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1. Nanofabrication process of suspended calorimetric devices

The detailed steps for fabricating the suspended calorimetric microdevices are shown in Fig. S1.
Briefly, a low-stress silicon nitride (SiNy) film that is 500 nm thick is first deposited onto a
silicon wafer using LPCVD (Step 1). Subsequently, a 30 nm thick Pt serpentine line is patterned
onto the SiN, layer using lift-off (Step 2). Then, Au leads with a thickness of 100 nm are defined
on the SiN, layer using the same lift-off process (Step 3). The topology of the suspended region
and the beams is created using RIE etching through the SiN, layer on the front side (Step 4).
Windows in the SiN, layer, located on the backside of the silicon wafer, are then etched using
RIE (Step 5). Subsequently, a through-hole in the silicon handler wafer is created by a KOH etch
to release the suspended device (Step 6). After releasing the device, a 100 nm thick AL,O; film is
deposited on the whole device using atomic layer deposition (ALD) (Step 7) and serves to
electrically isolate the Pt serpentine from the Au layer that will be deposited in the final step.
Finally, the microdevice is coated with a 50 nm thick Au film that is deposited using sputtering
(Step 8). Immediately after the deposition of the Au thin film, the microdevice is immersed into a

molecular solution to form a self-assembled monolayer (SAM) of molecules.
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Figure S1. Nanofabrication of the suspended calorimetric devices. Detailed steps in the

fabrication of the suspended calorimetric devices are described in the text.



2. Measurement of the thermal resistance and thermal time constant of the calorimetric

devices

The thermal resistance of the suspended microdevices was calibrated using an approach similar
to that described in our previous work'. Briefly, the temperature rise of the device was measured
by supplying a range of dc electrical currents to the integrated Pt serpentine line, which
dissipated known amounts of heat in the suspended region of the microdevice. Figure S2a plots
the measured temperature rise (A7) against the power input (Q). The thermal resistance of the
microdevice can be readily obtained by using Rs = AT / O, which was estimated to be 3.35

(+0.01) x10° K/W.
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Figure S2. Calibration of the thermal resistance and thermal time constant of the calorimetric
devices. a, Measured temperature rise of the device as a function of the input power. The thermal
resistance is given by the slope of the fitted curve. b, Normalized temperature rise of the device

as the frequency of the sinusoidal heat input is varied. The red square indicates the -3dB point.

To calibrate the thermal time constant of the microdevice, we supplied a sinusoidal heat current
with fixed amplitude (/r = 4 pA) and systematically varied the frequency of the current while
measuring its temperature response. The Joule heating (Q) occurs at a frequency 2f and
produces temperature oscillations in the microdevice with an amplitude of AT7. This 2f
component of the temperature change of the microdevice can be related to the voltage drop

across the Pt thermometer at 3f, Vs, using the relationship V,, = AT, .o ,[R/2, where a is the



temperature coefficient of resistance and R is the nominal resistance of the Pt thermometer. The
measured amplitude of the temperature fluctuations, normalized to the amplitude of the
measured value at the lowest frequency, is plotted against the frequency in Fig. S2b. We note

that the cut-off frequency (-3dB point) is at ~4 Hz. Therefore, the thermal time constant (z) of the

microdevice can be obtained using t = (27 f ;)" ~ 40 ms.

3. Surface characterization of the microdevices

The surface topography of the Au-coated microdevices was characterized by atomic force
microscopy (AFM). As shown in Fig. S3, the RMS roughness of the suspended region was found
to be less than 0.4 nm within a scanning area of 500 nm by 500 nm. We note that this flatness is
comparable to that for template-stripped Au surfaces and facilitates the formation of self-

assembled monolayer of molecules on the Au surface.
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Figure S3. Surface topography of the suspended microdevices obtained by Atomic Force
Microscopy (AFM). The Pt serpentine thermometer can be seen in (a). b, AFM scans performed
on the planar region of the microdevice reveal a RMS roughness of ~0.4 nm within a 500 nm by

500 nm area.
4. Calibration of the spring constant of the AFM probes

The spring constant of the AFM probes is estimated using the equipartition theorem®. Briefly, the
spring constant of the AFM probe (k) and the temperature (7) of the thermal reservoir that the



