Chapter 3

Transition-Edge Sensor D etalils

There is a legacy of success with Transition-Edge Sensors as particle detectors. They
have been used to achieve the best energy resolution for a photon-counting spectrome-
ter in the soft x-ray,?? improve the discrimination capabilities of detectors for dark matter
searches,?®24 and give exciting encouragement for their use as high-performance devices for
astronomy.?® In all cases, the development e! orts on TES technology have been met with
success rapidly.

At Stanford, in collaboration with Sae Woo Nam and John Martinis at the National
Institute for Standards and Technology (NIST), we have developed a TES system optimized
for single photon spectroscopy at optical energies. Design began on the brst devices in
March of 1997 and by October we had successfully detected our brst photons using an LED
as a light source. By November 1997, after adding a Pber-optic feed into the cryostat,
we had achieved a resolution of 0.15eV FWHM at 1eV. Such quick success is reassuring
when attempting to prove a new technology in a beld with a well-established competing
technology' .

" For those interested, a detailed time line of accomplishments for this project is given in Appendix C.

19



20 CHAPTER 3. TRANSITION-EDGE SENSOR DETAILS

3.1 Background on TES Technology

The TES devices we have used for optical detection are composed of a thin PIm of tungsten
(W), nominally 35nm thick, patterned on a standard silicon substrate. When successfully
prepared according to the procedure outlined in Section 3.3, our bnal W-bPIms have a T. in
the range of 70B100mK. Electrical connection to the devices is made through (photolitho-
graphically debned) aluminum bias traces or QrailsO with a typical thickness of 150nm.
Since these rails are superconducting below ! 1K they are convenient in maintaining a low
lead resistance for the TES to SQUID wiring and act to conbne heat in the active sensor
region. Shown in Figure 3.1 is a photo of a few ! 20um square pixels with 1um wide bias
rails, as labeled.
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Figure 3.1: Photograph of 20pum™ 18um optical photon detector with W sensor and 1um wide Al
voltage rails.
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3.1.1 Thermal/ Electrical M odel
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Figure 3.2: Thermal model of a Transition-Edge Sensor showing a Joule-heating bias power Pjqye,
incident photon power P,, and a week thermal link gei pn. At typical transition temperatures
Oet ph # Ow si and Qer ph # Osub ENsuring all elementsinside the dotted box are at a temperature
of Toath -

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 Section 2.5. In place of the simple absorber, however,
is a more complicated set of heat capacities and thermal conductances. As discussed in
detail later, the dominant thermal impedance is ge" pn, i.€. the thermal bottleneck for heat
deposited in the electron system, is between the electron system and the phonon system of
the W itself. Since the transition is only about a millikelvin wide, accurately and stably
biasing the device into the transition region is necessary for operation. With such a bias, Te
(the temperature of the electron system) will beat T, (! 100mK) and the temperature of
the W phonon system Ty, and the substrate phonon system Ts; 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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technigue which is able to inject power directly into the electron system of the TES, rather
than the phonon system. A heater which iscoupled only thermally to the samplewould raise
Tph in addition to Te, an undesirable arrangement for the proper operation of our devices.
For an external heater to be used € ectively we must couple the heater resistor electrically
to the sample so that the dominant heating term is directly through the electron system.
Such independent-heater techniques have been designed and tested for biasing devices used
for the detection of x-rays.!’ When compared to the self-stabilizing electrothermal feed-
back discussed below, independent-heater biasing can provide more control over the biasing
parameters for a device but has the drawback of requiring additional heater wires and bias
control circuitry for each pixel.

In 1995, Kent Irwin proposed a bias techniquewhich usesresistive heating in the electron
system of the TES itsdf as the bias heater.® This technique provides a convenient mecha-
nism for delivering power to the electron system directly and eliminates the requirement for
external heaters and heater wires. However, it is arguable that the most signibcant benebt
of using such self-heating in biasing the devices is the self-regulation which each device
performs within its own electrothermal system greatly easing the temperature-regulation
and PIm-T; requirements, as discussed below.

