input inductance of the SQUID to

technique relies on the very broadband thermal radiation that 5 fe\w 10's of kHz. This givesr ~ 3mK for T, = 500 mK
couples between impedance-matched resistors that termitex a . M T =" 5 .
with ¢,, = 1s. This is the precision that we found in

Nb superconducting microstrip and the power exchanged is . .
measured using a TES. The capability of the TES to deliver Practice.[4] TESs can be used to determine conductances by

fast, time-resolved thermometry further expands the paraneter measuring the power dissipated in the active region of the
space: for example to investigate time-dependent heat capdy. device where electrothermal feedback (ETF) stabilizes the
Thermal properties of isolated structures can be measuredni  TES at its transition temperatur@,, as a function of the

geometries that eliminate the need for complicating additnal temperature of the heat bathi,. These measurements are
components such as the electrical wires of the thermometetsilf. P b

Differential measurements allow easy monitoring of tempeature ~ Widely reported particularly in the context of measurersent
drifts in the cryogenic environment. The technique is rapidto  of the thermal conductance of silicon nitride films, but a key

use and easily calibrated. Preliminary results will be disassed. [imitation is that the technique measures thermal prmrti
averaged over a large temperature difference (i.e. betigen
and T;) and the films under study must support additional
(generally superconducting) metalization to provide tieal

The problem of characterizing the thermal properties @bnnection. A problem arises if the thermal properties are
mesoscopic thin-film structures at low temperatures (beldivemselves a function of temperature. A technique for meas-
3 K), in particular their thermal conductances and heat cépaciring conductances or heat capacities of micron-scalectsbje
ies as a function of temperature, remains one of the key chedpidly over a reasonable temperature range without aadditi
lenges for designers of ultra-low-noise detectors. Thibj@m overlying films certainly seems to be required. The proposed
is not confined exclusively to the detector community.[Iechnique permits true differential measurements of cordu
These measurements require small, easily fabricatedlyeaance (i.e with small temperature gradients), in a geometry
characterized thermometers. Techniques are already ushd svithout complicating additional metalization. Measurertse
as Johnson noise thermometry (JNT) using thin film resistav§ heat capacities are also possible. The technique is easy t
as noise sources with dc-SQUID readout or measuremeimgplement, simple to calibrate and rapid to use.
of thermal properties using Transition Edge Sensors (TESsWe recently demonstrated highly efficient coupling of very
but both have practical limitations. JNT can perform measurbroadband thermal power between the impedance-matched
ments over a reasonable temperature range and is in princiigamination resistors of a superconducting microstripgrais-
a primary thermometer but is in practice secondary becawsen line.[5] The efficiency of a short microstrip £ 2 mm
of stray resistance in the input circuit to the SQUID that tnusvas better than 97% for source temperatures ud.5d<.
be calibrated. The achievable measurement precisioior a When the coupling efficiency is very high the power trans-
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I. INTRODUCTION
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Fes &, R wherev is the frequencyP, (T;) = hvn(v, T;) andn(v, T;) is
¢ ¢ \L the Bose-Einstein distribution, and we have assumed tleat th
Gn coupling is loss-less. If the source temperature isTow< 3 K
CresTe M\ G T, all of the power is contained well-within the cut-off frequey
‘ ‘ of the microstrip and the upper limit of may be set to infinity.
% G, % G, Eqg. 2 then has the solution
21.2
Pm(T&Tc):m(Tf_Tf)' (3)
T 6h
The measurement conductan@g,(7s) = dPp(Ts,T.)/dTs
Fig. 1. Thermal circuit of a simple geometry. is Gm(Ts) _ 7T2k£TS/3h. G,, determines how changes in

source temperature affect power flow to the TES.

