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ABSTRACT

We have designed a microfabricated planar absolute radiometer based on a vertically aligned carbon nanotube
(VACNT) absorber and an electrical power substitution method. The radiometer is designed to operate at
room temperature and to be capable of measuring laser powers up to 300 mW from 300 nm to 2300 nm with
an expected expanded uncertainty of 0.06% (k = 2). The electrical power substitution capability makes the
radiometer absolute and traceable to the international system (SI) of units. The new bolometer is currently under
construction and will replace NIST’s 50 year old detector standard for free-space CW laser power measurements.
We also study the possibility of reducing background temperature sensitivity by optimizing the spectral selectivity
of the VACNT forest with a photonic crystal structure.

Keywords: Radiometer, bolometer, laser power, primary standard, background compensation,
carbon nanotubes, photonic structure, spectral selectivity

1. INTRODUCTION

Development of extremely black vertically aligned carbon nanotube (VACNT) forests1 has enabled replacing tra-
ditional cavity structures2,3 used in bolometers with VACNT planar absorbers.4,5 This enables microfabrication,
and thus reduced mass, which provides faster response time. Bolometers can be operated at room temperature
or at cryogenic temperatures. Cooling a bolometric detector to cryogenic temperatures has traditionally been
preferred for high precision measurements as radiative losses become negligible, heat capacity of materials de-
creases, and certain materials become electrical superconductors at cryogenic temperatures.4–6 Conversely, room
temperature operation would allow for increased ease of operation. However, the radiative conductance is pro-
portional to the third power of the absolute temperature (Grad ∝ T 3), which at room temperature leads to an
increased coupling between an absorber and its surrounding environment. This means that in addition to the
laser beam power, the bolometer measures temperature variations of the room, which deteriorates the signal
to noise ratio of a bolometer reading. Thus, differential methods have been developed where a similar detector
chip is used for compensating temperature fluctuations of the environment, that is, common modes seen by both
detectors.7,8 With a spectrally selective absorber the radiometer would be much less sensitive to temperature
fluctuations, removing the need of an additional background compensation detector chip.

At NIST, the existing 50 year old room temperature detector standard for free-space CW laser power measure-
ments, commonly known as the C-series calorimeter,2,3 can perform calibrations with an expanded uncertainty
of 0.86% having a coverage factor k = 2 which corresponds to the confidence level of approximately 95%. One
measurement cycle of the C-series calorimeter takes approximately 15 minutes. Although the C-series calorime-
ter has served excellently, with modern absorber materials, electronics, and optimization tools, it is possible to
build a replacement thermal detector with a faster response and an order of magnitude lower uncertainty. In this
work, we have designed a new bolometer called the planar absolute radiometer for room temperature (PARRoT)
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to replace the old C-series calorimeter. The operating principle of a bolometer differs from that of a calorimeter;
a bolometer measures laser power (W) directly, whereas a calorimeter measures laser energy (J = W · s) from
which the laser power can be determined from a known measurement time. PARRoT must meet the following
performance criteria: linear closed-loop laser power detection from a few µW to 300 mW at laser wavelengths
from 300 nm to 2300 nm with a closed-loop settling time less than 60 s. In addition, the absorber diameter has
to be at least 20 mm for measuring beam diameters as large as 11 mm (1/e2). PARRoT has to be insensitive to
the polarization of the laser beam to be measured, its spatial uniformity must be <0.02% near the center of the
absorber so that small misalignment from the center spot would not matter, and the measurement uncertainty
has to be <0.1% (k = 2) at room temperature operation. The design of PARRoT is introduced in Section 2 and
its estimated uncertainty budget in laser power measurements in Section 3. An inspiration to PARRoT’s design
came from the compact total irradiance monitor (CTIM) detector8 which is a CubeSat instrument that has been
developed in the joint project by LASP and NIST. Section 4 describes our efforts to develop a spectrally selective
absorber. Conclusions are discussed in Section 5.