In order to understand qualitatively how this self-regulation works, assume the TES
starts in a biased state in its superconducting transition. The TES has a bnite resistance
R and is being maintained at the transition temperature due to an applied voltage across
this resistance. The voltage drop across the device will apply a Joule power Pjoue = V2/R
directly to the tungsten electron system, We. Since dR/dT has positive slope, any increase
in temperature will increase the resistance and, due to the constant voltage being applied
to the device, the P;qye Will drop proportional to 1/ R. Thisdecreasein Joule power actsto
cool the sensor back toward the bias point. Correspondingly, a decrease in temperature will
decrease the resistance and heat the sensor. This self-regulating Gelectrothermal feedback®
(ETF) obviatesthe need for precise thermal control via external means and simplibes device

operation greatly. Theel ectiveness of ETF hasenabled TES performanceto rapidly surpass
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that of existing technologies.
Tounderstand ETF and its consequences to device operation it isilluminating to review

the details of TES physics. The standard di! erential equation is

ar _ V2 n n
& = Ry S TS T, (31)

where Ce isthe electronic heat capacity, T isthe electron temperature and Ts the substrate
(and bath) temperature. V isthevoltage acrossthe TES, R(T) istheresistance of the TES,
I isthethermal coupling constant, and n isthe thermal coupling power-law exponent in the
range of 486 depending on the coupling moddl. In steady-state the power input provided
by the voltage bias balances the Row of power out of the sample into the bath, that is

V2

= = H(T"$ T, (32

(o]

where T, and R, are the steady-state temperature and resistance, respectively. To brst
order, this quiescent power dissipation isindependent of device bias point since T, is nearly
T¢ throughout the biasregion and !, Ts, and n are constant.

An incoming photon with energy E, is absorbed by an electron in the tungsten which
rapidly (few ps) distributesitsenergy to theentire electron system?® raisingthetemperature
by " T = Ei/Ce. Equation 3.1 may be expanded to brst order in " T as

V2 drR
Ro2dT

a'T

2
LI \é_o $1(T"$ T $ TSl TY T (3.3)

dt

From Equation 3.2 the brst two terms cancel. If weset g= n! T 1, " = (To/ Ro)(dR/ dT),

and P, = V2/ R,, we obtain the following di! erential equation

=$ + = "T (3.4)
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which can be seen to have a simple exponential solution with time constant

! .1

P
Hot = Ce ?"" +g9 . (35)

By substituting back P, = ! (To"$ T') and g= n! T"" ! we reach an equivalent expres-
sion
# ! "$.,

n Tsn

Hetf = Ho 14 - 1% Tn (3.6)

where#, = C¢/ g, theintrinsic thermal recovery timein the absence of a bias power. We can
further simplify this expression by noting that when biasing in the strong electrothermal
feedback regime, Ts # T, and " istypically 25 or more . This allows the recovery time to
be expressed simply as

n
g = 0, (37)
The el ect of ETF on pulse recovery time is now quite apparent. Assuming n = 5, as
discussed below, pulse shortening by a factor of bve is easily accomplished and is further
enhanced by high-" superconducting PIms.
The full solution for the exponential decay of an small impulse increase in temperature

becomes

"T(t) = %jé' Urar, (3.8)

where E, is the incoming photon energy, $ is the fraction of photon energy deposited
in the eectron system following the photoelectron cascade, and C, is the eectronic heat
capacity. In the approximation that the quiescent power dissipation is constant, all of the

heat deposited into the electron system in excess to the bias power is removed by the ETF

'Values of o as high as 1000 have been measured in some of the brst tungsten TES devices in the
low-current limit.2° With higher currents (required for device biasing) « is typically < 200.2”
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reduction in Joule heating.