. . . To calibrate the thermometry we need to know the low-
ferred along a superconducting microstrip between a SOUlfEquency TES current-to-power responsivisy(0). This is

and a TES can be used as a fast, accurate thermometer. [6] The,sured by applying slowly-varying poweiP,, to the
practical temperature sensitivity is determined by the T®8 | ,o\vn heater resistance on the TES island and measuring

frequency Noise Equivalent PoweNEP(0). The limiting the change in detected currefif. The responsivity is then
temperature sensitivity is determmed_by the \(ery-W|deGad s1(0) = 61/5P,. As the source temperature is changed using
frequency bandwidth of the microstrip coupling so that Wge source heater, the power incident on the TES changes as
substituteAf — Av in Eq. 1 andAv = 34.5/T; GHz/K IS giyen by Eq. 3. Measuring the change in the current flowing
the equivalent rf-bandwidth of a blackbody source at temp%rough the TES§1, determines the change in detected power

awreTs. 8P, = 61/s1(0). Noting thatdP,, = P(T, T.) — P(Ty, Tb),
and since ETF fixed the TES's temperature7at we can
Il. TES THERMOMETRY determine the source temperature to a good approximation as
We begin by reviewing the technique of TES thermometry 6  6h
- ion Il : To= |~ s + T, (@)
for a simple geometry. In section 1I-B we describe the full 51(0) 72k2 b

thermal circuit used in the measurements of conductances. | i o
sections 11-C and 1I-D we describe how the conductances atB€ Practical temperature measurement precision is determ

determined experimentally. ined by the low-frequency TES/EP(0) so that[6]
NEP?%(0
| 7= g ®
A. A simple geometry mGo (Ts)

A thermal circuit for a simple geometry for TES ther-ere we have mt_enuonally Om'tted thermal qu_ctuauonsrm‘t
ource island which we consider a signal in this geometny. Fo

mometry is shown in Fig. 1. A source of total heat capd: 7 —_— :
city Cs which could be a thermally isolated silicon nitrid E]_D(_O) = 2 x 107 W/vHz the achievable temp‘?ra.t“re
precision is30 uK for ¢,, = 1s andTs = 500 mK. This is

(SiNy) island is connected to a TES also formed ofi¥, .

island by a conductance formed from a resistiveIy-terneidattw0 orders of magnitude better than JNT.

superconducting microstrip. Broadband power is transéerr

between the impedance-matched termination resistorseof ffr The measured geometry

microstrip which has thermal conductan@&g,. Over a portion In the full geometry two source islandg, S, are connected

of its length the microstrip crosses the Si substrate soaimat by the subject under test here a conductatkg, The subject
phonon conductance is efficiently heat sunk to the b&th. may be more complicated. Each source island is connected to
arises from conduction due to photons. The source and TESown TES by a microstrip. Figure 2 shows the full thermal
are connected to a heat bath at temperafytey conductances circuit. We measure the quiescent TES currents to monitor
G5 and Gy, respectively which include the contribution fromand subtract small drifts in the substrate temperature er th
the phonon conductance of dielectric of the microstrip.telea electronics. The measurement precision of the temperafure
permit the source temperature to be varied and the TES todither sourcegr, with a measurement timg,, is determined
calibrated. Changes in the power coupling along the midpstby the low-frequency TESVEP(0) so that

are n_"nea_sured l_Jsing the TES which is in close proximity to its , NEP2(0) 1 1 kT2,
termination resistor. For low source temperatifes< 3 K, all 0T, = T <G2 T 2 (T ) C = (6)

of the power is contained within the pair-breaking thredhol m m(Th) m(T1.2) 1,2

of the superconducting NRRA v, /h ~ 760 GHz whereh is and the temperature measurement precision for this differe
Planck’s constant and v, is the superconducting energy gap¢ing approach includes a contribution from the bath temper-
The power transmitted between the source at temperédtureature measurement. We have also now explicitly included the

and the TES at its transition temperat(feis given by effect of thermodynamic fluctuations in the temperaturgbef
A sources of heat capacity, » since these fluctuations directly
Nb

R affect the precision with which the source temperature @n b
PuTaT) = [T BT - P @) fermines
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Res R R+& Res P(T',T) = G(T)&T. Ignoring for now the small conductance
¢ of the microstrips, the input powers and resultant tempeeat
are related by

e b oo )

