
Chapter 3

Transition-Edge Sensor D etails

There is a legacy of success with Transit ion-Edge Sensors as part icle detectors. They

have been used to achieve the best energy resolut ion for a photon-count ing spectrome-

ter in the soft x-ray,22 improve the discriminat ion capabilit ies of detectors for dark matter

searches,23, 24 and give excit ing encouragement for their use as high-performance devices for

astronomy.25 In all cases, the development e! orts on TES technology have been met with

success rapidly.

At Stanford, in collaborat ion with Sae Woo Nam and John Mart inis at the Nat ional

Inst itute for Standardsand Technology (NIST), we have developed a TES system opt imized

for single photon spectroscopy at opt ical energies. Design began on the Þrst devices in

March of 1997 and by October we had successfully detected our Þrst photons using an LED

as a light source. By November 1997, after adding a Þber-opt ic feed into the cryostat ,

we had achieved a resolut ion of 0.15eV FWHM at 1eV. Such quick success is reassuring

when at tempt ing to prove a new technology in a Þeld with a well-established compet ing

technology! .
! For those interested, a detailed t ime line of accomplishments for this project is given in Appendix C.
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20 CHAPTER 3. TRANSITION-EDGE SENSOR DETAILS

3.1 Background on T ES Technology

The TES devices we have used for opt ical detect ion are composed of a thin Þlm of tungsten

(W), nominally 35nm thick, pat terned on a standard silicon substrate. When successfully

prepared according to the procedure out lined in Sect ion 3.3, our Þnal W-Þlms have a Tc in

the range of 70Ð100mK. Electrical connect ion to the devices is made through (photolitho-

graphically deÞned) aluminum bias traces or ÒrailsÓ with a typical thickness of 150nm.

Since these rails are superconduct ing below ! 1K they are convenient in maintaining a low

lead resistance for the TES to SQUID wiring and act to conÞne heat in the act ive sensor

region. Shown in Figure 3.1 is a photo of a few ! 20µm square pixels with 1µm wide bias

rails, as labeled.

10µm

Al bias rails
W-TES

Figure 3.1: Photograph of 20µm " 18µm opt ical photon detector with W sensor and 1µm wide Al
voltage rails.
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3.1.1 T hermal/ Elect r ical M odel

Pγ

Te

Tph

gsub

gW " Si

ge" ph

Tbath

PJoule
We

Wph

Siph

Heat Sink

TSi

Figure 3.2: Thermal model of a Transit ion-Edge Sensor showing a Joule-heat ing bias power PJoule ,
incident photon power Pγ , and a weak thermal link ge! ph . At typical t ransit ion temperatures
ge! ph # gW ! Si and ge! ph # gsub ensuring all elements inside the dot ted box are at a temperature
of Tbath .

Shown in Figure 3.2, the thermal model of our W-TES is seen to be similar to that of

the simple bolometer presented in Sect ion 2.5. In place of the simple absorber, however,

is a more complicated set of heat capacit ies and thermal conductances. As discussed in

detail later, the dominant thermal impedance is ge" ph , i.e. the thermal bot t leneck for heat

deposited in the elect ron system, is between the elect ron system and the phonon system of

the W itself. Since the transit ion is only about a millikelvin wide, accurately and stably

biasing the device into the transit ion region is necessary for operat ion. With such a bias, Te

(the temperature of the elect ron system) will be at Tc (! 100mK) and the temperature of

the W phonon system Tph and the substrate phonon system TSi will be at the temperature

of the bath (< 40mK).

Since we are in an electron-phonon decoupled regime we require the use of a biasing
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technique which is able to inject power direct ly into the elect ron system of the TES, rather

than thephonon system. A heater which iscoupled only thermally to thesamplewould raise

Tph in addit ion to Te, an undesirable arrangement for the proper operat ion of our devices.

For an external heater to be used e! ect ively we must couple the heater resistor elect rically

to the sample so that the dominant heat ing term is direct ly through the electron system.

Such independent-heater techniques have been designed and tested for biasing devices used

for the detect ion of x-rays.17 When compared to the self-stabilizing elect rothermal feed-

back discussed below, independent-heater biasing can provide more control over the biasing

parameters for a device but has the drawback of requiring addit ional heater wires and bias

control circuit ry for each pixel.