Casting Equation 3.8 in terms of sensor power dissipation we get a simple exponential
"P(t) = $" Poe U'e (3.9)

where" Py = $ \Fé—i" Ry istheinitial drop in power dueto theincrease in sensor resistance
(and temperature). Since" P isalso equal toV &" | (ideally with V constant and known)
we integrate our current signal to measure E; $ . The decay is a simple exponential which
integrates to E; $ = " Po#ys. Additionally, since we have control over the input energy
we can independently measure $. From our tests with GenhancedOelectrothermal feedback
a value of $ = 0.42 was determined.?® The impact of this collection e# ciency on energy

resolution is discussed later in Section 3.2.

In looking at the W-TES thermal 0
model, | would like to justify our choice 351
of n = 5. The acoustic mismatch ol
model for heat RBow between two ma-
terials®® gives a power-law exponent of

n = 4. However, since the tempera- °2

ture of the W is much lower than the 15t ~measured
best fit:
Debye temperature (! 390K) we are in T n=4.986£0.003
10} Tc=70.420.1 mK
a regime of strong e-ph decoupling. As ! =(22620.01)" 10 WIK®

a consequence we could expect n = 5

from bulk-metal e-ph scattering calcula- 0 50 P 60 6 70
(K]

Tsubslrale
Figure 3.3: Measured power dissipation of a 25um
coupling strength can vary depending gquae TES asa function of temperature.

on the particular PIm and temperature

tions.3® Not surprisingly, however, the

range of interest3! so, in practice, the value of n should be measured for the material and

relevant temperature regime.

'The subtleties of thisintegration when V is not constant are discussed more fully in Section 3.1.4.
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So, an experiment was performed in which the sensor power dissipation was measured
while varying the substrate temperature, theresults of which are shown in Figure 3.3 on the
previous page. Thedatawere bt to acurve of theform P = I (T.,"$ Ts") where!, T., and n
were free parameters. Asnoted in the bgureinset, the resulting least-squares bt parameters
are! = (226 0.01)" 10° 8%, Tc = 70.4+ 0.1mK, and n = 4.986+ 0.003. Theseerror limits
arestated based on the statistics of the least-sgquares minimization. In reality the systematic
errors on the base temperature and sensor-power measurements dominate the uncertainties.
Nevertheless, the obtained value for n validates our assumption of electron-phonon limited
heat conduction. Thetransition temperature of the Plm was measured independently to be
within a few mK of 68 mK and the obtained value of ! agrees with our thermal conductance
measurements of related devices.

Since the measured value for n is that expected for electron-phonon limited thermal
conductivity, we expect estimates of the W- Si phonon conduction gw- si to be much
larger than ge- pn. The expected thermal conduction from the W phonon system to the Si
phonon system can be estimated using the acoustic mismatch model.?® A quick calculation
gives gw - si %60pW/ K. This conductivity is signibcantly larger than ge» o = 2.8pW/K
calculated from the measured ! above, as anticipated.

The above estimate is valid for the low-temperature steady-state biasing conditions
of our TES devices. During the photon thermalization process, however, the W electron
system cascades down through much higher temperatures . Because of the di! ering power-
law exponent to the thermal conduction, there exists a crossover temperature, Ty, at which
the two thermal conductivities are comparable. Setting gw " si = Ge" ph.

pW! T3 pW! T

60 — = 28—

K 70mK K 70mK (3.10)

and solving for T gives T4 % 1.5K. The conclusion is that phonons with energy greater
than ! 1.5K are not conbned to the W electron system and can escape into the substrate

unmeasured, thereby degrading the energy resolution of the sensor.

'The GemperatureOof the initial 1eVphotoelectron is! 10* K.
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3.1.2 Biasing and Readout
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Figure 3.4: TES bias circuit with SQUID readout. lyas is applied from room-temperature and is
shunted through a small Rpjas to voltage bias the TES. The signal (Isensor ) iS read out using an
array of 100 dc SQUID amplibers run in Bux-locked feedback mode through feedback resistor Ryp.