. 1 1 .
probe is connected to are related by: Ek(x2> = EkBT , Where kg is the Boltzmann constant and x

is the displacement of the end of the tip due to random thermal fluctuation in the probe. To
obtain the mean square displacement, <x*>, we monitored the thermally-driven deflections of the
AFM cantilever with a position-sensitive photodiode detector. From a time series of the AFM
cantilever displacement we computed the power spectral density (PSD) of the thermally driven
oscillations. As shown in Fig. S4, the PSD features a peak at ~13 kHz that corresponds to the
resonant frequency of the AFM cantilever. The mean square displacement <x*> was obtained by
integrating the PSD and was found to be ~0.039 nm”. Finally, by substituting the estimated value

of <x*> into the equipartition theorem the spring constant can be calculated to be ~0.1 N/m.
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Figure S4. Power spectral density (PSD) of the deflection of AFM cantilever. The peak

frequency at ~I13 kHz corresponds to the resonance frequency of the cantilever, and the

thermally-driven, mean squared displacement of the cantilever is about 0.039 nn’.
5. Evaluation of the stiffness of the suspended calorimetric devices

Thermal fluctuations of suspended microdevices need to be minimized to sub-nanometer levels
for creating stable molecular junctions, which requires that the suspended devices have
sufficiently high mechanical stiffness. To measure the stiffness of the calorimetric devices we
employed an approach similar to that used in a previous work’. Briefly, we employed an AFM

cantilever with a known spring constant (kcan) of ~0.75 N/m and placed it in close proximity to a



solid silicon (Si) substrate. The substrate was first displaced towards the cantilever and the force
exerted on the cantilever as a function of the displacement was recorded (Fig. S5). Subsequently,
we systematically repeated the same experiments with a suspended device (suspended region
attached to a Si substrate via thin and long beams, see Fig. 1). The measured force vs.
displacement curves are shown in Fig. S5. It can be seen that the slope of the force vs.
displacement curve (m,) recorded on the solid substrate is greater than the curve (m) obtained
with the compliant device. The difference in force exerted on the cantilever in the two
experiments is attributable to the compliance of the suspended device. Specifically, it can be

shown that the stiffness of the suspended device (ksys) can be related to the stiffness of the
cantilever (kcan) by the following expression kg, = k., / {(ﬂ)— 1}, which yields a stiffness for
n,

the microdevice of 3.85 &+ 0.11 N/m. This stiffness is significantly higher than the stiffness of the

AFM probes used in the measurement (~0.1 N/m) and thus does not limit the stability of our

junctions.
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Figure S5. Stiffness calibration of the suspended calorimeter. Force-displacement curves of
an AFM probe on the calorimeter and a solid substrate. The insets show the differences in
deflection in the two different experiments. The stiffness of the microdevice calorimeter can be

estimated from these measurements as described in the text.



6. Analysis of the uniformity of the temperature distribution of the suspended calorimeters

In measuring the heating and cooling power of the molecular junctions, one important question is
whether the temperature of the suspended region is uniform when heating or cooling occurs in a
localized area. To address this issue, we employed a COMSOL-based finite element analysis to
analyze the temperature distribution within the microdevice in the presence of a finite heat flux
(300 nW) applied to a small spot (~20 nm?®) on the surface. Figure S6 presents the meshing
topology used in the simulation and the calculated result. It can be clearly seen that the
temperature drop occurs primarily along the beams connecting the suspended region to the
thermal reservoir and there are negligible thermal gradients across the suspended region. This
ensures that the temperature reported by the Pt thermometer integrated on the suspended region

can be readily used to estimate the thermal power applied on the microdevice.
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Figure S6. Modelling of the temperature distribution on the calorimetric microdevice. a,
Meshing structure used in the simulation. A known amount of thermal power (300 nW) is applied
to a small spot with an area of ~20 nm’ at the edge of the suspended calorimeter device (see
inset). b, Calculated temperature field when the temperature increases by ~1 K on the suspended

region. The temperature gradient is primarily restricted to the beams (see inset).
7. Ultra-low noise measurement environment