2. BOLOMETER DESIGN

A modeled assembly of the PARRoT radiometer is presented in Fig. 1. PARRoT has two identical detector chips:
one for measuring the laser power and another for common mode suppression arising from room temperature
fluctuations. In practice, the background measuring detector will be heated to 303 K by constant electrical
power and the measuring detector will be feedback controlled with DC current by matching the temperatures of
the two detector chips. Since the measuring detector chip is forced to follow the temperature of the background
measuring detector chip, the laser power is measured as the difference in the electrical powers measured at two
time intervals when the laser beam is on and when it is off. The base plate made of copper where both detector
chips are connected via weak thermal links will be temperature-stabilized to 293 K with Peltier cooling. The PID
parameters for closed loop controlling of the base plate temperature and the measuring detector chip temperature
are optimized using Ziegler–Nichols tuning9 from open-loop step response measurements. The closed loops will
be controlled and the bolometer measurements acquired by a LabVIEW* FPGA (field-programmable gate array)
board. The radiometer is placed inside a vacuum chamber to avoid cooling of the absorber by convection. Optical
access is provided by an uncoated fused silica window with a wedge angle of 0.5o and diameter of 76.2 mm. Both
detector chips see the same window to ensure that the background compensation works properly. The laser
power measured with the PARRoT radiometer is traceable to electrical power and the international system (SI)
of units via the calibrated resistance of a standard resistor.
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Figure 1: Side view of the modeled PARRoT radiometer (a) and front view looking through the copper block to
the detectors (b). Note, the wedge window sits in front of the copper block.



2.1 Thermal design

The geometry of the detector chip and the location of thermistors affect the bolometer’s performance. Greater
spatial symmetry and multiple thermistors placed symmetrically around the absorber results in better spatial
uniformity and smaller inequivalence between optical and electrical powers. The two circular detector chips of
the proposed bolometer will be microfabricated on a silicon (Si) substrate, each with a diameter of 24 mm and
a thickness of 1 mm. The diameter of the VACNT absorber is selected to be 20 mm since the diameters of
the laser beams used in the C-series laser power calibration system at NIST vary between 1 mm and 11 mm
(1/e2). Thermal analysis of the detector chip is shown in Fig. 2. The detector chip geometry was optimized
by minimizing the inequivalence between optical and electrical heating powers using the finite element method
(FEM).
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Figure 2: Thermal analysis with an electrical heating mode obtained from COMSOL Multiphysics* software:
(a) is the modeled heat map of the bolometer assembly, and (b) is a higher contrast heat map of the bolometer
chip.

The lowest inequivalence would be obtained by placing the electrical heater directly under the optical VACNT
absorber. However, currently we cannot grow VACNTs over electrical traces without electrical shorting.10



Therefore, the best practical result is obtained by placing the VACNT absorber and the Gaussian heater spiral
(details in Appendix A) on opposite faces of the chip. The leads and the heater spiral are selected to be
tungsten (W) since it is compatible with VACNT growth at 800 oC.10 We noted that the spatial uniformity
of the inequivalence between optical and electrical powers improves when increasing the thermistors’ distance
from the center of the absorber since spatial temperature gradients at the edge change less with misaligned laser
beam than those in the middle of the detector chip. Four negative-temperature-coefficient (NTC) thermistors,
each having 10 kΩ resistance at 298 K, will be connected electrically in parallel and placed evenly 10 mm away
from the center of the heater spiral, near the edges of the detector chip. An insulating layer of silicon dioxide
(SiO2) with a thickness of 1.2 µm is needed between the semiconducting Si and the heater spiral. In practice,
we typically grow equally thick layers of SiO2 on both faces of detector chips, so the chip geometry in the FEM
simulations was modeled accordingly.

Table 1 lists material properties used in thermal simulations. The frame supporting the detector chip is made
of aluminum. Three legs forming the weak heat link are solid cylinders made of stainless steel #304 with a
thermal conductivity of 14.4 W m−1 K−1 at 303 K. In addition to the listed properties in Table 1, the electrical
heating of the Gaussian tungsten heater spiral was modeled with Joule heating using the measured electrical
resistivity of 150 · 10−9 Ω ·m.

Table 1: List of material properties at 303 K for thermal analysis.

