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An understanding of heat transport is relevant to developing efficient strategies for thermal manage-
ment in areas of study such as microelectronics, as well as for fundamental science purposes. However,
the measurement of temperatures in nanostructured environments and in cryogenic conditions remains a
challenging task, requiring both high sensitivity and noninvasive approaches. Here, we present a portable
nanothermometer based on a molecular two-level quantum system that operates in the (3—20)-K tem-
perature range, with temperatures and spatial resolutions on the order of millikelvins and micrometers,
respectively. We validate the performance of this molecular thermometer by estimating the thermal con-
ductivity of a nanopatterned silicon membrane, where we find a quadratic temperature dependence. In
addition, we demonstrate two-dimensional temperature mapping via the simultaneous spectroscopy of
multiple probes deposited onto such a suspended membrane. Overall, these results demonstrate the unique
potential of the proposed molecular thermometer to explore thermal properties with submicron accuracy
and unveil related phenomena manifested at cryogenic temperatures.

DOI: 10.1103/PRXQuantum.4.040314

I. INTRODUCTION

The precise measurement of local temperature is cru-
cial for efficient thermal management and control of heat
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conduction. While this control is a major goal at the
macroscale [1-4], it is also extremely relevant at much
smaller scales, such as in microelectronics [5—8], bio-
logical environments [9,10], and even in fundamental
quantum science [11-15]. Despite its technological rel-
evance, efficient thermometry methods are challenging,
especially in more complex environments such as those
in which cryogenic temperatures or nanoscale dimen-
sions are involved. Under these conditions, thermal con-
duction is predominantly influenced by factors such as
phonon scattering at the sample boundary or interface
and phonon confinement, leading to the prediction of

Published by the American Physical Society
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non-Fourier heat-conduction regimes [16] including bal-
listic propagation, Casimir-Knudsen effects [17,18], and
phonon hydrodynamics [19]. To explore the underlying
physics of such transport regimes, ideal thermal probes
should have minimal invasivity, while possessing suffi-
cient sensitivity and spatial resolution to map temperature
with nanoscale resolution.

Among the currently available nano- and microthermo-
metric methods [9,10,20], the most prominent ones are
those based on thermoelectric effects [21,22] or on optical
techniques [23-26], such as the frequency-shift measure-
ment in Raman signals [27,28] or the measurement of the
reflectivity change in the case of time- and frequency-
resolved thermoreflectance techniques [29,30]. The former
approaches enable high sensitivity, reaching down to the
millikelvin range. However, they tend to be invasive at
the nanoscale and are lacking in their ability to provide
information with high spatial or two-dimensional (2D) res-
olution. Raman-based methods, instead, allow for fast and
spatially resolved readout but are inefficient as tempera-
tures decrease below a certain value, depending on the
system (typically below 100 K). Moreover, these tech-
niques are only applicable to materials with Raman-active
modes. Finally, thermoreflectance techniques require com-
plex on-chip architectures such as the use of a transducer
layer interacting with the measured samples [31]. Promis-
ing results have been obtained with nanoparticle-based
temperature detection, including those relying on lumi-
nescence measurements [32—34]. However, such classical
approaches are usually optimized for room-temperature
operation.

Use of the detection of temperature-induced effects
in quantum systems theoretically allows for both low-
temperature ranges as well as high sensitivity to be
simultaneously reached [35], providing an alternative and
promising strategy to measure the temperature of a tar-
get and its surroundings. A notable example is that of
temperature-induced decoherence in a two-level system
(qubit), which leaves the thermal bath largely unperturbed,
as no actual thermalization or energy exchange takes place.
Furthermore, quantum metrology strategies can be applied
to identify optimal measurements, yielding the best preci-
sion and accuracy given some interaction Hamiltonian [36,
37]. However, the extreme sensitivity of quantum probes
to the environment complicates the decoupling of temper-
ature effects from other sources of decoherence and hinders
their deployment within portable solid-state devices.

In this paper, we present a noninvasive nanothermome-
ter based on quantum emitters hosted in molecular crys-
tals and employed as quantum probes. These fluores-
cent molecules are embedded as interstitial impurities in
submicron-sized crystals, which can be positioned on the
sample at the microscale and investigated under cryogenic
conditions. The precise estimate of the local temperature
is obtained from the measurement of the optical-transition

line width of the molecules. This new-found thermometer
is calibrated by comparing the response of several molec-
ular emitters on different surfaces as a function of the
cryostat temperature. By exploiting the absorption of a
laser beam impinging on the sample at a controlled power
and position, heat conduction in nanostructured silicon
membranes is studied as a relevant and representative test
bed and characterized with unprecedented sensitivity in the
temperature range from 3 to 20 K. Temperature maps are
also acquired with discrete sampling of the surface over
approximately 40 x 15 wm?. The investigated area can be

readily extended to a few mm?.