In 1995, Kent Irwin proposed a bias techniquewhich usesresist iveheat ing in theelectron

system of the TES it self as the bias heater.19 This technique provides a convenient mecha-

nism for delivering power to the elect ron system direct ly and eliminates the requirement for

external heaters and heater wires. However, it is arguable that the most signiÞcant beneÞt

of using such self-heat ing in biasing the devices is the self-regulat ion which each device

performs within its own electrothermal system great ly easing the temperature-regulat ion

and Þlm-Tc requirements, as discussed below.

In order to understand qualitat ively how this self-regulat ion works, assume the TES

starts in a biased state in its superconduct ing transit ion. The TES has a Þnite resistance

R and is being maintained at the transit ion temperature due to an applied voltage across

this resistance. The voltage drop across the device will apply a Joule power PJoule = V 2/ R

direct ly to the tungsten elect ron system, We. Since dR/ dT has posit ive slope, any increase

in temperature will increase the resistance and, due to the constant voltage being applied

to the device, the PJoule will drop proport ional to 1/ R. This decrease in Joule power acts to

cool the sensor back toward the bias point . Correspondingly, a decrease in temperature will

decrease the resistance and heat the sensor. This self-regulat ing Òelectrothermal feedbackÓ

(ETF) obviates the need for precise thermal control via external means and simpliÞes device

operat ion great ly. Thee! ect iveness of ETF hasenabled TESperformanceto rapidly surpass
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that of exist ing technologies.

To understand ETF and its consequences to device operat ion it is illuminat ing to review

the details of TES physics. The standard di! erent ial equat ion is

Ce
dT
dt

=
V 2

R(T)
$ ! (Tn $ Tn

s ), (3.1)

where Ce is the electronic heat capacity, T is the elect ron temperature and Ts the substrate

(and bath) temperature. V is the voltage across the TES, R(T) is the resistance of the TES,

! is the thermal coupling constant , and n is the thermal coupling power-law exponent in the

range of 4Ð6 depending on the coupling model. In steady-state the power input provided

by the voltage bias balances the ßow of power out of the sample into the bath, that is

V 2

Ro
= ! (To

n $ Tn
s ), (3.2)

where To and Ro are the steady-state temperature and resistance, respect ively. To Þrst

order, this quiescent power dissipat ion is independent of device bias point since To is nearly

Tc throughout the bias region and ! , Ts, and n are constant .

An incoming photon with energy E! is absorbed by an electron in the tungsten which

rapidly (few ps) dist ributes itsenergy to theent ireelect ron system26 raising the temperature

by " T = E! / Ce. Equat ion 3.1 may be expanded to Þrst order in " T as

Ce
d" T

dt
=

V 2

Ro
$ ! (To

n $ Tn
s ) $

V 2

Ro
2

dR
dT

" T $ n! Tn" 1
o " T. (3.3)

From Equat ion 3.2 the Þrst two terms cancel. If we set g = n! Tn" 1
o , " = (To/ Ro)(dR/ dT),

and Po = V 2/ Ro, we obtain the following di! erent ial equat ion

d" T
dt

= $
!

Po

ToCe
" +

g
Ce

"
" T (3.4)
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which can be seen to have a simple exponent ial solut ion with t ime constant

#etf = Ce

!
Po

T
" + g

" " 1

. (3.5)

By subst itut ing back Po = ! (To
n $ Tn

s ) and g = n! Tn" 1 we reach an equivalent expres-

sion

#etf = #o

#
1 +

"
n

!
1 $

Tn
s

Tn
o

" $ " 1

. (3.6)

where #o = Ce/ g, the int rinsic thermal recovery t ime in the absence of a bias power. We can

further simplify this expression by not ing that when biasing in the strong electrothermal

feedback regime, Ts # To and " is typically 25 or more! . This allows the recovery t ime to

be expressed simply as

#etf =
n#o

"
. (3.7)

The e! ect of ETF on pulse recovery t ime is now quite apparent . Assuming n = 5, as

discussed below, pulse shortening by a factor of Þve is easily accomplished and is further

enhanced by high-" superconduct ing Þlms.