Material
Thermal

Specific heat / Density / Emissivity /
conductivity /
W · m−1 · K−1 J · kg−1 · K−1 kg · m−3 unitless

VACNT forest 11.4, 0.114a,10,11 720 4110 0.99965

Silicon dioxide 1.4 705 2410 –
Silicon 135 856 2329 0.62
Tungsten 175 132 17800 0.02
Aluminum 240 910 2710 –
Stainless steel #304 14.4 500 8000 –

(a)Anisotropic: along CNTs (z-axis), side ways in the VACNT forest (xy-plane)

The thermal conductivity of the VACNT forest is anisotropic and along the CNTs it can be approximated
as the effective thermal conductivity

kCNT,eff = f · kCNT , (1)

where kCNT is the thermal conductivity of an individual multi-walled carbon nanotube and f is the fill factor
that can be estimated by measuring and comparing the density of the VACNT forest to that of graphite. In
our VACNT forest, the fill factor is ∼1.9%.10 Since the thermal conductivity of an individual multi-walled CNT
is 600 W m−1 K−1 along the tube,11 the effective thermal conductivity of our VACNT forest is approximately
11.4 W m−1 K−1. The thermal conductivity sideways in the VACNT forest is only a small fraction of that along
the CNTs because of the low fill factor, and we approximate it to be 100 times lower.

Conductive power loss of the proposed heat link (Fig. 2) is ∼280 mW when the detector chip is at ∆T = 10 K
higher temperature than the base plate:6

Pcon = Gcon ·∆T, (2)

where Gcon (W ·K−1) is the thermal conductance of the heat link, defined as

Gcon = Ncyl ·
πr2

l
· k , (3)

where Ncyl = 3 is the number of solid cylinders, r is the radius and l is the length of a cylinder, and k is the
integrated thermal conductivity (W ·m−1 ·K−1) of the stainless steel #304 from the base temperature T1 −∆T



to the chip temperature T1. The radiative power loss emitted by the detector chip is ∼20 mW and determined
using the Stefan–Boltzmann law as

Prad = εσA
(
T 4

1 − T 4
2

)
, (4)

where ε is the emissivity of the surface, σ is the Stefan–Boltzmann constant, A is the surface area of the detector
chip, and T1 = 303 K and T2 = 295 K refer to the chip and ambient temperatures, respectively. With the
proposed design ∼7% of the heat is dissipated through thermal radiation. This ratio is kept low by coating the
frame and the heat link with W because reducing radiative losses reduces radiative coupling with the ambient
environment. The corresponding radiative thermal conductance is

Grad = 4εσAT 3
1 . (5)

The total thermal conductance consisting of the detector chip and the heat link is

Gtot = Gcon +Grad (6)

and the corresponding open-loop time constant t = 26 s is calculated from6

t =
C

Gtot
, (7)

where C = cp ·m with the specific heat capacity cp (J · kg−1 ·K−1) and the mass m of the Si chip.

2.1.1 Spatial uniformity and linearity estimation

When operating the PARRoT radiometer, the temperature of the measuring detector chip follows the temperature
of the background measuring detector chip driven by constant electrical heating power. The laser power is
measured by the difference in electrical heating power at two different time intervals when the laser is on and off.
Since the measuring detector chip is operated in closed loop by electrical heating (Fig. 3) and its temperature is
approximately constant, PARRoT is linear within its operation range up to ∼300 mW.
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Figure 3: Example of a modeled time-dependent closed loop FEM simulation, in which the laser beam of 3 mW
is switched on at the time point of 2 min (and off at 8 min). In the model, the laser beam is aligned perpendicular
to the absorber’s center.

The spatial uniformity of the inequivalence between optical and electrical powers obtained by FEM simulations
is plotted in Fig. 4 using a 1 mm diameter laser beam of 3 mW power. The geometry of the detector chip and the
heat link are adjusted so that the inequivalence is minimized to 0.007% for a perfectly centered laser beam. The
spatial uniformity of the inequivalence is within ±0.02% inside a 4 mm radius from the center of the absorber.



-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
 y-axis / mm

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

In
eq

ui
va

le
nc

e 
/ %

Figure 4: Modeled inequivalence between the optical and electrical powers along y-axis of the detector chip.
Modeling was performed using a laser beam with a radius ropt = 0.5 mm (1/e2) and power Popt = 3 mW.

In the simulations, the laser beam was aligned perpendicularly to the absorber’s surface with a Gaussian
beam distribution defined as

Iopt(x, y) =
2Popt

πr2
opt

· exp

(
−2R2

r2
opt

)
, (8)

where Popt is the total laser power, R =
√

(x− xopt)
2

+ (y − yopt)
2
, xopt and yopt are Cartesian coordinates of

the laser beam with respect to the center of the absorber, and the width of the laser beam (dopt = 2 · ropt) is
defined to be within 13.5% (1/e2) from the peak value of the distribution.