To avoid the challenges of using low-resistance bias linesto the detectors, 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, Ryias shauld be much
smaller than Reensor tO Createasti! voltage bias acrossthe series combination of the SQUID
input coil and the sensor. Since the input coil is superconducting it has no dc voltage drop.
By running in RBux-locked mode the SQUID output is linearized such that the feedback
signal is proportional to | sensor -

Figure 3.5 on the next page shows a typical current-voltage curve for an optical TES
device. Shown are two regimes for the deviceN superconducting and biased. When the TES
is superconducting the sensor current changes rapidly with applied bias current since it is
limited only by the parasitic lead resistance (! 5m$ for this device). Eventually, as | pias IS
increased, the sensor critical-current (! 19.7uA) is exceeded and the sensor quickly GnapsO

intoaresistivestate. If I 55 isfurther increased the sensor may be driven completely normal
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(Rh%5$%$/! for our bims).

10 : : : E

Once the sensor is resistive it dissi-

il ’ / | pates power. When the sensor is nor-

mal, the power dissipation is quadratic

Superconducting

in V since R is constant, P, = V2/R =

Critical Current

const. When the bias voltage is re-

Isensor[“'L\‘]
&

duced and the sensor begins self-heating
in the superconducting-to-normal tran-
sition, the power dissipation becomesin-

; Biased |
&\ 1 dependent of Ias and is constant, as

‘ discussed in Section 3.1.1. In this mode

R I I
bias ! the sensor resistance is quadratic in V,

Figure 3.5: TES |V curve detail plotted as | o
*"" R = V2/P,. When the bias is reduced

VS. lpias for positive lpias. The slope to the super-
further, eventually the sensor resistance

conducting lineisdueto a lead resistance of ! 5m$.
becomes comparable in value to Ryjas.
This prevents the bias resistor from pro-
viding adequate sti! ness to the voltage bias (e! ectively moving toward current biasing)
and the sensor snaps into the superconducting state, seen in Figure 3.5 near the point

I'bias = 8MA, l'sensor = L.BUA

3.1.3 Device Saturation

From the description of TES behavior given in Section 3.1.1 we should expect that, in the
small-signal limit, the trailing edge of our pulses should be able to be characterized by a
decaying exponential. In the analysesto this point | have made approximations appropriate
to a device operating in this small-signal limit. These approximations are valid for small
temperature excursions in which the change in sensor resistance is small compared with
the normal-metal resistance, R,. Since Ry, is a hard upper bound on the TES resistance,

thereis a well-debned saturation regime where the power QemovedOby ETF is a maximum
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and is constant. Figure 3.6 shows the variation in signal pulse shape as the input energy is
increased until the temperature excursions are a good fraction of the transition width and
the sensor isdriven completely into the normal state. Theonset of saturation islabeled with
the equivalent photon energy (Esat) Which is the minimum input energy which saturates
the sensor. For our ! 20um sensors at 70mK, Egy %05€V. The TES remains saturated
until the temperature of the sensor dropsinto the transition region, ETF kicks in, and the
sensor signal resumes its exponential decay. The ETF time constant for this device was

under 10us as evidenced by the smallest pulses.
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thermal recovery time#, (Section 3.1.1),
the integral of the ETF power is still

the initial energy deposited in the W

electron system. Consequently, though 0 20 a0 50 80 w0 120
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the pulse height reaches a maximum, the Figure 3.6: Averaged heatpulses into a 25um TES.
pulse width increases with energy above Flattening of the pulses is apparent for the highest
energies, with a saturation power of ! 43fW. The

Esa to preservetheintegral. Thise! ect
inset shows the sensa linearity for peak-height (+)

is illustrated in the inset of Figure 3.6,

and pulse integral (&).
where the heights and integrals of the
saturated pulses are used to estimate the input energy. The pulse height alone is insu# -
cient to determinetheinput energy, asindicated by the severe non-linearity above a relative
input energy of ! 0.5. Theintegrated pulses show a much better linearity well into satura-

tion.
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3.1.4 Consequences of a Finite Input Coil Inductance