All measurements described in this work were performed using a ultra-high vacuum scanning

probe microscope (RHK UHV 7500), which was housed in an ultra-low-noise facility that



features excellent vibration-isolation (meeting the stringent NIST-A criterion) and temperature

stability (<100 mK drift over 24 hours).
8. Characterization of the self-assembled monolayer of molecules

We employed X-ray photoelectron spectroscopy (XPS) and ellipsometry to determine the
monolayer thickness of the self-assembled monolayer. The representative measured results are
presented in Fig. S7 and the estimated thicknesses are summarized in Table S1. The XPS
experiments were performed on a Kratos Axis Ultra system using a monochromatic Al X-ray
source at a setting of 8 mA and 14 kV. The estimated thickness is based on the exponential
attention of the substrate photoelectrons in the presence of the self-assembled monolayer®”’ (as

shown in Fig. S7).

The ellipsometry measurements were performed on the Woollam M-2000 Ellipsometer. Incident
light beams at angles of 55, 65 and 75 degree, over the wavelengths from 400-1700 nm were
used for this characterization and the data were fit with an optical model (using
CompleteEASE™ V4.86) to extract the thickness of the monolayer. It can be seen in Table S1
that the two measurement approaches yield consistent results, which agree well with previously

reported thicknesses®".
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Figure S7. Characterization of the self-assembled monolayer using XPS. The photoelectron

intensity on different monolayers as a function of the binding energy.



Table S1. Summary of the measured monolayer thicknesses using XPS and ellipsometry.

BPDT TPDT BP

XPS (nm) 1.29 (0.14)  1.85(0.19)  1.19 (0.16)

Ellipsometry (nm)| 1.47 (0.07)  1.86(0.08)  0.91 (0.08)

The number of molecules in the junctions can be estimated by applying a simple, contact-

mechanics model (Hertzian theory). Specifically, the radius of contact between the Au AFM tip
and the SAM can be estimated from Hertzian contact mechanics'? to be 7 = ,3/R”pF / E, where

R,, is the radius of the tip, /" is the apparent load on the contact, and E is the Young’s

modulus. Taking F' to be 16 nN which sums the pull-off load of ~15 nN and the applied load of

1 nN, Rn.p= 100 nm, and £ = 79 GPa for Au, we estimate the contact radius » to be 2.7 nm,

corresponding to a contact area of ~23 nm” Based on the expected packing density of the
benzene dithiol molecules on the Au'® substrate of ~5x10" molecules/cm®we estimate that the
junction contains approximately 100-110 molecules. Moreover, we also employed the well-
known Johnson-Kendall-Roberts (JKR) model'* which was developed based on the classic
Hertzian contact mechanics to calculate the contact area and didn’t find significant difference in
estimating the number of molecules compare to the classic model. Furthermore, the number of
molecules in the junction can also be justified from the electrical conductance measurement. By

comparing the reported value of the single-molecule junction, BPDT for example which is ~2.6
MQ (5x107° GO)15 to the measured electrical conductance of the SAM which is ~37 uS (27 KQ),

we can estimate the number of the molecules in the junction to be approximately 100, by

assuming the electrical conduction of the molecules are independent from each other.

9. Electric circuitry

As depicted in Fig. 1a (main text), the low-bias electrical conductance of the molecular junctions
is measured by applying a small voltage bias (below 20 mV) across the junctions and measuring
the electric current using a current amplifier (Keithley 428). The current-flow in the molecular
junctions generates both Peltier and Joule effects in the electrodes. The thermal power (heating

or cooling) was measured by monitoring the temperature change of the suspended calorimeter



using the integrated Pt thermometer. This was accomplished by measuring the electrical
resistance change of the Pt resistor in a half-Wheatstone bridge configuration whose voltage
output was first amplified by an instrumentation amplifier (AD 524) with a gain of 100, and then
supplied into a second voltage amplifier (SRS 760) with a gain of 10. Furthermore, current-
voltage (I-V) characteristics of the molecular junctions were measured by linearly increasing the
voltage bias (from ~ -0.5 V to 0.5 V) and measuring the resultant electric current. The approach

employed for measuring the Seebeck coefficients of molecular junctions is shown in Fig. S8.
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Figure S8. Schematic describing the approach employed for thermoelectric voltage

measurements on molecular junctions.