The full solut ion for the exponent ial decay of an small impulse increase in temperature

becomes

" T(t) =
E! $
Ce

e" t/ "et f , (3.8)

where E! is the incoming photon energy, $ is the fract ion of photon energy deposited

in the elect ron system following the photoelect ron cascade, and Ce is the elect ronic heat

capacity. In the approximat ion that the quiescent power dissipat ion is constant , all of the

heat deposited into the elect ron system in excess to the bias power is removed by the ETF
! Values of α as high as 1000 have been measured in some of the Þrst tungsten TES devices in the

low-current limit .20 With higher currents (required for device biasing) α is typically < 200.27
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reduct ion in Joule heat ing.

Cast ing Equat ion 3.8 in terms of sensor power dissipat ion we get a simple exponent ial

" P(t) = $ " Poe" t/ "et f (3.9)

where " Po = $ V 2

R2 " Ro is the init ial drop in power due to the increase in sensor resistance

(and temperature). Since " P is also equal to V á" I (ideally with V constant and known)

we integrate our current signal to measure E! $! . The decay is a simple exponent ial which

integrates to E! $ = " Po#etf . Addit ionally, since we have control over the input energy

we can independent ly measure $. From our tests with ÒenhancedÓelectrothermal feedback

a value of $ = 0.42 was determined.28 The impact of this collect ion e# ciency on energy

resolut ion is discussed later in Sect ion 3.2.
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Figure 3.3: Measured power dissipat ion of a 25µm

square TES as a function of temperature.

In looking at the W-TES thermal

model, I would like to just ify our choice

of n = 5. The acoust ic mismatch

model for heat ßow between two ma-

terials29 gives a power-law exponent of

n = 4. However, since the tempera-

ture of the W is much lower than the

Debye temperature (! 390K) we are in

a regime of st rong e-ph decoupling. As

a consequence we could expect n = 5

from bulk-metal e-ph scat tering calcula-

t ions.30 Not surprisingly, however, the

coupling strength can vary depending

on the part icular Þlm and temperature

range of interest31 so, in pract ice, the value of n should be measured for the material and

relevant temperature regime.
! The subt let ies of this integrat ion when V is not constant are discussed more fully in Sect ion 3.1.4.
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So, an experiment was performed in which the sensor power dissipat ion was measured

while varying the substrate temperature, the results of which are shown in Figure 3.3 on the

previous page. The data were Þt to a curve of the form P = ! (Tc
n $ Ts

n) where ! , Tc, and n

were free parameters. As noted in the Þgure inset , the result ing least-squares Þt parameters

are ! = (2.26± 0.01) " 10" 8 W
K 5 , Tc = 70.4± 0.1mK, and n = 4.986± 0.003. Theseerror limits

arestated based on thestat ist ics of the least-squares minimizat ion. In reality thesystemat ic

errors on the base temperature and sensor-power measurements dominate the uncertaint ies.

Nevertheless, the obtained value for n validates our assumpt ion of elect ron-phonon limited

heat conduct ion. The transit ion temperature of the Þlm was measured independent ly to be

within a few mK of 68mK and the obtained value of ! agrees with our thermal conductance

measurements of related devices.

Since the measured value for n is that expected for elect ron-phonon limited thermal

conduct ivity, we expect est imates of the W- Si phonon conduct ion gW " Si to be much

larger than ge" ph. The expected thermal conduct ion from the W phonon system to the Si

phonon system can be est imated using the acoust ic mismatch model.29 A quick calculat ion

gives gW " Si %60pW/ K . This conduct ivity is signiÞcant ly larger than ge" ph = 2.8pW/ K

calculated from the measured ! above, as ant icipated.