To this point, no mention has been made of the limits to the pulse rise-time. A Pnite-
element model of a 20um square TES using conservative values for heat conduction across
the device indicates that a photon event will be fully thermalized in under 300ns.T histime
is su# ciently short to allow the pulse rise-time to be limited by the L /R o0p time 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 Rjqop
to usein therise-time calculation is the sum of all of the resistances in the bias loop. This
cumulative 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 R, %100m$
the calculated pulse rise-time #4c is 2.5us. We bnd, however, that measured rise-times
are always much smaller than expected. For instance, even reducing the loop resistance
to Rioop = 30m$, the expected rise-time #4c should be greater than 8us. Nevertheless,
the measured rise-time is! 1us. A empirical non-ohmic model of the sensor resistance has
been used to reproduce such behavior,?® however this el ect must be investigated further.

In addition to a! ecting the pulse rise-time, the SQUID inductance can couple (through
the device current) to the TES thermal system. In the analysis of Section 3.1.1 the induc-
tance of the SQUID input coil was neglected. A more complete treatment must provide
for the el ect of the Pbnite input-coil inductance in the electrothermal model. Recalling
Equation 3.1 on page 23,

ar _ v?

& " R $1(T"$ TN, (3.11)

I madethe assumption that the sensor voltage biaswas constant throughout the pulse event.
However, the proper quantity to preserve as constant is the voltage drop across the series

combination 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

d
V=Llog+iR. (3.12)

Equations 3.11 and 3.12 aretwo coupled di! erential equationswhich describetheinteraction
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 equations about the steady-state operating point Sae Woo Nam,

in his thesis, analytically derives the condition for such Gelectrothermal oscillationsQ?!

Of course, these coupled equations

0.3

can be solved numerically to model the

dynamic response of our devices with-
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Since the current through the device is Figure 3.7: Numerical modeling of the response of an

i optical TES due to an impulse injection of energy.
also the current through the SQUID in-
put coail, it is our measurable signal. Typically we invert the signal and debne the leading
edge as the rise and the trailing edge as the fall of the pulse. The €l ect of the input-coil

inductance can be seen in this current signal as a slow risetime to the leading edge’ . The

* A non-ohmic model of device behavior has not yet been implemented into this calculation.
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device parameters used for this simulation are given in Appendix B.

The middle and lower traces in the bgure show the instantaneous resistance and Joule
heating of the sensor, respectively. In these two traces the more subtle e! ects of a bnite
inductance are made apparent. When the TES absorbs a photon its temperature and
resistance increase on a time-scale short with respect to the L4 R. This fast tempera-
ture/ resistance rise is seen in the middle trace as the instantaneous step in resistance from
I 0.18% to! 0.33% at t = 5us. In the absence of a series inductance this rapid change
in resistance would decrease the sensor current immediately reducing the Joule heating.
The seriesinductor, however, prevents thisfrom happening on a fast time-scale and instead
acts as a high-impedance current source and thus it maintains a steady current Row, even
though the sensor resistance is now much higher than the quiescent resistance. The result
isthat the inductor prevents electrothermal feedback from cooling the device and actually
heats the electron system for a short time, as evidenced by the V2/ R heating (lower trace).
Since this additional heat must be eventually removed via ETF and measured, it acts as a
small increase in our photon energy estimate. In the case shown here the heat injected by
the inductor causes an overestimate of the true initial energy deposition by 15%.

This overestimate must be taken into account when we determine the e# ciency of heat-
ing the electron system during the absorption event and subsequent electron cascade. This
ett ciency, called $ in Section 3.1.1, is important for correct theoretical energy resolution
estimates. To date the only careful calculation of $ was done during Sae Woo Nam@ de-
velopment of the EETF technique.?® It is quite important that further work be done to
correctly account for the heat-injection gain in our devices. In order to do this correction
properly measurements must be made of the true SQUID inductance, which is currently
being estimated at 250nH. Additionally, there exist relatively signibcant thermal volt-
age o! sets in the cryostat which skew the determination of the device bias current if not
measured and taken into account.