Cedle VY & T VWV S Te PV GesTe Py = Piup(T1, Tp) — Gi2(Th, T2) (T2 — Th)  (84)

| G | G ‘ G | G Py = Py (T, Tp) + Gi2(Th, I2) (T2 — T1)  (8b)
? ’ ? ’ % Py = Py (T}, Tp) — Guao(TY, T3)(T5 = TY)  (8¢)
TTTT777777 7777777777777 77777777777 Py + 0Py = Py(T3,Ty) + Gro(T1, T3)(T, — T7) ~ (8d)

T

Subtracting 8a from 8c, 8b from 8d and using, for example,
Fig. 2. Thermal circuit of the full measurement. The subjectier test is

shown here as a conductan€i 2 but may be more complicated. T,
Poy(T3,Ty) — Poy(T2,Tp)) = / Go(T)dT
T )
- = Goy(T2)6 T3,
2 RE—
5 2 whereT;, = (T4 + T>)/2 and the final equality follows since
< e b e 8T, is small, we find
£ i e _ _ _
_:» ! ‘ T, : : 1 0P = 2G12(T12)((5T2 — (STl) + GQb(T2)6T2 — Glb(T1)5T1
2| ! _ (10)
a [\ and Tyo = (T1 + T + T> + T3)/4. Finally the effect of
3 T ‘ P, Py+3P, conductance along the microstrip needs to be included. The
=10 result is
— Gi2(Th2) =
Ime In a.u. o o Tk Tl
. . timenad. . 5Py — (Gap(T2) + G (T3)) 6T + (Gu(T7) + G (T1)) 6T
Fig. 3. Schematic showing the time variation of the input pmw(lower
traces) and output currents (upper traces) for one cycldefeasurement. 2(5T2 - 5T1)
The sequence of measurement and settling times is indicated full ) (11)

time-sequence represents a measurement frame. The nreastratervals
determine the temperatures as shown.

D. Measurement of the conductances Gy, Gap

C. Measurement of the conductance G5 The conqluctance to the bath at a given temperature is
W he i d . h measured in a two-step procedure where we measure the
e measureAt ehlntert_:on]rc\er::t conductagtg in alt _reeh quiescent TES current{ = 0) and the effect of applying
step process. A schematic of the measurement cycle Is sho¥iho| powerp, to both islands and measuring the changes

in Fig. 3. In the first step the quiescent TES currents are meﬂ,§T1 andT,. The next temperature sample uses incremented
ured. Then dc powep, is input to both source islands raisingPO This measurement is rapid. With, — 0.82s, 500 data

the tempNeratures from the b'ath temperattydo 7}, 5. We points are acquired in less than 15 minutes. In the analysis w
find T, = T, and we quantify the effect ofy 3 T, later. ¢ Egs. 8a and 8b and assuffje= T5. This introduces an
FlnaIIy_ power to_Sz is stepped by an add|t|ona/1l small amount, o itable error in the analysis and the magnitude is of orde
d P, raising the island temperaturesT§ and75. Since both ¢ = |G12(T12)(Tz — T1)|/P1oy. Experimentally the error is

/ / i i i
T] —Ty andTy — 15 are small the measurement is d'ﬁerem'alsmall<< 1%. A fifth-order polynomial is fitted to the? » — P
For the next temperature sample the process is repeated v&g‘tga and the conductancés,, G, found by differentiation.

incrementedP,. The power steps are adjusted in softwarﬁote that since the temperature differerige, — T, may be
to give approximately constant increments and differemtres|a¥9e this measurement is temperature-avéraged
One '

temperature across the range of temperatures measured.
complete measurement cycle (i.= 0, Py, Py + d ), with
a short settling timé,.:;;c between each measurement step to
accommodate thermal response times, defines a ‘frame’ timeAn optical image of the device described here is shown
The frame must be measured in a time less than the AlldhFig. 4. The measured conductance labelled is a long
time of the system. thin SiN, bar of dimensions500 x 10 x 0.5 um® formed
The power flow across a conductar@eonnecting thermal by reactive ion and deep reactive ion etching of a nitride-
reservoirs at temperaturds 7" can be written for notational coated Si waferG, carries no additional films12 connects
convenience as two larger 0.5 ym-thick nitride source islandss; and S»
/ themselves isolated from the Si wafer by four supporting
P(T',T) = / G(T)dT = G(T",T)(T' —T), (7) nitride legs, two of lengtrz55 um two of length358 ym each
T of width 15 um. One of the longer legs also carries a Nb
where the over-set line denotes averagingZ’{f— 7" = 6T microstrip line. The microstrip is terminated by an impecian
is small then the power flow can be linearized so thatatched AuCu termination resistor at each end. Each island