The above est imate is valid for the low-temperature steady-state biasing condit ions

of our TES devices. During the photon thermalizat ion process, however, the W electron

system cascades down through much higher temperatures! . Because of the di! ering power-

law exponent to the thermal conduct ion, there exists a crossover temperature, T# , at which

the two thermal conduct ivit ies are comparable. Set t ing gW " Si = ge" ph ,

60
pW
K

!
T

70mK

" 3

= 2.8
pW
K

!
T

70mK

" 4

(3.10)

and solving for T gives T# % 1.5K. The conclusion is that phonons with energy greater

than ! 1.5K are not conÞned to the W electron system and can escape into the substrate

unmeasured, thereby degrading the energy resolut ion of the sensor.
! The ÒtemperatureÓof the init ial 1eVphotoelect ron is ! 104 K.
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3.1.2 B iasing and Readout

" 100

TES

Ibi as

Isensor

Rbi as

Vout

Rfb

Figure 3.4: TES bias circuit with SQUID readout . I bi as is applied from room-temperature and is
shunted through a small Rbi as to voltage bias the TES. The signal (I sensor ) is read out using an
array of 100 dc SQUID ampliÞers run in ßux-locked feedback mode through feedback resistor Rfb.

To avoid the challenges of using low-resistance bias lines to thedetectors, voltage biasing

is accomplished using a room-temperature current source followed by a small cold bias

resistor in parallel with the TES, as shown in Figure 3.4. By design, Rbias should be much

smaller than Rsensor to create a st i! voltage bias across the series combinat ion of theSQUID

input coil and the sensor. Since the input coil is superconduct ing it has no dc voltage drop.

By running in ßux-locked mode the SQUID output is linearized such that the feedback

signal is proport ional to I sensor .

Figure 3.5 on the next page shows a typical current-voltage curve for an opt ical TES

device. Shown are two regimes for the deviceÑ superconduct ing and biased. When the TES

is superconduct ing the sensor current changes rapidly with applied bias current since it is

limited only by the parasit ic lead resistance (! 5m$ for this device). Eventually, as I bias is

increased, the sensor crit ical-current (! 19.7µA) is exceeded and the sensor quickly ÒsnapsÓ

into a resist ive state. If I bias is further increased thesensor may bedriven completely normal
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(Rn %5$ / ! for our Þlms).
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Figure 3.5: TES I V curve detail plot ted as I sensor

vs. I bi as for posit ive I bi as . The slope to the super-

conduct ing line is due to a lead resistance of ! 5m$ .

Once the sensor is resist ive it dissi-

pates power. When the sensor is nor-

mal, the power dissipat ion is quadrat ic

in V since R is constant , Po = V 2/ R =

const . When the bias voltage is re-

duced and the sensor begins self-heat ing

in the superconduct ing-to-normal t ran-

sit ion, the power dissipat ion becomes in-

dependent of I bias and is constant , as

discussed in Sect ion 3.1.1. In this mode

the sensor resistance is quadrat ic in V ,

R = V 2/ Po. When the bias is reduced

further, eventually the sensor resistance

becomes comparable in value to Rbias.

This prevents the bias resistor from pro-

viding adequate st i! ness to the voltage bias (e! ect ively moving toward current biasing)

and the sensor snaps into the superconduct ing state, seen in Figure 3.5 near the point

I bias = 8µA, I sensor = 1.8µA

3.1.3 D evice Sat urat ion

From the descript ion of TES behavior given in Sect ion 3.1.1 we should expect that , in the

small-signal limit , the t railing edge of our pulses should be able to be characterized by a

decaying exponent ial. In the analyses to this point I have made approximat ions appropriate

to a device operat ing in this small-signal limit . These approximat ions are valid for small

temperature excursions in which the change in sensor resistance is small compared with

the normal-metal resistance, Rn. Since Rn is a hard upper bound on the TES resistance,

there is a well-deÞned saturat ion regime where the power ÒremovedÓby ETF is a maximum
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and is constant . Figure 3.6 shows the variat ion in signal pulse shape as the input energy is

increased unt il the temperature excursions are a good fract ion of the transit ion width and

thesensor is driven completely into thenormal state. Theonset of saturat ion is labeled with

the equivalent photon energy (Esat ) which is the minimum input energy which saturates

the sensor. For our ! 20µm sensors at 70mK, Esat %5eV. The TES remains saturated

unt il the temperature of the sensor drops into the transit ion region, ETF kicks in, and the

sensor signal resumes its exponent ial decay. The ETF t ime constant for this device was

under 10µs as evidenced by the smallest pulses.
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Figure 3.6: Averaged heatpulses into a 25µm TES.