II. CONCEPT AND EXPERIMENTAL SETUP

Polyaromatic hydrocarbon chromophores embedded in
appropriate host matrices and cooled down to cryogenic
temperatures can be described to first approximation as a
two-level system capable of emitting single photons with
high brightness, purity, long-term photostability, and indis-
tinguishability [38]. In particular, here we consider diben-
zoterrylene (DBT) molecules embedded in anthracene
(Ac) nanocrystals (NCx) [39,40] as molecular thermome-
ters. Figure 1 shows the relevant energy levels of DBT-Ac
nanocrystals, with Sy and S; being the ground and the
excited electronic singlet states, respectively. The zero-
phonon line (ZPL) is around 785 nm and its line width
is lifetime limited at low temperatures with a full width
at half maximum (FWHM), denoted by ¥, such that y =
I'/2r = 1/Q2m 1) = 50 MHz, with 7| being the radiative
lifetime [39]. In addition to a purely electronic transi-
tion, the molecular excited state can decay via internal
vibrational states, yielding fluorescence at longer wave-
lengths. Moreover, electron-phonon coupling with the
mechanical excitations of the matrix gives rise to the so-
called phonon side bands in the emission spectrum and
induces decoherence of the molecular-transition dipole
moment as a second-order effect [41—44]. The molecule
can thereby also be interpreted as an acute sensor of
its local environment, which, at a given temperature, is
characterized by a phonon spectral density of states and
relative average occupation number, determined the Boltz-
mann distribution. The exact optomechanical interactions
that occur between photons, localized mechanical excita-
tion of the molecules, and phonons is a rich and active
area of research [45,46]. Here, we focus more specifically
on exploiting the temperature-dependent optical response
that results from these interactions. In particular, we will
explore the molecular dynamics by considering that the
ZPL transition line width (FWHM) is expected to follow
a close-to-exponential increase with temperature, accord-
ing to Ref. [44] (additional details are provided below and
in Appendix E).

Toward this goal, excitation spectroscopy is used,
whereby the laser frequency w; is scanned across the ZPL
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FIG. 1.

An illustration of the experimental setup and working principle. A sketch of the experimental setup is shown on the left, in

which an excitation laser (red beam) interrogates the molecular thermometers (red disks on a patterned silicon membrane) consisting
of dibenzoterrylene (DBT) molecules in anthracene (Ac) nanocrystals (NCx) emitting single photons (red spots), while the heating
laser (yellow beam) acts as a controllable heating source. The Stokes-shifted fluorescence intensity (Is) is collected as a function of
g, giving rise to Lorentzian peaks with temperature-dependent line widths. The relevant energy levels (center) of DBT-Ac NCx,
where |Sp) and |S}) represent the singlet ground and excited states, respectively. As the temperature increases, the energy levels, and
in consequence the transition lines, broaden in a reproducible way, providing an ideal optical transduction (see the graph on the right).

transition and the red-shifted fluorescence Ig is collected
after a long-pass filter. The experiments are done using
a confocal microscope in an epifluorescence configura-
tion, as sketched on the left of Fig. 1. More details on
the optical setup can be found in Refs. [39,47]. This setup
allows for detection with either an electron-multiplied
charge-coupled device (EMCCD) camera or single-photon
avalanche photodiodes (SPADs). Two SPADs are arranged
in the Hanbury Brown—Twiss configuration to detect
the single-molecule intensity autocorrelation function (see
Fig. 5 in Appendix B).

The characteristic FWHM of the Lorentzian profile
obtained from excitation spectroscopy is estimated under
different testing conditions. In a first experiment, the tem-
perature of the cryostat (a Montana closed-cycle cryosta-
tion) is controlled by local heaters and measured with a
thermocouple placed on the cold finger. This setup is used
for calibration, as discussed further below (see Sec. IIT A).
In a second series of experiments, we use an extra laser
beam (a He:Ne laser) with a central wavelength of A =
632 nm focused on the sample as a local heat source (the
heating laser in Fig. 1). The wavelength of the heating
laser can be arbitrary as long as it does not efficiently
excite the two-level transition of our nanoprobe (exam-
ples of measurements obtained with another heating laser
with 767-nm central wavelength are shown in Figs. 6