Finally, it is interesting to push the simulated device into other operating regimes. In
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Figure 3.8: Numerical simulations of a biased TES showing (a) pulse QingingO and (b) self-
sustaining electrothermal oscillations.

the model, as when biasing the actual devices, the detector voltage bias can be lowered suf-
bciently to allow self-sustaining oscillations. Before the emergence of full-on electrothermal
oscillations there appears QingingOon the pulse tails, as shown in Figure 3.8(a). Notice
the slow basdline 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# ciently, the ringing does not
damp out but grows to a stable amplitude or, at even lower bias, grows dlightly each cycle
until the device snaps superconducting and all action ceases. A modeled situation of stable
self-sustaining oscillatory behavior is shown in Figure 3.8(b) with a time-base bve times
longer than in Figures 3.7 and 3.8(a) to show multiple periods. At such a high oscillation
amplitude the sensor nonlinearities 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 oscillation amplitude the oscillations become much closer to sinusoidal.
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resistance swings during the electrothermal oscillations than during a typical pulse.

3.2 Energy Resolution Limits

In this section theimpact of the controllable parameters on bnal device resolution is studied.
Since we are interested in an estimate of the intrinsic device resolution, | will neglect noise
sources arising from pick-up, microphonics, and ampliber noise. We have the ability, in
principle, to eliminate these sources of noise from the system. Thus, | will analyze only the
noise intrinsic to the thermal and electrical system. Since detailed analyses of the intrinsic
resolution of bolometer systems have been thoroughly covered in other sources®®33 and
have been applied to TES systems in particular?®2® | will review the work relevant to our

devices in specibc.

3.2.1 Phonon Noise

The model of our TES devices is a heat capacity C. at temperature T, connected to a
thermal bath (substrate) at temperature Ts through athermal link with conductanceg, asin
Section 3.1.1. Thetungsten electron system exhibits temperature RBuctuations due to power
Ructuations through the thermal conductance to the phonon system. This Qphonon noiseO
can be shown to be the dominant intrinsic noisein a TES with electrothermal feedback due
to the suppression of Johnson noise.?®32 In the high-" limit ("/n' 1) and T} ' T the

el ect of phonon-noise Ructuations on the energy resolution is given as®

% &

"Erms =  4kpCeTZ""1 n/2 (3.13)

(——

and, assuming gaussian noise, " Eqyhm = 2 2In2" E;ms. This egquation is frequency inde-

pendent and is valid for the frequency band over which ETF operates (i.e. %< 1/ #yf).
Asseenin Section 3.1.1 the W electronic heat capacity playsa crucial rolein determining

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

during an event to exceedthe width of the superconducting transition, causing device
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saturation (discussed in more detail in Section 3.1.3). A heat capacity that isto high will
result in a temperature change during an event that istoo small to be accurately measured
above the thermal Ructuations in the device. Equation 3.13 quantibes these RBuctuations
for a given heat capacity, transition temperature, and bPim " .

Equation 3.13 may be cast in terms of useful measurable device parameters. We debne
the maximum energy that ETF can remove with characteristic time #y, the saturation
energy, as Egar = Pothts . Under the assumption of strong electrothermal feedback (high-",
T T, we bnd that Esy = CeTe" L. Thus, Equation 3.13 is equivalent to

0 0
% & % &

" Erms = 4kacEsat n/ 2 = 4kaCP0#etf n/ 2 (314)

A simple estimate of device resolution can be made using realistic values of Eg5; = 10eV,
T, = 80mK, and n = 5to obtain " Efnm %0.05€V. Since our energy collection is not
complete, asnoted in Section 3.1.1, our €! ective energy resolution drops proportionally with
collection et ciency $. Our el ective resolution for such adeviceisthus" Eg = " Efwhm/ $.
Usingthevalue of $= 0.42, we obtain an expected resolution of " Eg %0.12€V independent
of photon energy. Our measured device resolution is! 0.15eV at a photon energy of 1eV

and degrades dlightly to! 0.2eV at 3eV.