Flat tening of the pulses is apparent for the highest

energies, with a saturat ion power of ! 43 fW. The

inset shows the sensor linearity for peak-height (+ )

and pulse integral (&).

Interest ingly enough, the heat being

removed from the TES during satura-

t ion is st ill being monitored by the sen-

sor current and, as long as the pulses are

relat ively short compared to the int rinsic

thermal recovery t ime #o (Sect ion 3.1.1),

the integral of the ETF power is stil l

the init ial energy deposited in the W

electron system. Consequent ly, though

thepulseheight reaches a maximum, the

pulse width increases with energy above

Esat to preserve the integral. This e! ect

is illust rated in the inset of Figure 3.6,

where the heights and integrals of the

saturated pulses are used to est imate the input energy. The pulse height alone is insu# -

cient to determine the input energy, as indicated by the severe non-linearity above a relat ive

input energy of ! 0.5. The integrated pulses show a much bet ter linearity well into satura-

t ion.
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3.1.4 Consequences of a Finit e I nput Coil I nduct ance

To this point , no ment ion has been made of the limits to the pulse rise-t ime. A Þnite-

element model of a 20µm square TES using conservat ive values for heat conduct ion across

the device indicates that a photon event will be fully thermalized in under 300ns.This t ime

is su# cient ly short to allow the pulse rise-t ime to be limited by the L /Rloop t ime constant

arising from the SQUID input coil inductance in series with the TES. Considering the

circuit model shown in Figure 3.4 on page 27, we can see that the appropriate value of Rloop

to use in the rise-t ime calculat ion is the sum of all of the resistances in the bias loop. This

cumulat ive loop-resistance will vary depending on the TES bias point , but will, in general,

be dominated by the TES resistance. For typical values of L %250nH and Rloop %100m$

the calculated pulse rise-t ime #calc is 2.5µs. We Þnd, however, that measured rise-t imes

are always much smaller than expected. For instance, even reducing the loop resistance

to Rloop = 30m$ , the expected rise-t ime #calc should be greater than 8µs. Nevertheless,

the measured rise-t ime is ! 1µs. A empirical non-ohmic model of the sensor resistance has

been used to reproduce such behavior,28 however this e! ect must be invest igated further.

In addit ion to a! ect ing the pulse rise-t ime, the SQUID inductance can couple (through

the device current) to the TES thermal system. In the analysis of Sect ion 3.1.1 the induc-

tance of the SQUID input coil was neglected. A more complete t reatment must provide

for the e! ect of the Þnite input-coil inductance in the elect rothermal model. Recalling

Equat ion 3.1 on page 23,

Ce
dT
dt

=
V 2

R(T)
$ ! (Tn $ Tn

s ), (3.11)

I made theassumpt ion that thesensor voltage biaswas constant throughout thepulseevent .

However, the proper quant ity to preserve as constant is the voltage drop across the series

combinat ion of the SQUID input coil and the TES. Now, instead of remaining constant ,
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the voltage drop across the TES assumes the form

V = L
di
dt

+ iR. (3.12)

Equat ions3.11 and 3.12 are two coupled di! erent ial equat ionswhich describethe interact ion

between the SQUID inductance and the TES heat capacity. The existence of both an induc-

tance and a (heat) capacitance in this circuit leads to the possibility of oscillatory behavior.

By linearizing these two equat ions about the steady-state operat ing point Sae Woo Nam,

in his thesis, analyt ically derives the condit ion for such Òelect rothermal oscillat ionsÓ.21
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Figure 3.7: Numerical modeling of the response of an

opt ical TES due to an impulse inject ion of energy.

Of course, these coupled equat ions

can be solved numerically to model the

dynamic response of our devices with-

out making small-signal approximat ions.

These numerical models can give a view

of internal parameters of the system not

available for measurement independent

of the device current . Figure 3.7 shows

the result of modeling the device re-

sponse to a impulse input of energy with

init ial condit ions appropriate for a prop-

erly biased sensor. The upper t race

shows the current through the device

during an absorpt ion event at t = 5µs.