and 7 in Appendixes C and D, respectively). We then
set up two different configurations, referred to as type I
and II from here onward. In the type-I configuration (see
Sec. III B), the position of the heating laser can be dis-
placed with respect to a DBT-Ac nanocrystal probe, while
single-molecule excitation spectroscopy is performed on
said probe. From the line-width broadening, the local tem-
perature on the surface can be estimated as a function of the
distance from the heating source. Following this approach,
thermal properties (including the heat conduction) of com-
plex materials can be studied at low temperature. Due
to the submicron size of the nanocrystals, high-spatial-
resolution measurements can be obtained. Alternatively, in
the type-II configuration (see Sec. III C), the heating laser
remains static, focused at a specific position on the sur-
face. A large number of DBT-Ac nanocrystals distributed
at random distances from the fixed heating source in com-
bination with wide-field excitation allows for spatial map-
ping of the temperature distribution on the sample surface.
Consequently, a fluorescence map of all probed nanocrys-
tals can be imaged on the EMCCD camera as a function of
the scanning frequency of the excitation laser, yielding a
spatial map of the ZPL of each molecular thermometer. By
construction, the proposed thermometer shows unmatched
performance in terms of spatial resolution, low invasive-
ness, and working-temperature range, although it has a
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limited temporal resolution. With regard to the temporal
resolution, each measurement requires the recording of a
spectroscopic trace, which generally takes a time of the
order of 10 s, limiting the sampling rate to around 0.1 Hz.
Although the scan speed, frequency range, and pumping
power are chosen to guarantee minimum time consump-
tion for optimal resolution, we consider our thermometer
as a tool for steady-state measurements.

I11. RESULTS AND DISCUSSION

A. Characterization of low-temperature
single-molecule thermometers

A typical example of the thermometer calibration is
reported in Fig. 2. In Fig. 2(a), excitation spectra are shown
for a single DBT molecule on a flat silicon surface at differ-
ent temperatures, with the red-shifted fluorescence inten-
sity plotted as a function of the laser detuning to the ZPL
(Aw = wzpy, — wr). The molecule is excited confocally
below saturation with a laser power, measured at the back
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entrance of the objective, P = [0.3 — 5] nW, as the temper-
ature increases from 7 = 2.8 to 11 K. A clear broadening
of the line width with increasing cryostat temperature is
observed. The dashed line shows a representative fit of
the measurement to a Lorentzian peak. The measurements
are repeated for different molecules and sample surfaces to
extract the specific associated calibration curves (FWHM
versus temperature). The results for gold, silicon, and a
patterned silicon membrane are reported in Fig. 2(b), cov-
ering the temperature range from 2.8 to approximately
30 K. As the temperature increases, the excitation power
is also increased up to several tens of nanowatts, in this
way maintaining a constant excitation efficiency. Each sur-
face presents a different upper temperature limit due to the
related excitation and collection efficiency, which deter-
mine the attainable signal-to-noise ratio. Additional exam-
ples of calibration curves on silicon for different nanocrys-
tals and different molecules in the same nanocrystal are
provided in Appendix E (see Fig. 8). The experimental
data (scattered points) and error bars are obtained as the
average value and standard deviation, respectively, of the
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FIG. 2. The performance of a DBT-Ac nanocyrstal as a thermometer. (a) The intensity of the Stokes-shifted emission of a DBT-
Ac nanocrystal on a silicon substrate as a function of the frequency detuning (Aw) between the excitation laser and the molecule
ZPL for different sample temperatures. The dashed line displays a representative fit of the measurement to a Lorentzian peak. (b)
Calibration curves, i.e., line width versus sample temperature, on gold (yellow), silicon (blue), and a patterned silicon membrane
(green). The scattered points show the experimental measurements with error bars and the dashed and solid lines display the best fits
to I',(T) = I'y /2 + I'; (1) with I'; (T) given by Eq. (1). (c) The power dependence of the line width at 7 = 2.8 K. (d) The thermometer
relative sensitivity (S, scattered points) and temperature resolution (A7, dashed lines) as a function of the temperature [colors as

in (b)].
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Lorentzian FWHM over at least four repeated excitation
spectra. The best fit to the data is plotted in solid lines with
the expression from Ref. [44], T2 (T) =T1/2 + I'5(D),
where I'y = 7 x y, I'y = 1/7; (which is largely temper-
ature independent) and I'; (T) is the phonon-induced pure
dephasing contribution. Clear et al. [44] have found that
the latter can be expressed as

[5(1) = / dw &°n(w) (n(@) + 1)
0

X / d0 sin(0)(1 + cos(§)) e 20" (+eos@)/?
0
(1)

where n(w) is the Boltzmann phonon distribution func-
tion for a given frequency w and 6 is the angle between
two phonon wave vectors. The above expression has
been specifically developed to include the electron-phonon
interaction in the context of molecular crystals. Assuming
that Iy is approximately 7 times the FWHM at the lowest
temperature measured (7 = 2.7 K), the calibration can be
fitted with two fitting parameters, y and &, which corre-
spond to the amplitude and to the phonon cutoff frequency,
respectively.

Interestingly, the fitting of the calibration curve for
NCx on the three different surfaces yields similar values
for w and & [ = (6.3 £0.8)107° ps’, and £ = (6.1 &
0.3) ps~!], as reported in Table I In the case of multiple
probes, this allows us to use a single calibration curve at the
cost of slightly lower accuracy. The optimal operating tem-
perature range will always depend on the signal-to-noise
ratio, which is higher for the molecules on gold among the
cases examined in Fig. 2, for the reasons discussed in, e.g.,
Ref. [48].