Temperature change (AT ) of the microdevice due to the Peltier cooling/Joule heating in the

molecular junction can be estimated by AT =V, /I R,o, where V,  is the voltage output

!
across the Pt thermometer, /,, is the input electric current (see Fig. la) and R, and ¢ are the
resistance the temperature coefficient of resistance of the Pt thermometer, respectively. We note
that the Joule heating induced by /,, is estimated to elevate the temperature of the microdevice

by ~10 K.
10. Details of applying the time averaging scheme in data processing

To implement the time averaging scheme measurements of heating and cooling in MJs, we
applied repeated sequences of three level voltage biases across junctions and recorded the
resulting electrical conductance and the temperature rise of the suspended calorimeter (as shown

in Fig. 2a in the main text) for an extended period of time. Depending on the desired signal to
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noise ratio and the magnitude of the thermal power output, the number of three-level periods
over which data were collected was varied. Specifically, for the data shown in Fig. 2b the
number of periods over which data were averaged at each bias are as follows: 450 (9 mV), 720
(8 mV), 1320 (7 mV), 600 (5 mV), 1500 (2 mV), and 2000 (1 mV), respectively. In general, the

number of periods required to resolve signals increased with decreasing power output.

In performing these heat dissipation/cooling measurements we observed small changes in the
electrical conductance of the junction (~5 % - 10 %) during the time course of the measurement.
In order to (systematically) account for the variations of the conductance we normalized all the
measured power outputs by the electrical conductance relative to that measured at a bias of 3 mV.
Finally, we note that these results are independent of the samples and were found to be
repeatable with multiple probes and microdevices calorimeters. An additional data set from a
different microdevice and probe obtained over a wider range of biases for BPDT MIJs is shown in
Fig. S9. It can be seen the observed cooling minima is virtually identical to the data shown in Fig.

2c.
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Figure §9. Second independent data set for the voltage-dependent cooling/heat generation in
BPDT junctions. The solid red line indicates the fitted curve using Eq. 1 and the measured

Seebeck coefficient and electrical conductance.
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11. Description of the temperature resolution of the Pt thermometer

To evaluate the temperature resolution of the Pt thermometer of the calorimeter, we followed the

protocols developed by us in previous work'> '

. Briefly, our measurement applied an un-
modulated electrical current into the Pt line to quantify the modulated temperature change due to
the applied three-level voltage bias. The noise components in this experiment include
contributions from the electronic system (amplifiers), thermal Johnson noise, shot noise, and the
temperature fluctuation from the ambient environment. Following the procedure described in

detail elsewhere®® by us we estimate that the temperature resolution of our modulations based
Y p

approach to be given by:

- _ 2 , A i
ATR%:[ [ GN(f)[SngTf)T )} foZSC”Z(S’g 7?;)&)} df] (Eq. S1)
0
where Gn(f) is the power spectral density associated with temperature noise, 3A7 =5 seconds
(i.e. the period of each three level cycle) and 27 is the total time over which each set of three
level excitations were performed. For example, as described in the section above for the bias
with 1 mV amplitude, the three level excitation for this measurement was repeat for a total of
2000 cycles, where each cycle was 5 seconds long. Therefore, 2T = 2000x5 = 10,000 seconds for
the 1 mV voltage amplitude experiments. Further, we note that we have previously'’ analyzed
the noise spectral characteristics of resistance thermometers and had estimated Gn(f). Using this
information in conjunction with Eq. S1, we estimate, that for measurements performed for 2000
cycles, our temperature resolution is better than 0.1 mK, thus giving us a heat current resolution

that is below 30 pW.