Since the current through the device is

also the current through the SQUID in-

put coil, it is our measurable signal. Typically we invert the signal and deÞne the leading

edge as the rise and the trailing edge as the fall of the pulse. The e! ect of the input-coil

inductance can be seen in this current signal as a slow rise-t ime to the leading edge! . The
! A non-ohmic model of device behavior has not yet been implemented into this calculat ion.
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device parameters used for this simulat ion are given in Appendix B.

The middle and lower t races in the Þgure show the instantaneous resistance and Joule

heat ing of the sensor, respect ively. In these two traces the more subt le e! ects of a Þnite

inductance are made apparent . When the TES absorbs a photon its temperature and

resistance increase on a t ime-scale short with respect to the L / R. This fast tempera-

ture/ resistance rise is seen in the middle t race as the instantaneous step in resistance from

! 0.18$ to ! 0.33$ at t = 5µs. In the absence of a series inductance this rapid change

in resistance would decrease the sensor current immediately reducing the Joule heat ing.

The series inductor, however, prevents this from happening on a fast t ime-scale and instead

acts as a high-impedance current source and thus it maintains a steady current ßow, even

though the sensor resistance is now much higher than the quiescent resistance. The result

is that the inductor prevents elect rothermal feedback from cooling the device and actually

heats the elect ron system for a short t ime, as evidenced by the V 2/ R heat ing (lower t race).

Since this addit ional heat must be eventually removed via ETF and measured, it acts as a

small increase in our photon energy est imate. In the case shown here the heat injected by

the inductor causes an overest imate of the true init ial energy deposit ion by 15%.

This overest imate must be taken into account when we determine the e# ciency of heat-

ing the elect ron system during the absorpt ion event and subsequent elect ron cascade. This

e# ciency, called $ in Sect ion 3.1.1, is important for correct theoret ical energy resolut ion

est imates. To date the only careful calculat ion of $ was done during Sae Woo NamÕs de-

velopment of the EETF technique.28 It is quite important that further work be done to

correct ly account for the heat-inject ion gain in our devices. In order to do this correct ion

properly measurements must be made of the true SQUID inductance, which is current ly

being est imated at 250nH. Addit ionally, there exist relat ively signiÞcant thermal volt -

age o! sets in the cryostat which skew the determinat ion of the device bias current if not

measured and taken into account .

Finally, it is interest ing to push the simulated device into other operat ing regimes. In
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Figure 3.8: Numerical simulat ions of a biased TES showing (a) pulse ÒringingÓ and (b) self-
sustaining electrothermal oscillations.

the model, as when biasing the actual devices, the detector voltage bias can be lowered suf-

Þcient ly to allow self-sustaining oscillat ions. Before the emergence of full-on elect rothermal

oscillat ions there appears ÒringingÓon the pulse tails, as shown in Figure 3.8(a). Not ice

the slow baseline undershoot in the output current pulse (a baseline overshoot in the true

device current). As the device bias is pushed lower, the post-pulse ringing takes longer

and longer to decay. Eventually, when the bias is lowered su# cient ly, the ringing does not

damp out but grows to a stable amplitude or, at even lower bias, grows slight ly each cycle

unt il the device snaps superconduct ing and all act ion ceases. A modeled situat ion of stable

self-sustaining oscillatory behavior is shown in Figure 3.8(b) with a t ime-base Þve t imes

longer than in Figures 3.7 and 3.8(a) to show mult iple periods. At such a high oscillat ion

amplitude the sensor nonlinearit ies can be seen as a peak-like periodic current signal! . Note

that the y-scale of Figure 3.8(b) was also adjusted to allow for the much larger current and
! At low oscillat ion amplitude the oscillat ions become much closer to sinusoidal.
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resistance swings during the elect rothermal oscillat ions than during a typical pulse.

3.2 Energy Resolut ion L imit s

In this sect ion the impact of thecontrollable parameters on Þnal device resolut ion isstudied.