The characteristic saturation behavior of the system is
captured in Fig. 2(c), showing the line width as a func-
tion of the excitation power in confocal excitation at 2.8
K. The data are fitted to [',(P) = [',4/1 4+ (P/Ps), which
yields a typical saturation power Py = (7.8 £ 0.6) nW. All
measurements presented in this work, notably those on
silicon interfaces, employ laser powers <5 nW for the con-
focal configuration. These low power values ensure that
the emission line width is not power broadened, represent-
ing a record-low operating power level, and consequently
low invasivity, for all-optical temperature measurements.

The main figures of merit for thermometers are the
sensitivity and temperature resolution [20,49]. A relative
sensitivity can be defined as S, = (1/y)(dy/dT) x 100,
expressed in % K~!, where y = FWHM is used as the
indirect measurement of temperature. Figure 2(d) sum-
marizes the experimental (scattered points) sensitivities
for three different surfaces. Regardless of the measured
surface, the maximum S, is found around 5-7 K, reach-
ing up to ~70% K~!, which, to our knowledge, is the

highest S, reported for all-optical thermometers (see, e.g.,
Refs. [9,50]), especially in this range [51].

The dashed lines in Fig. 2(d) correspond to the tem-
perature resolution A7, given by the expression AT =
Ay (dy/dT)~!, where Ay is the experimental error bar
on the line width at a given temperature (obtained as
described above). Consequently, AT is a measure of the
minimum change in temperature that this technique can
resolve. Depending on the substrate, this varies from 0.01
to 0.1 K over the temperature range 5—10 K, where the
slope (dy /dT) is steeper, being among the best tempera-
ture resolutions reported at the nanoscale [9]. Finally, the
spatial resolution is given by the size of the nanocrystals,
which is on average only a few hundreds of nanome-
ters (see Ref. [39]), providing fine-grained access to local
values of temperature and temperature gradients. The over-
all performance of the molecular thermometer makes it
an excellent candidate for measuring heat transport under
relevant environmental conditions, particularly those in
which non-Fourier diffusion of heat is predicted to occur.
This phenomenon tends to be difficult to investigate due to
the characteristic low-temperature range and the fragility
of samples [16].

B. Measurements of heat propagation in
nanopatterned silicon membranes

As a representative example of a more complex surface,
we study heat propagation in a phononic crystal. In par-
ticular, the device is a suspended silicon membrane with
shamrock-shaped holes arranged in a periodic triangular
lattice. Such patterns have commonly been used to con-
trol vibrations in solids and to prevent the propagation
of specific phononic frequencies, which can be unwanted
sources of noise and dephasing in quantum systems [52—
54]. Figure 3(a) displays a sketch of the sample geometry
with the corresponding values for the thickness of the pat-
terned membrane (250 nm), the silicon substrate (600 wm),
and the space between the membrane and substrate (nomi-
nally 3 wm). The cross-section view also shows a generic
position of both lasers. Specifically, we consider a sus-
pended silicon membrane of size 63 wm x 63 wm with a
nonpatterned suspended silicon frame of width 6 wm (see
the inset on the left). SEM images of the shamrock-shaped
pattern with a periodicity of 400 nm and a fill fraction of
approximately 60% are shown as insets to the figure (see
details on the geometry in Ref. [54] and about fabrication
in Appendix A).

The inset in Fig. 3(b) shows the measurement config-
uration, as described in Sec. B: the heating laser (yellow
light) moves along a line containing the selected molecular
thermometer (the red disk), whereas the ZPL line width is
estimated via excitation spectroscopy. The obtained values
are plotted in Fig. 3(b) as a function of the relative distance
between the DBT molecule and the position of the heating
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FIG. 3. The temperature profile on a silicon-patterned membrane. (a) A sketch of the sample cross section with the heating and probe
laser (yellow and red beam, respectively). The insets at the foot show scanning-electron-microscope (SEM) images of the sample: the
complete membrane (shown in the left inset) depicts the surrounding frame, while the shamrock-shaped pattern is visible in the right
inset. (b) The line width versus the relative distance between the moving heating laser and the DBT-Ac nanocrystal. The error bars
correspond to repeated laser scans as explained in Sec. III A. The inset shows a schematic of the measurement configuration, with
the fixed probe laser on the NCx (the red disk on the surface of the sample) and the displacing heat source. The dashed vertical line
indicates the frame position. (¢) The temperature profile as a function of the relative distance. The black squares denote temperatures
estimated from experimental measurements in (b), considering a calibration curve as described in Sec. III A. The solid lines represent
the calculated temperature profiles assuming different power laws (v) for the dependence of the thermal conductivity on the temperature

[see Eq. (F4)].

laser. Clearly, the line width broadens as the heating laser
approaches the DBT molecule. It is worth noting that the
nanocrystal is around 20 wm away from the frame (indi-
cated with a dashed vertical line), which can be considered
as a thermal sink, explaining the asymmetric shape of the
profile.