12. Physical mechanisms of cooling and heat dissipation in molecular junctions

To qualitatively understand the physical processes that result in cooling we consider the
schematics shown in Fig. S10 a-c where the left electrode is grounded and represents the
electrode integrated into the calorimeter and the right electrode is negatively biased and

represents the probe. In these scenarios electrons are injected into the right electrode (probe) at

12



an energy of U, + e‘Vp‘ and leave the left electrode (calorimeter) at an energy [, . This implies

that if N electrons flow through the junction there is a net heat dissipation that is given by Ne|VP‘ .

To understand the origin of cooling it is essential to first note that flow of charge occurs in a
range of energies, i.e. at all energies between the chemical potentials of the electrodes and in a
small range of energies (~few kzT) above the chemical potential of the probe and below the
chemical potential of the calorimeter. As is described in more detail below, the electrons flowing

between the chemical potentials of the electrodes cause heating in both electrodes. However, the
electrons flowing above the chemical potential of the probe (U, + e‘Vp‘ ) produce heating in the

calorimeter and cooling in the probe. Further, electrons flowing below the chemical potential of

the calorimeter (U, ) cause cooling in the calorimeter and heating in the probe. From this

discussion it is obvious that, for the given bias conditions, if the number of electrons transmitted

below L., dominate the charge transfer then it is possible to achieve net cooling in the

calorimeter. Below, we first describe the heating and cooling characteristics of electrons

transmitted at various energies.

Heating due to electrons transmitted between chemical potentials: Fig. S10a shows the

scenario where an electron is transmitted at an energy E between the chemical potentials. In this
case the electron must dissipate as heat some of its energy (U, + e|VP| — E) in the probe and the
rest of energy of (E— U, ) in the calorimeter. Thus, charge transfer at energies between the
chemical potentials results in heat generation in both the electrodes and the total heat generation

per electron is e| VP| .

Heating/Cooling due to electrons transmitted above the chemical potential of the probe:

When electrons are transmitted at an energy E > U, + e|VP‘ (see Fig. S10b) the electrons absorb
energy E— U, —e|VP| from the probe resulting in cooling in the probe and dissipate energy
E—u., in the calorimeter. Notice that the net heat generation by the electron in the device
((E=Uey)—(E—= Uy —e|VP|) = e|VP|) is still the same as that for electrons transmitted between

the chemical potentials.

13
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Figure S10. Schematic describing the physical mechanism involved in heating and cooling in
molecular junctions. a, The scenario where an electron is transmitted between the chemical
potentials of the electrodes. b, The scenario where an electron is transmitted above the chemical
potential of the probe. ¢, The scenario where an electron is transmitted below the chemical

potential of the calorimeter.

Heating/Cooling due to electrons transmitted below the chemical potential of the

calorimeter: When electrons are transmitted at an energy £ < ., (see Fig. S10c) they dissipate
as heat some energy (U, +e|VP|—E ) in the probe resulting in heating of the probe and they
absorb some energy ( E — U, ) in the calorimeter, resulting in cooling of the calorimeter. Again,
notice that the net heat generation by the electron in the device
((E-ue)—(E—u., — e‘ VP|) = e‘VP|) is still the same as that for electrons transmitted between

the chemical potentials.

Relationship between transmission function and cooling: From the qualitative description
provided above it is clear that when the calorimeter electrode is grounded and the probe is
negatively biased, net cooling can occur in the calorimeter if the cooling provided by electrons

transmitted below p., is larger than the heating produced by electrons transmitted at other

energies. This can happen only when the transmission probabilities are larger at U, than those
at U, +e‘Vp‘. This in turn implies that the transmission function has a negative slope, i.e.
(0T /9E),_, . is negative, implying a positive Seebeck coefficient. This prediction is consistent

with Eq. 1 of the manuscript, which suggests that when a negative bias is applied to the probe,

14



the calorimeter can be cooled if the Seebeck coefficient of the junction is positive. From the
qualitative arguments provided above it can also be seen that, for net cooling to be observed, the
heat dissipation due to electrons transmitted between the chemical potentials must also be small
as they result in only heat dissipation. For this reason, cooling can only be observed at low
voltage biases. Finally, if the transmission function is only weakly dependent on energy then the

cooling due to electrons transmitted below L., and heating due to electrons transmitted above

Uey T+ e‘Vp‘ tend to cancel each other resulting in no observable cooling.
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