2.2 Electrical design

2.2.1 Compensation of the temperature fluctuations

The temperature of the measuring detector chip is forced to follow the room temperature fluctuations observed
by the background compensation detector using a Wheatstone bridge circuit excited by 1 kHz sine wave shown
in Fig. 5. When the bridge is balanced, the parallel resistance Rt2 of the four NTC thermistors in the measuring
detector chip matches with Rt1 of the four similar thermistors in the background compensation detector chip as

Rt2 =
R2

R1
Rt1 , (9)

where R1 and R2 are 10 kΩ precision resistors. An AC driven Wheatstone bridge with lock-in detection pro-
grammed in the FPGA board allows us to observe small signals below the DC noise floor.
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Figure 5: AC driven Wheatstone bridge measurement for balancing temperature of the measuring detector with
the background compensation detector.



An alternative method to deal with background temperature fluctuations would be to make the absorber
spectrally selective, so that laser wavelengths are absorbed, but radiation near 10 µm is reflected. With the
spectrally selective absorber we could remove the background measuring detector which simplifies the mechanical
and electrical design of the PARRoT radiometer. Development of a spectrally selective absorber is discussed in
Section 4.

2.2.2 Measurement of electrical power

The measuring detector chip and the background measuring chip both have their own ∼400 Ω heater spirals.
Electrical DC power for each chip is measured separately with a voltage divider over the heater spiral and a
250 Ω standard resistance, so the electronics contains two circuits of Fig. 6. Voltage across the standard resistor
is converted to current that is multiplied by the voltage across the heater to obtain electrical heating power. In
the actual measurement, instrumentation amplifiers are used for reducing common mode voltage, and passive
voltage dividers consisting of two 15 kΩ precision resistors followed by voltage followers are used for halving the
signal within the measurable range of the analog input (±10 V) of the FPGA board. Prior to measurements,
the amplifiers’ gains are calibrated against a calibrated volt meter.
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Figure 6: Electrical driving of the heater on the detector chip and the corresponding power measurement. Both
detector chips have their own driver and measurement circuits.

3. ESTIMATED UNCERTAINTY

We estimate the total expanded uncertainty in laser power measurement with PARRoT to be 0.063% (k = 2)
consisting of uncertainty components listed in Table 2. This is a low uncertainty value considering the fact that
our radiometer is an absolute thermal detector. Typical uncertainty of room temperature thermal detectors
without a background compensation is around 1%.2,3, 12 Since the PARRoT radiometer is traceable to electrical
power, electrical uncertainties arise from calibrations of the standard resistors and voltage gains. Temperature
dependence of the standard resistors13 used in this work is ±0.00002 %/K being negligible compared to other
uncertainties listed in Table 2.

The inequivalence between the optical power and the electrical power was optimized with FEM analysis. The
optimized inequivalence corrected from measurement results is 0.007%, with a standard uncertainty of 0.0017%



arising from the iterative nature of FEM. With an alignment accuracy of ±1 mm from the center of the detector,
the deviation due to spatial inequivalence is ±0.01% which corresponds to a standard uncertainty of 0.0058%.
The correction due to the reflectance of the VACNT forest is determined by experimental measurement. The
VACNT reflectance which is spectrally dependent is ∼0.04% at 633 nm with a standard uncertainty of 0.0064%.5

In addition to the aforementioned corrections, the measured laser power has to be divided by the window
transmittance. The window transmittance depends on the wavelength, for example at 633 nm it is ∼93.17%,
being the largest correction factor and also producing the largest uncertainty in the laser power measurement.
A standard uncertainty of the window transmittance calibration is 0.0146% and a standard uncertainty arising
from the alignment offset of the laser source and the spatial non-uniformity of the window transmittance is
0.0173%.

Since the laser beam is aligned at an angle of 0.5o with respect to the front surface normal of the window
and perpendicularly to the absorber, both the absorber and the window transmittance are independent of the
polarization of the laser beam.

The final component in the uncertainty budget in Table 2 combines both electrical and optical noise since
they are indistinguishable in the practical measurement results. For our detector chip the theoretical electrical
NEPelec =

√
4kBGconT 2

1 = 0.4 nW/
√

Hz and optical NEPopt =
√

8AkBσ (T 5
1 + T 5

2 ) = 0.1 nW/
√

Hz, where kB

is the Boltzmann constant and A is the surface area of the VACNT absorber.6 The measurement electronics
further increases the noise level. In practice, we expect that the remaining power fluctuations which cannot be
compensated with the background measuring detector will produce the largest uncertainty. The effect of random
noise components can be reduced by a factor of 1/

√
N by increasing the number of repetition measurements N .