In order to interpret the experimental results, we solve
the heat equation by considering a nonconstant thermal
conductivity, consistent with both Debye’s and Einstein’s
model for the heat capacity at cryogenic temperatures. The
temperature dependence of the thermal conductivity, in
this range of temperatures, is assumed to be of the form
k ~ T, where v is the exponent of the power law [55].
A fixed-bath-temperature boundary condition of 2.8 K is
considered outside the rectangular membrane (for further
details, see Appendix F). The theoretical results are then
compared with the experimental data of the temperature as
a function of the position of the heat source in Fig. 3(c).
The black squares correspond to the temperature values
estimated from the experimental points in Fig. 3(b), using
a calibration curve specific for that NCx and fitted assum-
ing the values of n and & as described in Sec. IIl A. The
zero-temperature line width 'y /27 is 120 MHz and cor-
responds to the off configuration of the heating laser. The
solid lines show the calculated temperature profile, assum-
ing a power-law dependence of the heat conductance with
temperature for different values of v. The blue line displays
the best fit for the theoretical profile assuming a constant
thermal conductivity 0.0084 £ 0.0006 W /(m K).

We find that the best fit to our experimental results corre-
sponds to an exponent v = (2.1 £ 0.1), showing excellent
agreement and leading to a sample thermal conductivity
of (0.0032 +0.0001) W/(m K) at 4 K. This estimate is

based on the assumption of 1% absorption of the impinging
power, which is based on the transfer-matrix method in the
multilayer structure, considering the optical properties of
silicon at room temperature (from Ref. [56]). Interestingly,
the value v = 2 is associated with heat propagation in two
dimensions, which is expected for a suspended membrane.
In Appendixes C and D, we also successfully compare
simulations and experiments for the case of a broken mem-
brane and a silicon slab. Moreover, our estimation of k is in
accordance with values in the literature for nanostructured
silicon membranes at 4 K [57—62]. These findings validate
our molecular two-level system as a high-sensitivity ther-
mometer, allowing for measurements in complex samples
at cryogenic conditions.

C. 2D temperature mapping at 3 K with multiple
quantum thermometers

The ability to simultaneously measure temperature at
different positions on a surface in principle allows for the
heating and dissipation processes to be studied as a whole,
rather than locally, which significantly reduces the acqui-
sition time. Toward this goal, the type-II experimental
configuration [see Fig. 4(a)] is applied to the suspended
membrane characterized in Sec. III B, with a large number
of doped Ac crystals deposited via drop casting (for more
details, see Appendix A). The inset shows a schematic
of the measurement configuration in which the heating
laser (yellow beam) remains static while the excitation
laser (expanded red beam) allows the collection of fluo-
rescence (red dots) from several molecular thermometers
(red disks on the surface) simultaneously, providing a tem-
perature map of the sample. In Fig. 4(a), the scattered
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FIG. 4. 2D temperature mapping on a patterned silicon surface. (a) The measured and calculated temperature profiles (color scale)
for the suspended membrane also analyzed in Fig. 3. The experimental points are highlighted with circles. The position of the heating
laser is indicated with a white x. The inset shows a schematic of the measurement configuration, in which the heating laser (yellow
beam) remains static while the excitation laser (expanded red beam) allows for the collection of fluorescence (red dots) from several
molecular thermometers (red disks on the surface of the sample) simultaneously, providing a temperature map of the sample. (b) The
dependence of the temperature on the heating-laser power for four DBT-Ac nanocrystals, labeled as A4, B, C, and D, positioned as
highlighted in (a) [see Eq. (F4)]. (c) The temperature as a function of the DBT-Ac nanocrystal distance with respect to the heating
source at 4-u W heating-laser power. The black squares correspond to experimental data, whereas the red circles denote the calculated

temperature, assuming v = 2.

points illustrate the nanocrystal positions, together with
the extracted temperature represented by the color scale,
obtained using localization techniques and excitation spec-
troscopy, this time performed using the EMCCD camera.
The calculated temperature distribution over the mem-
brane is also reported, using the same color scale. The
measured temperature values closely follow the calculated
temperature profile. This validates our mapping of the tem-
perature profile with discrete sampling and high spatial
accuracy in a temperature range around 5 K.

As representative cases, we select four DBT-Ac
nanocrystals, labeled 4, B, C, and D, for further analy-
sis (highlighted with white squares). These are 8.9, 19.2,
33.1, and 37.9 wm away from the heating source, respec-
tively. Figure 4(b) displays how the temperature behaves
differently as a function of the heating-laser power in
such locations. In particular, the closer the DBT-Ac is
to the heat source, the stronger is the temperature power

dependence. The experimental data (scattered points) are
fitted according to the calculated power dependence,
assuming v = 2.