I11. M EASURED DEVICE
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1 mm

/ \‘ -6 i .
TES, TES, 107
Microstrip B 17 :

N / \ y o |
Gy, 10° !
1 f 1g10 101 102

Fig. 4. Optical image of the device under test. The centtableibar (labelled tins L

G2) of length500 yum, width 10 m connects the nitride source islanfls, ~ F19- 5. Allan plot for the two SQUID systems with biased TESs d}, =
Ss. Resistively terminated microstrip lines run from the iigla to TESs in 259 + 0.5mK. The_optlr;um integration time, identified as, is at the
the upper corners of the image. The conductance betweennitsde island Minimum of the statistior? .

and the heat bath is formed from four nitride legs, two of tang’5 um,

two of 355 um that run diagonally .

2
Oa

01=0.54 mK

, , o 300} Siof
also supports a square AuCu resistor with Nb bias lines that ]
can be used as a heater to modulate the temperature of the é 200} I sf
sources. The microstrips run over the Si wafer then ontadeitr £ 100l . . .
islands which support TESs. Routing of the microstrips ia th N ' ) _,%,,0, 382 384 386
way ensures that the phonon conductance associated with the g 0.0 \f‘" — o]
microstrip dielectric is efficiently heat-sunk to the batthe . L
TES islands also include AuCu resistors with Nb bias lines -10.0f
that allow the power-to-current responsivity of the TES&¢o 200 L L L L L L
measured. 00 02 04 06 08 10 12

AuCu resistors aretOnm thick, Nb bias lines and the TinK

ground plane of the microstrip ar250 nm thick. The mi- Fig. 6. Difference in temperature between the two islands danction
crostrip dielectric is sputtere#i0, and is400nm thick. The of average temperature for equal applied powers. Note thovement in
TESs use our standard higher temperature MoCu bilayer layJJmeS\"emert recsion 2 the empereture noreasednsst hows he
with 40 and30 nm of Mo and Cu respectively. The fabricationmeasured precisioar = 0.54 mK compares well with the calculated value
route is identical with our usual process for MoCu TESs.[#lom Eq. 6 which givessr = 0.47mK for the rrlelr:(ljsuremgr;t/ 2time used
The TESs are voltage biased and read-out with SQUIDg = 0:582s and the measured/ EP(0) = 1.2 x 102 Wz~ /=,

The device is measured in a He-3 refrigerator with a base

temperature of 259 mK. The transition temperature of t
TESs described here wag. ~ 485mK which is slightly s
higher than reported in our earlier work with the same Mo-C
bilayer lay-up. As a result the conductance to the bath of t
TESs is increased and the measured TES Noise Equival
Power isNEP(0) = 1.2 x 10~ WHz /2.

l?f?les show the expected behaviour for white noise with a
loper—! and for drift with a slope ofr2. This shows that
rift limits these measurements. Guided by the Allan plot,
e chose a sample timg, = 0.82s being 2'* data points
ggtlnpled a0 kHz andt,.. = 100ms. For the conductance
measurements with three power steps the total frame time is
2.8 s at each sample temperature.
Applying equal power to both sourceS;;, and Gs;, were
The Allan variance statisticg? (7) where 7 is the integ- determined. As discussed earlier the analysis introduces a
ration time, provides an exceptionally powerful diagnostiunavoidable error in the measurementiyf, andGs;, depend-
of system stability and a plot of the variance as a functidng onT> — T3. Figure 6 shows the difference in temperature
of 7 identifies the optimum time for signal averaging.[8]¢T1> = T> — 17 for equal powers applied to both islands as a
[9] In the Allan plot, a log-log plot ofs% as a function function of average island temperature. The differencenialls
of 7, underlying fluctuations with frequency-domain poweand a maximum of abodtmK at 500 mK. SincéT, is small
spectra varying ag/f* show ar(*~1 dependence. Hencewe will see that the error is negligible. The temperaturéedif
white noise witha = 0 has ar~! characteristicl/f noise ence implies a difference in conductance for the two notlgna
shows no dependence on integration time and drift exhibitentical conductancesy,, G, of about+2% between 0.26
a dependence with < « < 3. Figure 5 shows measuredand 1.3 K. The temperature dependencedff evident in
Allan variances for both SQUID systems with biased TESSg. 6 is also unexpected. It does not seem that the differenc
and the bath temperature’f = 259+ 0.5 mK. The measured can be accounted for by experimental uncertainty (such as
characteristic indicates that white noise is reduced byetimin the calibration of the TES responsivities). One posisjbil
integration up to a maximum of ordety ~ 5s. The dashed might be differences in the actual coupling efficiencieshsf t