By performing better electrical and window transmittance calibrations, and with more repetitions in laser power
measurements, we will try to reduce the total expanded uncertainty (k = 2) of the detector down to <0.03%.

Table 2: Estimated uncertainty budget of laser power measurement with PARRoT. The expanded uncertainty
with a coverage factor k = 2 corresponds to the confidence level of approximately 95%.

Uncertainty component Method ±δ / % Distribution Type u / %

Electrical power measurement
Calibration of standard resistance Experimental 0.002 Normal B 0.001
Calibration of voltage gain

Experimental 0.001 Normal B 0.0005
(standard resistor)

Calibration of voltage gain
Experimental 0.001 Normal B 0.0005

(heater of a measuring detector)
Optical power measurement

Inequivalence between optical
FEM simulation 0.003 Rectangular B 0.0017

and electrical powers
Alignment offset and spatial

FEM simulation 0.01 Rectangular B 0.0058
non-uniformity of absorber

Reflectance of VACNT forest Experimental5 0.011 Rectangular B 0.0064
Calibration of window transmittance (N = 3) Experimental 0.025 Normal A 0.0146
Alignment offset and spatial non-uniformity

Experimental 0.03 Rectangular B 0.0173
of window transmittance

Combined electrical and optical
Measurement repeatability due to noise (N = 1) Estimate 0.02 Normal A 0.02

Combined standard uncertainty (k = 1) / % 0.0315
Expanded uncertainty (k = 2) / % 0.063

The expanded uncertainty (k = 2) stated in Table 2 covers all uncertainties related to the PARRoT radiome-
ter. There will also be uncertainties in calibration or comparison due to laser power instability and selected
measurement geometry. For example, if the calibration is carried out by splitting the laser beam to two detec-
tors, there will be uncertainty associated with the beam splitter ratio.



4. TOWARDS SPECTRALLY SELECTIVE BOLOMETERS

Spectral selectivity is a feasible property of the absorbers in room temperature bolometers to reduce radiative
coupling with the surrounding environment. Spectral selectivity has been obtained in the past with tandem
absorbers,14 Bragg gratings based on dielectric stacks, and through plasmon resonance in 2D15,16 and 3D17

metallic photonic structures. All these structures suffer from a relatively low and spectrally oscillating absorption
at the spectral region of interest. In order to use a spectrally selective structure as an absorber material in a
primary standard radiometer, its reflectance at the operating spectral region should be the lowest possible,
preferably <0.05%.

Our goal is to develop a structure with extremely high absorption within the operating spectral region and
relatively high reflectance outside the region of interest. We grew VACNT forests on a micropatterned catalyst
layer consisting of a ∼2 nm iron (Fe) layer on a ∼20 nm aluminum nitride (AlN) layer.10 The catalyst layer was
deposited on top of a 300 µm thick silicon wafer and the backside of the wafer was coated with 100 nm thick
W layer. A maskless lithography instrument was used for creating an inverse pattern of the photoresist on top
of the catalyst layer. Holes were etched through the catalyst layer by an ion mill. Finally, vertically aligned
multi-walled carbon nanotubes were grown on the tiny Fe islands at 2666 Pa, 800 oC, hydrogen–ethylene ratio
(H2:C2H4) of 1.7:0.2, and flow rate of 8.3 cm3/s. A top view of the micropatterned VACNT forest is shown in
Fig. 7 with thickness t = 20 µm, hole diameter d = 2 µm, and pitch size Λ = 3 µm.

   t = 20 μm
 d = 2 μm
 Λ = 3 μm

d
Λ

Figure 7: Microscope image of the top view of the micropatterned VACNT forest studied in this work. In the
image, the bright areas are VACNTs.

We simulated the spectral reflectances of the patterned VACNT forests using the finite-difference time domain
(FDTD) method. The VACNT forests were modeled using the effective refractive index approximation, from the
complex refractive index of graphite, with the fill factor f and the vertical alignment x (horizontal x = 0, vertical
x = 1).1 When the VACNT fill factor was high, the photonic absorption band was created between Λ and 2d for

a square lattice.18 In the case of a hexagonal lattice, the photonic absorption band was created between
√

3
2 Λ

and 2d as seen in Fig. 8. However, decreasing the VACNT fill factor decreased the spectral selectivity.
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Figure 8: In (a), spectral reflectances of the patterned graphite layer modeled with the FDTD method and the
bulk graphite layer modeled with Fresnel equations. In (b), corresponding reflectances for the VACNT forests
with f = 20% and thicknesses t = 10 µm and t = 20 µm. The VACNT alignment was set to x = 0.99 in all
simulations.