In addition, Fig. 4(c) presents the temperature estimated
using 81 DBT-Ac nanocrystals as a function of their dis-
tance from the heat source, operated with a laser power
of Py =4 wW. The large number of temperature sen-
sors on the surface allows for the reconstruction of a
well-defined temperature profile showing the characteris-
tic length scale of thermal transport on this surface, which
is consistent with 2D heat propagation. Remarkably, the
characteristic length scale is larger compared to Fig. 7(f),
which displays measurements on a nonsuspended mem-
brane. This means that, in the latter, the heat propagation
is not just along the membrane, i.e., the temperature drops
more steeply because heat can also flow toward the bot-
tom of the sample. In Fig. 4, the fluctuations are largely
a result of weak signals in some of the molecules leading
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to small deviations of the specific calibration curve from
the assumed one, or disorder introduced by imperfections
on the surface. In addition, other effects such as non-
Fourier heat propagation and the Casimir-Knudsen edge
effect can potentially affect the thermal conductivity and
the temperature distribution in our geometry. However,
measuring those effects would require further systematic
analysis beyond the scope of this work.

IV. CONCLUSIONS

We have presented a single-molecule thermometer that
allows for the measurement of temperature via the broad-
ening of the zero-phonon transition line in a temperature
range from 3 to 20 K. Our nanoscopic thermometers, DBT
molecules embedded in anthracene nanocrystals, exhibit
a relative sensitivity of 70% K~! around 5 K, a thermal
resolution ranging from 0.1 to 0.01 K, and a spatial res-
olution of a few hundreds of nanometers, given by the
size of the probes. Furthermore, the thermometer operates
at low power, less than 5 nW, which marks a record-low
impact in this temperature range. We have demonstrated
the potential of our nanoprobe by performing 2D temper-
ature mapping of a nanostructured surface and we have
validated the results against theoretical calculations. We
observe the characteristic heat-propagation regime in a
patterned silicon membrane. These results pave the way
for using molecules as probes for the thermal properties
of materials, going beyond the Fourier-diffusion theory
of phonon propagation, given the operating temperature
range of a few kelvin, the possibility of performing 2D
temperature maps, and the feasibility of working with
nanostructured samples.
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APPENDIX A: METHODS

1. Preparation and deposition of DBT-Ac nanocrystals

The DBT-Ac nanocrystals were formed in aqueous sus-
pension. 50 wL of a 1: 107 mixture of 1 mM DBT in
toluene and 5 mM Ac in acetone solution was injected
into 2 ml of Milli-Q® water and sonicated for 30 min.
The solvents and Ac were purchased from Sigma-Aldrich,
the water was deionized by a Milli-Q® Advantage A10
system (18.2 mQ cm at 25°), and the DBT (>90%
pure) was obtained by custom synthesis performed by the
Dutch company Mercachem, nowadays called Symeres.
The resulting nanocrystals were then deposited on the sur-
face of interest via drop casting. In this technique, a drop
of 20 w1 of the suspension is deposited on the surface, fol-
lowed by a desiccation procedure assisted with vacuum at
room temperature, resulting in the deposition of several
hundreds of nanocrystals.

2. Patterned-silicon suspended membrane preparation

The suspended shamrock crystal membranes were fab-
ricated on a silicon-on-insulator (SOI) platform using con-
ventional nanofabrication techniques. The SOI chips ini-
tially underwent an O, plasma treatment in an inductively
coupled plasma reactive-ion etcher (ICP RIE) at relatively
low powers (400 W) for 1 min to enhance the surface adhe-
sion of the subsequent resist. CSAR 62 (AR-P 6200.09)
positive-tone electron-beam resist was spun onto the sur-
face at 4000 rpm for 1 min and then postbaked at 150°C
for 1 min. Shamrocks were patterned into the resist using
a 30-kV Raith electron-beam system and then developed
for 1 min in AR-600-546 developer. The development was
stopped after 30 s in AR-600-60 stopper, followed by 30 s
in isopropanol. The pattern was transferred into the device
layer using a pseudo-Bosch ICP-RIE etch. A low-power
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0O, etch in the ICP RIE was also able to strip away any
residual resist following the silicon etch. Finally, the mem-
brane was suspended in a 3-min 50% hydrofluoric acid
etch, followed by critical-point drying.

APPENDIX B: SINGLE-PHOTON EMITTER
MOLECULAR THERMOMETER

DBT molecules embedded in anthracene NCx are well-
known single-photon emitters and are widely used for
quantum photonics applications. In this experiment, we
also perform a measurement of the intensity autocorre-
lation function (g‘¥) in a Hanbury Brown-Twiss config-
uration. Figure 5 shows the experimental data in black,
whereas the red solid line represents the fitting to a single
exponential, leading to g®(0) = 0.02 £ 0.04 and corre-
lation time 7; = 3.5 & 0.2 ns. The observed antibunching
dip shows that we can easily isolate a single-quantum emit-
ter within each nanocrystal, with the resonant pumping
scheme employed throughout this work.