IV. RESULTS AND DISCUSSION
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Fig. 7. Measured conductances to the b@th,, G, and calculated sample Fig. 8. Ratio of the measured conductan@e; to the conductance to the
conductance12. Estimated errors fofs12 are indicated. The dotted lines bathG4;. The arrow indicates the expected ratio if the conductascete as
indicate dependencies proportional 7@ and 7. The single circle is the the area to length ratio of the structures.
measuredGrps scaled by thed/! ratios to compare directly t6/1;, and
GQb.
the smaller contribution from the Nb wiring all of which
we assume are equal to that 8fN,. The variation of the
microstrip lines. ratio is experimentally significant and may already illagr
The inset of Fig. 6 shows a histogram of calculated tenthe difference between thermal properties averaged over a
peratures for repeated measurements of a source temgeraemperature range and the true differential measurement.
near384 mK. The measured precision; = 0.54 mK com-

pares well with the value calculated from Eq. 6 which gives V. CONCLUSION
oy = 0.47mK for the measurement};rg]e Useﬁ/; 0.82s e have described our first true-differential measurements
and the measurey EP(0) = 1.2 x 107" WHz~ /= of thermal conductances of a micron-scaled object at low

Figure 7 shows measured conductanCgs, Go, andG12  temperatures using microstrip-coupled TES thermometrg. T
as a function of temperature. Representative error bars femperature precision is already significantly greaten that
G12 determined from the variance of repeated measuremeathievable with JNT with the same measurement time. The
are indicated. We can now estimate the magnitude of theeasurements are rapid and easily calibrated. The achieved
error in Gy, and Gg,. The maximum temperature differenceprecision already strongly suggests that the thermal prams
occurs neab00 mK wheredT, ~ 5mK is greatest. We find characteristics of the nitride structure are not describgd
€ ~ 0.2%, but less than this over most of the temperaturimple power-law across the temperature rafgé to 1.5 K.
range. This is considered acceptable. We also show the vatie device under test can be fabricated without additional
ation with temperature i7 = kT with k a constant. The metalization for wiring. It should be straight-forward to-i
dotted lines show dependencig¢s= 1 and 2. There is a strong clude specific layers on the nitride test structure to measur
suggestion here that a simple power law does not account figirticular thermal properties in a controlled manner. la th
the conductance across this measurement range. At theshighgture we expect to be able to explore the temperature depend
temperatureg} > 2, at the lowest3 < 2. A reduction of the ence of heat capacities of thin films such $i), including
exponent may be expected at low temperatures if domingsgssibly measurements of time dependent heat capacity. We
phonon wavelengths start to become comparable to theeitrigill explore the effect on conductance of superposed layers
thickness. The single dot in Fig. 7 is the measutég:s for for example, does thermal conductance in thin multilayers
one of the TESs obtained in the standard way by measurirglly scale as total thickness? We also see the possibflity
the power plateau in the ETF region of the current-voltag&ploring the engineering of the nitride to realise phononi
characteristic as a function of the bath temperature. Thiles structures, to achieve reductions of the conductance ipaem

point represents approximately 2 hours of data taking. Byitride structures needed for the next generation of udva-
contrast the conductances to the b@th, G2, plotted in Fig. 7 noise detectors.

are found from 500 measurements of temperature acquired in
15 minutes. A comparable acquistion time measdteswith ACKNOWLEDGMENT
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