Figure 9 shows the hemispherical spectral reflectances of the patterned and regular VACNT samples measured
using Fourier-transform infrared spectroscopy (FTIR) over the spectral range 1.5 µm – 16 µm. For the patterned
VACNT samples with thickness between 10 µm – 20 µm, the spectral reflectance of the samples was ∼10% at the
infrared region. For VACNT forests longer than 20 µm, both the absolute reflectance and the spectral selectivity
at the infrared region gradually decreased and the same trend was observed in modeled spectra. We believe
the patterning decreases the effective complex refractive index and the increased reflectance was a result of long
wavelength photons being transmitted through the VACNT forest and retro-reflected from the tungsten layer.
One way to improve spectral selectivity and enhance resonance effects would be to grow denser VACNT forests
with a more uniform top surface and possibly coat these structures with reflective metal particles, such as gold
or tungsten, similarly as Cui et al.19

Figure 9: Hemispherical spectral reflectances of the patterned and regular VACNT forests with the same thickness
of ∼20 µm measured using FTIR spectroscopy.

5. CONCLUSIONS

We have designed a microfabricated bolometer based on a vertically aligned carbon nanotube (VACNT) absorber
and an electrical power substitution method. The bolometer will operate at room temperature with a 20 mm



diameter circular absorber, covering the spectral range from 300 nm to 2300 nm and measuring laser powers
up to 300 mW with an expected uncertainty of 0.06% (k = 2). With more accurate electrical and window
transmittance calibrations than used in our current estimates, an expanded uncertainty of <0.03% should be
achievable in the future. The new bolometer will replace NIST’s 50 year old cavity-based standard for free-space
CW laser power measurements that has an expanded uncertainty of 0.86% (k = 2). The proposed bolometer is
currently under construction and the results of its performance will be published.

In our bolometer design, we operate the detector in a differential configuration with an identical bolometer to
compensate for fluctuations and noise from the laser power results that arise from radiative coupling to ambient
temperature. We also studied the possibility of reducing unwanted temperature sensitivity of the bolometer
with a spectrally selective VACNT forest grown on top of micropatterned catalyst so that we could simplify
the bolometer design by removing the background measuring detector. With the low-density micropatterned
VACNT forest containing holes with a diameter of 2 µm, pitch size of 3 µm and thickness 10 µm – 20 µm,
we measured the hemispherical spectral reflectance to be 10% at the near infrared region, which was probably
associated with the decreased effective refractive index of the patterned VACNT forest.

APPENDIX A – GAUSSIAN HEATER SPIRAL

The heater spiral consists of two Archimedean spirals with 180o phase difference and varying lead width. The
inner edge of the first spiral (0o) is defined as

x1,1 = (a+ bθ1) · cos(θ1) (10)

y1,1 = (a+ bθ1) · sin(θ1) (11)

and the outer edge of the first spiral is obtained by varying the width of the heater wire by Gaussian function as

x1,2 = x1,1 +
(
c ·
[
1− exp

(
− r21

2σ2

)]
+ d
)
· cos(θ1) (12)

y1,2 = y1,1 +
(
c ·
[
1− exp

(
− r21

2σ2

)]
+ d
)
· sin(θ1) (13)

where r1 =
√
x2

1,1 + y2
1,1. The second spiral (180o) is obtained by replacing θ1 with θ2 = θ1 + π and r1 with

r2 =
√
x2

2,1 + y2
2,1 in Eqs. (10–13). The parameters for our heater spiral in Fig. 2 were selected to be a = 0 µm

(offset from the origin), b = 120 µm (growth rate of the spiral), d = 60 µm (minimum width of the spiral), and
c + d = 360 µm (maximum width of the spiral). Parameter σ = 1800 µm describes how the lead width of the
Gaussian heater spiral changes with respect to the distance from the center of the spiral. The first branch of
the spiral is designed to have 4 rounds and the second branch to have 4.5 rounds. One way of adjusting the
resistance of the spiral without changing its shape is to vary the thickness of the W leads.
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