APPENDIX C: TEMPERATURE PROFILE OF A
BROKEN MEMBRANE

The method described in Sec. 111 B to measure the tem-
perature profile on a surface can be extended to even
more complex systems. For instance, with the nanother-
mometers presented in this work, we were able to realize
temperature measurements on a broken membrane, as we
show in Fig. 6.

The nanocrystals were deposited on the membrane by
microinfiltration. With this technique, a few nanocrystals
can be released using a setup (Eppendorf Femtojet) that
consists of a micropipette (Eppendorf Femtotips) with an
external diameter of about 2 wm and an inner diameter
of 0.5 wm, held on a three-dimensional micrometeric
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FIG. 5. A histogram of the relative arrival time between the
two SPADs in the Hanbury Brown—Twiss configuration. The
solid red line is a single exponential fit to the data, yielding
g?(0) =0.02+0.04 and 7, = 3.5+£0.2ns.

stage for fine movement. The aqueous suspension of
nanocrystals (for the synthesis of DBT-Ac nanocrystals,
see Appendix A) is injected into the micropipette and the
tip is brought close to the region of interest until a micro-
drop of suspension is deposited via surface adhesion, with
high spatial resolution.

Figure 6(a) shows a sketch of the sample geometry with
the corresponding thicknesses of the patterned membrane
(250 nm), the silicon substrate (600 wm), and the space
between the suspended membrane and the substrate (nom-
inally 3 wm). As in Fig. 3, the cross-section view also
shows generic positions of the two lasers. Specifically,
we consider a broken suspended silicon membrane of size
50 pm x 40 pm with a nonpatterned suspended silicon
frame of width 4.5 pwm (see the inset on the left). The
shamrock-shaped pattern with a periodicity of 500 nm and
a fill fraction of approximately 50% is depicted in the inset
on the right (see details on the geometry in Ref. [54] and
more details of fabrication in Appendix A).

The inset in Fig. 6(b) shows the measurement config-
uration, as described in Sec. B. The obtained line widths
are plotted in Fig. 6(b) as a function of the relative
distance between the DBT molecule, i.e., the molecular
thermometer, and the position of the heating laser. As in
Fig. 3(b), the line width broadens as the heating laser
comes closer to the DBT molecule. It is worth noting that
the DBT molecule is only 5 pm away from the frame
(which can be considered to be a thermal sink) and also
the fact that in this specific case, the membrane has rup-
tured during the nanocrystal deposition, resulting in a tear
20 wm away from the molecular thermometer [both dis-
tances are highlighted in Fig. 6(b) with a vertical dashed
blue line and respective labels]. These two factors are
what give rise to the asymmetric shape of the line-width
profile.

To interpret the experimental results, the heat equation
is solved numerically because of the complex boundary.
An extra boundary condition is considered for the tear,
which considers a vanishing heat flux at the tear. The
results of the numerical simulation are then compared
to the experimental data of the temperature as a func-
tion of the position of the heat source in Fig. 6(c). The
red circles correspond to the temperature values estimated
from the experimental points in Fig. 6(b), assuming the
calibration curve described in Sec. III A with a lifetime-
limited line width I"; /27 = 196 MHz, which was obtained
with the heating laser off. The lines show the simulated
temperature profile assuming the power-law dependence
of the heat conductance with the temperature. The dashed
gray and dashed-dot black lines display the theoretical pro-
file with constant thermal conductivity 0.005 W/(m K).
Additionally, the former includes the boundary condition
due to the tear, whereas the latter assumes no tear, i.e., that
the membrane is not ruptured. All other 7% curves take into
account the presence of a tear.
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FIG. 6. The temperature profile on a broken patterned silicon membrane. (a) A cross section of the sample indicating the thickness
of the membrane, the substrate, and the space between them, together with a representative placement of the position of the lasers (red
and yellow beams). An SEM image of the complete membrane reveals the frame surrounding the membrane in the inset on the left.
The inset on the right shows the shamrock-shaped pattern of the membrane. (b) The line width versus the relative distance between the
moving heating laser and the DBT-Ac nanocrystal. The error bars correspond to repeated laser scans, as explained in Sec. Il A. The
inset shows a schematic of the configuration in which the measurements are taken, interrogating only one nanocrystal while displacing
the heat source. In addition, the dashed vertical lines indicate the location of the frame and the tear with respect to the position of
the nanocrystal. (c) The temperature profile as a function of the relative distance between the moving heating laser and the DBT-Ac
nanocrystal. The red circles denote temperatures estimated from experimental measurements in (b) considering a calibration curve as
described in Sec. III A. The solid lines represent simulated temperature profiles assuming different power laws of dependence of the
thermal conductivity on the temperature, as well as the presence or lack thereof of the tear, as described in the text.

