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1 CONVECTIVE EFFECTS AT HIGH-VACUUM

The convection heat transfer between the membrane and ambient air in the chamber is dependent on
the gas dynamics in the chamber, which can be characterized by the Knudsen number:

Ky =2 (sD)

where A is the mean free path of the air molecules and [ is the characteristic length (i.e., the gaseous gap
distance over which thermal transport occurs) [1]. Here, there are two characteristic lengths: (i) the backside
gap (i.e., the distance between the membrane and the optical fiber holder, [ ~ 1.4 mm), and (ii) the topside
gap (i.e., the distance between the membrane and the viewport, [ ~ 10 mm). From the ideal gas law, the
mean free path of air can be determined as:

kyT
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where P and T are the gas pressure and temperature, respectively, kg = 1.381 x 10* J-K! is the Boltzmann
constant, and D,, = 0.3 nm is the molecular diameter of air. For a chamber at P = 1 x 10 hPa and T = 300
K, the mean free path is approximately A =~ 104 m, which corresponds to a Knudsen number K,, = 74,000
for the backside and K, = 10,400 for the topside. Since the mean free path of the air molecules is much
larger than the characteristic lengths in the chamber (i.e., K,; > 10), the air flow in the chamber may be
defined by the “free molecule flow” regime [1]. The air conduction net heat flux between two plates (i.e.,
the membrane and the chamber in this case) in the free molecule regime can be determined by [1]:

Tm - Tc
(2 — Ar)\/BTR iy T pms (S3)
Ar(y + Dc,P

Qair,FM =

where T, and T, are the temperatures of the membrane and chamber, respectively, Ar is the thermal
accommodation coefficient, Rg;,- = 287 J'kg 'K ! is the gas constant of air, y = 1.4 is the specific heat ratio
for diatomic gases, ¢, = 716.6 J'’kg'K" is the constant volume specific heat for air, and Ty, pp is the
effective mean temperature for a free molecule flow regime [1]. The thermal accommodation coefficient
(A7) is dependent on various parameters (e.g., materials, surface conditions, temperature, etc.) and has been
measured experimentally for various conditions [2]. For a wide range of engineered surfaces, the thermal
accommodation coefficient is 0.8 < Ay < 1. For this analysis, the coefficient will be taken as A7 = 0.9 (i.e.,
the coefficient for flow of air with glass in [2]). The effective mean temperature for a free molecule regime
is given by:
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By taking P = 10 hPa, T, = 300 K, and T}, = 290 K (i.e., assuming a 10 K membrane temperature drop),
the air conduction net heat flux on the membrane inside the chamber is qgipy = 1.61 x 10* W-m™.
Considering the membrane radiative power (q,;) is in the 40 W-m™ range (calculated with eq. (3) of main
text), the air conduction only offsets around 0.0004% of the cooling power. Thus, the convection, or air
conduction, effect on the membrane in the chamber at high vacuum is negligible.



2 CHARACTERISTIC MATRIX FORMALISM

In the characteristic matrix formalism [3], the spectral directional reflectivity (pjg,,) and
transmissivity (7, g.,) of a thin film assembly are a function of the admittance of the incident medium
(Minc) and output medium or substrate (17,,), and the characteristic matrix (B, C), and are calculated as:
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The characteristic matrix (B, C) of the thin film assembly of z layers is a function of the refractive index
(N,), thickness (d,), and propagation angle (6,)) of each layer, along with the wavelength (4) and the output
medium admittance (1, ), and is calculated as:

z
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Ny e = Nycos0, for s-polarisation, (S11)
Nrrm = Ny/cos6, for p-polarisation. (S12)

Since the wave vector in the plane of incidence is constant throughout the assembly of thin films, the cosine
of the propagation angle may be substituted with the following equation (derived from Snell’s law and
trigonometric functions):

. 2
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where 6;;,. and Ny, are the incident angle and refractive index, respectively. Using the previous equations,
the s-polarized and p-polarized p; g, and 7, g, can be determined, and the average of the real parts of
both polarizations is taken to get the unpolarized p; g , and 7, g ,,,. Note that the spectral refractive index
of SiN is inferred from the Maxwell-Helmholtz-Drude model developed in [4].