Since we are interested in an est imate of the intr insic device resolut ion, I will neglect noise

sources arising from pick-up, microphonics, and ampliÞer noise. We have the ability, in

principle, to eliminate these sources of noise from the system. Thus, I will analyze only the

noise int rinsic to the thermal and electrical system. Since detailed analyses of the int rinsic

resolut ion of bolometer systems have been thoroughly covered in other sources32, 33 and

have been applied to TES systems in part icular20, 21 I will review the work relevant to our

devices in speciÞc.

3.2.1 Phonon N oise

The model of our TES devices is a heat capacity Ce at temperature Tc connected to a

thermal bath (substrate) at temperatureTs through a thermal link with conductanceg, as in

Sect ion 3.1.1. The tungsten elect ron system exhibits temperature ßuctuat ions due to power

ßuctuat ions through the thermal conductance to the phonon system. This Òphonon noiseÓ

can be shown to be the dominant int rinsic noise in a TES with elect rothermal feedback due

to the suppression of Johnson noise.20, 32 In the high-" limit (" / n ' 1) and Tn
c ' Tn

s the

e! ect of phonon-noise ßuctuat ions on the energy resolut ion is given as19

" Erms =
%

4kbCeT2
c " " 1

&
n/ 2 (3.13)

and, assuming gaussian noise, " Efwhm = 2
(

2ln 2" Erms. This equat ion is frequency inde-

pendent and is valid for the frequency band over which ETF operates (i.e. %< 1/ #etf ).

Asseen in Sect ion 3.1.1 theW electronic heat capacity playsa crucial role in determining

the device behavior. A heat capacity that is too low will cause the temperature excursion

during an event to exceed the width of the superconducting transition, causing device
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saturat ion (discussed in more detail in Sect ion 3.1.3). A heat capacity that is to high will

result in a temperature change during an event that is too small to be accurately measured

above the thermal ßuctuat ions in the device. Equat ion 3.13 quant iÞes these ßuctuat ions

for a given heat capacity, t ransit ion temperature, and Þlm " .

Equat ion 3.13 may be cast in terms of useful measurable device parameters. We deÞne

the maximum energy that ETF can remove with characterist ic t ime #etf , the saturat ion

energy, as Esat = Po#etf . Under the assumpt ion of st rong electrothermal feedback (high-" ,

Tn
c ' Tn

s ), we Þnd that Esat = CeTc" " 1. Thus, Equat ion 3.13 is equivalent to

" Erms =
%

4kbTcEsat

&
n/ 2 =

%
4kbTcPo#etf

&
n/ 2. (3.14)

A simple est imate of device resolut ion can be made using realist ic values of Esat = 10eV,

Tc = 80mK, and n = 5 to obtain " Efwhm % 0.05eV. Since our energy collect ion is not

complete, as noted in Sect ion 3.1.1, our e! ect ive energy resolut ion dropsproport ionally with

collect ion e# ciency $. Our e! ect ive resolut ion for such a device is thus " Ee! = " Efwhm / $.

Using thevalueof $ = 0.42, weobtain an expected resolut ion of " Ee! %0.12eV independent

of photon energy. Our measured device resolut ion is ! 0.15eV at a photon energy of 1eV

and degrades slight ly to ! 0.2eV at 3eV.

3.2.2 A n I mproved N oise M odel

The above noise descript ion allows an est imate of the int rinsic device-limited resolut ion

of our sensors, however such a model does not consider the noise contribut ion from other

elements in the TES circuit . An improved model of the measured noise of a biased TES,

including its bias circuit , was recent ly developed by Enectali Figueroa-Feliciano working

at NASA Goddard Space Flight Center. A detailed discussion of this work is forthcom-

ing.34 The following discussion is a summary of what I will call the ÒFigueroa modelÓfor

calculat ing the resolut ion of TES systems.

In the Figueroa model, no constraints are imposed on the values of " , Tc and Ts, nor

are any assumpt ions made regarding the frequency band of interest . This leads to a much
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more complicated noise model, but one which can account for noise sources internal to the

TES itself, such as phonon noise and Johnson noise, as well external sources such as the

Johnson noise from the bias resistor (Rbias in Figure 3.4 on page 27). In fact , in its full

form the model can handle mult iple TES devices coupled to each other and to other thermal

loads. Such a noise model may need to be considered when thermal absorbers are used in

connect ion with these single pixels (e.g., Au-black) unless the thermal impedance between

the absorber and TES is negligibly small. For now, we are just iÞed in using the model

for the simplest ETF-TESÑ a single pixel with no external absorber coupled only to the

thermal bath and biased using a small shunt resistor.