3.2.2 An Improved Noise M odel

The above noise description allows an estimate of the intrinsic device-limited resolution
of our sensors, however such a model does not consider the noise contribution from other
elements in the TES circuit. An improved model of the measured noise of a biased TES,
including its bias circuit, was recently developed by Enectali Figueroa-Feliciano working
at NASA Goddard Space Flight Center. A detailed discussion of this work is forthcom-
ing.3* The following discussion is a summary of what | will call the GFigueroa modelOfor
calculating the resolution of TES systems.

In the Figueroa model, no constraints are imposed on the values of ", T, and Tg, nor

are any assumptions made regarding the frequency band of interest. Thisleadsto a much
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more complicated noise model, but one which can account for noise sources internal to the
TES itsdlf, such as phonon noise and Johnson noise, as well external sources such as the
Johnson noise from the bias resistor (Ryias in Figure 3.4 on page 27). In fact, in its full
form the model can handle multiple 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
connection with these single pixels (e.g., Au-black) unless the thermal impedance between
the absorber and TES is negligibly small. For now, we are justibed in using the mode
for the simplest ETF-TESN 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 derivation for this situation is the following expression

for sensor resolution:
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where & = 1$ $—: and r = (RpiasThias)/ (RoTc). Rpias and Tpias are the resistance and
temperature of the bias resistor, respectively, and R, is quiescent operating resistance of
the TES. Imposing the limits of high-", T? ' Tg', and zero noise-temperature of the bias
resistor (r) 0), Equation 3.15 can be seen to reduce to Equation 3.13 as expected.

Continuing the example from the previous section we can estimate the el ects of the
bias resistor on the el ective sensor resolution. If we brst assume a conbguration in which
a small bias resistor is placed on the cold stage, Rpias = 5m$ and Tyias = Ts = 40mK.
Using a typical sensor operating resistanceof ! 50m$ and " = 20, then Equation 3.15 gives
" Ea %0.13eVN not a signibcant modibcation to the simple estimate of 0.12eV made using
Equation 3.14.

However, if we assume a conbguration in which the biasresistor is doubled to 10m$ and
moved to the 1K pot, the situation changes signibcantly. With the same values for all of
the quantities except now Rpias = 10m$ and Thias = 1.4K, we get a signibcant degradation

in resolution to " Egq % 0.23eV. We now have evidence that this el ect is the source
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of our performance degradation since the instrumentation of multiple-pixels, discussed in
Section 5.2.2.

Though this model improves our estimate of the electrical and thermal noise sources,
in my treatment it does not provide for the additional non-white noise mechanisms which
may be signibcant. These mechanisms include nonuniform Rux-Row across the sensor, the
low-bias onset of electrothermal oscillations, and position-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 Device Design and Fabrication

Our TES devices are composed of a 35nm thick high-purity W active 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-compatible photolithographic process outlined
in Figure 3.9 on the following page. The wafers are cleaned using a standard RCA wafer
clean before metalization in a Balzers 400-series planar magnetron sputtering system. A
short (2min) RF etch is performed as a bnal substrate clean before metalization. The prst
layer isthe 150nm layer of Al. A 35nm thick QnactiveOlayer of W is deposited on the Al
immediately following, to ensure good electrical connectivity between the layers.

The wafers are then removed from the sputtering system and spin-coated with 1um
thick Shipley 3612 positive resist to give the layered structure in Figure 3.9(a). Using the
bPrst mask with an UltraSTEP 1000 Ultratech stepping aligner, the photoresist is exposed
to debne 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 bnal 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 bnal W layer. The wafers are then put back into the Balzers sputtering
system. An RF etch isagain performed to remove any oxide on the W prior to deposition of

the CactiveOW layer over the existing features (Figure 3.9(c)). The second and bnal mask