3 MEMBRANE EMISSIVITY CALCULATIONS

Knowing the directional spectral emissivity of the membrane (&3 g ,; see eq. (2) of main text), the
spectral hemispherical emissivity (i.e., integrated over all angles) of the membrane is calculated as [5]:

s
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In turn, the total hemispherical emissivity (i.e., integrated over all angles and wavelengths) of the membrane
at temperature Ty, is calculated as [5]:
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4 OTTAWA SOLAR IRRADIANCE

The PVWatts calculator by the National Renewable Energy Laboratory [6] provides solar irradiation
estimates for solar panels based on typical weather data from a multi-year historical period. Table S1
outlines the parameters used to determine the solar irradiance on the SiN membrane in this experiment.

Table S1. PVWatts calculator parameters

Specification Input
Requested Location Ottawa, ON, Canada
Latitude 45.41° North
Longitude 75.7° West
Surface Tilt 0° (horizontal)

The calculator outputs an estimate of the hourly direct and diffuse solar irradiation (in W-m2)
components separately. The global solar irradiance (in W-m™) is determined by taking the sum of these two
components. For the parameters of Table S1, the monthly maximum global solar irradiation (qsyn max) 15
outlined in Table S2. As shown, the peak solar irradiation conditions in Ottawa are in the 1000 W-m™ range.
This means the AM1.5 solar intensity spectrum is a good representation for the peak conditions in Ottawa.

Table S2. Monthly maximum global solar irradiation on a horizontal surface in Ottawa

Month 1 2 3 4 5 6 7 8 9 10 11 12

‘g;;”r;";l)x 1002 1096 1119 1104 1087 1056 1032 1026 1043 1014 979 949




5 CALCULATING THE ANGLE AT WHICH THE SUN IS FACING THE
MEMBRANE

Assuming the membrane can be treated as a horizontal surface on the surface of the Earth, the angle
at which the sun is facing the membrane can be calculated as [7]:

Osun = cos~1(cos ® cos § cos Q + sin @ sin §), (S17)

where @ is the latitude, ) is the hour angle, and § is the declination angle. The hour angle (€2) is the angular
displacement of the sun east or west of the local meridian due to the rotation of the earth, with 15° per hour
(with afternoon being positive, and morning being negative). The declination angle is given by the equation
of Cooper [7]:

284 + n)
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where n is the day number of the year.

For example, for an experiment conducted on 2022-05-11, in Ottawa, at 9:30, 6y,,,, is determined
with the following steps:

1. Ottawa has a latitude of 45° N, so & =45°,

2. 2022-05-11 is the 131% day of the year, son = 131.

3. Fromeq. (S18) withn=131, 46 =17.8°

4. 9:30 is 2.5 hours before noon, so ) = -2.5 hours x 15%hour = -37.5°.

5. Fromeq. (S17), Oy =41.4° or 0.72 rad.



6 TEMPERATURE SHIFT CALCULATION UNCERTAINTY

The membrane temperature shift (AT,,,) calculation in eq. (15) of the main text is dependent on material
properties with uncertainties. We use the propagation of uncertainty rule to determine the temperature shift
uncertainty (uzr-) as:

um
_ |(98T 2+ 0BTy, 2+ 08Ty, 2+ 08Ty, 2+ 0BT, 2 (819
dacrp °CTE aL - day ° v ap *J’

0AT,, . . s . .
where a_xm represents the partial derivative of AT, with respect to the material property x, and u, is the

uncertainty of the material property x. See section 3 of the main text for the values and uncertainties of
each material property.



7 POWER DISTRIBUTION ENCLOSURE

A power distribution enclosure is designed to distribute the required voltage from two 12 V batteries
to the optical fiber interferometer (24 V) and ion pump controller (24 V), and to ensure the safety of the
equipment and users (see Fig. S1). There are three electronic components included in the circuit: a diode,
switches, and fuses. A diode only allows current to flow from the anode to the cathode, so it ensures the
correct polarity of the battery connections to the enclosure. Switches are used to allow current flow to the
electronic components only when needed. Fuses ensure that the appropriate amount of current reaches the
electronic components. If too much current is supplied by the batteries, the fuses will break the circuit to
ensure the safety of the equipment.

a

Optical
Interferometer Power
Supply (24V)

lon Pump Controller
(24 V)

Jack Plug

Diode

12 V12 Ah Battery

b) exterio



8 EXPERIMENTAL CONDITIONS & RESULTS

All experiment conditions—i.e., date, time, location, cloudiness, relative humidity, vacuum chamber
temperature (T, ), ambient atmospheric temperature (Ty¢,), viewport field of view angle ( 8,,), and angle
at which the sun is facing the membrane (fs,,,)—and experimental results for the membrane average
temperature shift (AT,,,) are outlined in Table S3. The cloudiness level is determined visually by observing
the sky directly above the experiment (see pictures in Fig. S2). The relative humidity is taken from
Environment Canada’s historical database for the weather and climate in Ottawa, ON [8]. T, and Ty, are
determined using the thermistor inside the chamber and the temperature probe outside the chamber,
respectively. Oy, is determined as described in Supplementary Note 5, and 8,, is determined as described
in Supplementary Note 8.1.