The punch-line of the Figueroa derivat ion for this situat ion is the following expression

for sensor resolut ion:

" Er ms =

'(
(
(
) 4kbT2

c Ce

"

'(
(
) n

&
(1 + r )

*
1
2

!
1 +

T2
s

T2
c

"
+

n
" 2&

+

1 + r
!

1 +
" &
n

" 2
,-

(3.15)

where & = 1 $ T n
s

T n
c

and r = (RbiasTbias)/ (RoTc). Rbias and Tbias are the resistance and

temperature of the bias resistor, respect ively, and Ro is quiescent operat ing resistance of

the TES. Imposing the limits of high-" , Tn
c ' Tn

s , and zero noise-temperature of the bias

resistor (r ) 0), Equat ion 3.15 can be seen to reduce to Equat ion 3.13 as expected.

Cont inuing the example from the previous sect ion we can est imate the e! ects of the

bias resistor on the e! ect ive sensor resolut ion. If we Þrst assume a conÞgurat ion in which

a small bias resistor is placed on the cold stage, Rbias = 5m$ and Tbias = Ts = 40mK.

Using a typical sensor operat ing resistance of ! 50m$ and " = 20, then Equat ion 3.15 gives

" Ee! %0.13eVÑ not a signiÞcant modiÞcat ion to thesimpleest imate of 0.12eV madeusing

Equat ion 3.14.

However, if we assume a conÞgurat ion in which the bias resistor is doubled to 10m$ and

moved to the 1K pot , the situat ion changes signiÞcant ly. With the same values for all of

the quant it ies except now Rbias = 10m$ and Tbias = 1.4K , we get a signiÞcant degradat ion

in resolut ion to " Ee! % 0.23eV. We now have evidence that this e! ect is the source
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of our performance degradat ion since the inst rumentat ion of mult iple-pixels, discussed in

Sect ion 5.2.2.

Though this model improves our est imate of the electrical and thermal noise sources,

in my treatment it does not provide for the addit ional non-white noise mechanisms which

may be signiÞcant . These mechanisms include nonuniform ßux-ßow across the sensor, the

low-bias onset of elect rothermal oscillat ions, and posit ion-dependent energy loss within a

pixel. Further experiments need to be done to determine the extent to which such noise

sources manifest themselves in our devices.

3.3 D evice D esign and Fabr icat ion

Our TES devices are composed of a 35nm thick high-purity W act ive area and 150nm

thick Al bias rails fabricated on standard 4-inch diameter silicon wafers. The devices are

created using a standard two-mask CMOS-compat ible photolithographic process out lined

in Figure 3.9 on the following page. The wafers are cleaned using a standard RCA wafer

clean before metalizat ion in a Balzers 400-series planar magnetron sput tering system. A

short (2min) RF etch is performed as a Þnal substrate clean before metalizat ion. The Þrst

layer is the 150nm layer of Al. A 35nm thick Òinact iveÓlayer of W is deposited on the Al

immediately following, to ensure good electrical connect ivity between the layers.

The wafers are then removed from the sput tering system and spin-coated with 1µm

thick Shipley 3612 posit ive resist to give the layered structure in Figure 3.9(a). Using the

Þrst mask with an Ult raSTEP 1000 Ult ratech stepping aligner, the photoresist is exposed

to deÞne regions which will eventually become the Al bias rails. The W is wet-etched to

expose the Al and allow it to be wet-etched as well. The thickness of Al allows the wet etch

to undercut the W (Figure 3.9(b)); a Þnal W etch is performed to remove this W overhang.

Note that the isotropic wet-etch of the Al leaves sloped side-walls to aid in adequate step-

coverage of the Þnal W layer. The wafers are then put back into the Balzers sput tering

system. An RF etch is again performed to remove any oxide on the W prior to deposit ion of

the Òact iveÓW layer over the exist ing features (Figure 3.9(c)). The second and Þnal mask