Table S3. Radiative cooling experiment conditions and experimental results.

Test Date Time Location? Atmospheric Conditions Tatm Ten O Osun AT, (K)
Cloudiness Relative Humidity (%) (K) Ky’ (rad) (rad)
1" 10-27-2021 21:15 uOttawa Cloudy 72 284 N/A 0.45 Night -2.5+0.8
2 10-28-2021 20:50 uOttawa Clear 79 282 N/A 0.45 Night 42+1.3
3 05-11-2022 22:10 uOttawa Cloudy 41 298 298 0.68 Night 3.72+1.2
4 05-11-2022 22:30 uOttawa Clear 41 298 298 0.68 Night 55+1.7
5 05-12-2022  9:30 uOttawa Clear 35 298 297 0.68 0.72 47+1.5
6  05-18-2022 11:30 uOttawa Clear 41 294 290 0.68 0.46 39+1.2
7 05-20-2022 11:20 uOttawa Cloudy 65 293 295 0.68 0.45 -1.8+£0.6
8  06-22-2022 10:25 uOttawa Clear 75 300 N/A 0.68 0.54 5.1+1.6
9  06-28-2022 23:20 uOttawa Clear 77 295 N/A 0.68 Night -5.0+1.6
10 08-02-2022 23:00 uOttawa Clear 77 291 N/A 0.68 Night -6.5+2.1
11 08-06-2022 10:20 uOttawa Clear 73 303 300 0.68 0.60 46+1.5
12 08-13-2022 13:45 Rural-FNR Clear 43 300 300 0.68 0.66 -9.0+2.38
13 08-13-2022 16:30 Rural-VKH Clear 38 302 303 0.68 1.1 -93+29
14  08-13-2022 22:25 Rural-VKH Clear 63 289 292 0.68 Night -7.1+£22
15 08-15-2022 21:00 uOttawa Cloudy 63 298 298 0.68 Night -25+0.8
16  08-24-2022 11:20 uOttawa Clear 74 301 N/A 0.68 0.62 -40+1.3
17 08-27-2022 13:00 Rural-VKH  Slightly Cloudy 53 297 295 0.68 0.66 -43+1.4
18  08-27-2022 13:20 Rural-VKH  Slightly Cloudy 53 297 298 0.68 0.66 -6.5+2.1
19 08-28-2022 00:10 Rural-VKH Clear 90 289 291 0.68 Night -6.9+£22
20  08-28-2022 12:40 Rural-VKH Clear 53 300 N/A 0.68 0.63 1.6+£2.4

1. Experiment | and 2 are the only ones where 8,, = 0.45 because the membrane was mounted lower in the nipple of the vacuum chamber for these experiments.
2. FNR represents Fournier, ON, and VKH represents Vankleek Hill, ON.
3. N/A means the thermistor is not working so no T,;, measurements were taken.
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No picture was taken. No picture was taken.

10-27-2021 @ 21:15 10-27-2021 @ 20:50 05-11-2021 @ 22:10 05-11-2021 @ 22:30 05-12-2022 @ 9:30

06-22-2022 @ 10:25

05-18-2022 @ 11:30 06-28-2022 @ 23:20 08-02-2022 @ 23:00

j

©08-06-2022 @ 1020 08-13-2022 @ 13:45 $08-13-2022 @ 16:30 08-13-2022 @ 22:25 08-15-2022 @ 21:00
R ' |

08-4-202 @ 11:20 08-27-2022 @ 13: 00 08-27-2022 @ 13:20 08-29-2022 @ 00:10 08-29-2022 @ 12:40
Fig. S2. Pictures of the sky during each experiment. Some images have been adjusted for better contrast and brightness.
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8.1 VIEWPORT ANGLE MEASUREMENTS

The viewport angle (6,,) is calculated using simple trigonometry with CAD measurements of the
mounting setup. From experiment 3 onwards (refer to Table S3), the membrane mount location inside the
nipple of the vacuum chamber is depicted in Fig. S3. Hence, the viewport angle is calculated as 08, =

tan(1016/,, ) = 0.68.

ZnSe Viewport

|

|§ ' = |
- = N

Fig. S3. Viewport Angle CAD Measurements

For experiments 1 and 2 (refer to Table S3), the membrane mount was located lower in the nipple of the
vacuum chamber, with a dimension dY = 21 mm. This means 6,, = tan‘1(10'16/ 21_00) = 0.45 for these
experiments.
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9 SILICON FRAME TEMPERATURE UNDER DIRECT SUNLIGHT

Fig. S4 shows that the silicon frame can reach significantly higher temperatures than the ambient
environment when exposed to direct sunlight due to its high absorptivity in the solar spectrum.

40.0

1 W Uncover viewport
37.5 4 [ Cover viewport

_ Tatm

35.0 3
32.5 E]
30.0 3

27.5 3

Temperature (°C)
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Fig. S4. Ambient (T 1), chamber (T,y), and silicon frame (T;) temperature during experiment
conducted on 2022-08-27 under direct sunlight. The purple square markers represent the instant when
the viewport was uncovered, and the orange square markers represent the instant when the viewport was
covered. For example, the viewport was covered at 13:03 until around 13:05 when it was uncovered. It
remained uncovered from 13:05 until around 13:12 when it was covered again, and so on.

Fig. S5 shows multiple SiN membrane cooling experiments over a 24-minute time span while the
experimental setup is gradually heated by exposure to direct sunlight. This shows that the membrane
cooling is enhanced as the experimental setup—and thus the chip—is heated by sunlight. This measurement
did not have an RTD temperature sensor installed on the silicon chip, which means only the ambient
atmospheric (T,,;,,) and chamber (T,;,) temperatures were measured (i.e., the silicon frame temperature T;
was not measured directly). However, the separate experiment in Fig. S4 shows that Ts; and T, are usually
strongly correlated. Hence, the combined results of Fig. S4 and Fig. S5, along with theoretical modeling
(calculated with the thin film model; see Fig. S5), are an indirect demonstration that heating of the silicon
frame enhances the magnitude of the membrane temperature drop. This makes sense given that thermal

coupling of the membrane is radiation-dominated (i.e., it is weakly affected by heat conduction from the
frame).
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Fig. S5. Radiative cooling experiment conducted on 2022-08-06 under direct sunlight. a) Pictures
showing experimental setup at the uOttawa location. b) SiN membrane temperature shift measurements
over a 24-minute time span while the experimental setup is exposed to direct sunlight, along with

theoretical estimates calculated with the thin film model.
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10 CONCEPTUAL HEAT ENGINE ON-CHIP

The working principle of a thermoelectric generator (i.e., a heat engine on-chip) is the following.
Electrons in an n-type thermoelectric material move away from heat, generating a positive charge on the
hot side. In a p-type thermoelectric material, holes experience the same effect, generating a negative charge
on the hot side. This produces a voltage difference at the heated junction between n-type and p-type
thermoelectric materials, which means electricity is generated (see Fig. S6a). A conceptual schematic of an
integrated thermoelectric circuit on the SiN chip is shown in Fig. S6b. It consists of metal contacts deposited
on the SiN membrane and on the Si frame (which can be achieved by metal sputtering [9]), and
thermoelectric wires deposited on the metal contacts to complete the thermoelectric circuit. Although this
design is very simple, it allows for multiple thermoelectric generators to be connected in series to increase
the overall voltage supply.

a b Hot Si Cold SiN

Cold sink

Heat source l

Load

Wy

< + N
Electric Flow Load

Fig. §6. a) Seebeck effect schematic, and b) conceptual thermoelectric generator integrated on the SiN
chip.

The efficiency of a thermoelectric generator is dependant on the temperature-dependant figure of
merit (ZT) of the thermoelectric material and is given by [10]:

) T -1
e = ot 7T 41— Noarmor

(S20)

where Ncarnot = (Thot — Teota) * Thoy is the Carnot efficiency. The figure of merit of a thermoelectric
material is defined as ZT = S?Tkk™!, where S is the Seebeck coefficient (V-K™'), Kk is the electrical
conductivity (S'm™), k is the thermal conductivity (W-m™-K ™), and T = 0.5 * (Tpo¢ + Teo1q) is the average
value of the hot and cold temperatures (in K). Evidently, thermoelectric materials must possess a high

15



Seebeck coefficient and electrical conductivity, while having weak thermal conductivity, to maximize ZT
and thus the efficiency of the thermoelectric generator. The current state-of-the-art thermoelectric materials
have ZT values of 1.38 (p-type BiSbTe [11]) and 1.04 (n-type CuBiTeSe [12]) at 300 K [10].
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