We find that the power laws that best fit our experi-
mental measurements correspond to an exponent ranging
from v =1 to v = 2. The estimation of the sample ther-
mal conductivity at 4 K forv =1and v = 2 is (0.0032 +
0.0006) W/(m K) and 0.0015 £ 0.0003 W/(m K), respec-
tively, estimating a 1% absorption of the impinging
power. This percentage has been determined using the
transfer-matrix method in the multilayer structure shown
in Fig. 6(a), employing the optical properties of silicon at
room temperature from Ref. [56]. Our estimation of « is in
accordance with values in the literature for nanostructured
silicon membranes at 4 K [57-62].

APPENDIX D: HEAT PROPAGATION ON A
NONSUSPENDED MEMBRANE

Type-II measurements were also performed on a non-
suspended pattesrned silicon membrane, using a heating
laser of wavelength 767 nm. The inset in Fig. 7(a) shows
an SEM image of the nanostructured SOI surface, which is
characterized by circular holes 45 nm in radius, 250 nm
deep with a 500 nm periodicity, and with a fill fraction
of approximately of 15% (the scale bar is 200 nm). In
Fig. 7(b), an optical-microscope image demonstrates how
the NCx spread all over the nonsuspended membrane that
we study (indicated with a black arrow), covering the
whole area right after the deposition (via drop casting)
and before the cool-down process. During the process of
cooling the sample down, some of the NCx sublimates
due to the pressure conditions. Despite this fact, we still
find enough NCx emitting from the substrate at cryogenic
temperatures to perform type-1I measurements. Figure 7(c)

shows the SEM image of the nonsuspended membrane
after extracting the sample from the cryostatic chamber
once the measurements have been performed. It is possi-
ble to observe only a few big crystals since most of the
NCx sublimate during the heating procedure to remove
the sample from the cryostat. Figure 7(d) illustrates the
nanocrystal positions with the related temperature estima-
tion as obtained using localization techniques and excita-
tion spectroscopy performed with the EMCCD camera (as
a guide for the eye, the corner of the structured area on
the sample is denoted with white dashed lines). The laser
heat source is then kept at a fixed position, marked with a
yellow dot, which is placed at a varying distance from the
various crystals. This clearly shows the possibility of map-
ping temperature profiles with discrete sampling and high
spatial accuracy around the 5 K range.

As representative cases, we select four DBT-Ac
nanocrystals, labeled 4, B, C, and D, for further analy-
sis. These are 6.3, 12.7, 25.7, and 34.0 um away from
the heating source, respectively. Figure 7(e) shows how
the line width of these molecules behaves differently as
a function of the heating-laser power. In particular, the
closer the DBT-Ac is to the heat source, the stronger
the molecule ZPL line width scales with power. In these
measurements in which the heating wavelength is closer
to the ZPL, as the heating-laser power increases, two
effects lead to an increase in the size of the error bars:
the corresponding temperature increase broadens the line
and decreases its amplitude as the Debye-Waller factor
diminishes. While the signal decreases, the background
increases due to laser leakage and possible residual exci-
tation of the probed molecule via the transition to the
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FIG. 7. 2D temperature mapping on a nonsuspended patterned silicon surface. (a) A schematic of the measurement configuration,
in which the heating laser (yellow beam) remains static while the excitation laser (expanded red beam) allows collection of the
photoluminescence (red spots of light) of several molecular thermometers (red hexagonal crystals on the sample) simultaneously,
providing a temperature map of the sample. The sample consists of a SOI substrate with a 250-nm-thick silicon device layer with the
pattern shown in the inset in a SEM image, a 3-pum silicon dioxide buried oxide middle layer, and a 600-pum silicon substrate. (b),(c)
Optical microscope (b) and SEM (c) images before and after performing measurements in the cryostat, respectively. (d) A top view
of a corner of the patterned silicon surface. The heating laser and DBT-Ac nanocrystals are represented by a yellow circle and small
squares, respectively. The color scale denotes the temperature measured by each molecular thermometer on the sample surface. ()
The dependence of the line width on the heating-laser power for four DBT-Ac nanocrystals, labeled as A, B, C, and D, highlighted
in white in (d). (f) The temperature as a function of the DBT-Ac nanocrystal distance with respect to the heating source at a given
heating power of 180 wW. The colored squares correspond to labeled nanocrystals in (e) with the same color code. The inset shows
the speckle pattern of the heating laser on the sample surface.

higher vibrationally excited state (0-1), beyond the probed  should be ascribed to the speckle pattern produced by the
ZPL (0-0). We point out that this effect is due to the spe-  heating laser on the surface [see inset in Fig. 7(f)], which
cific heating mechanism that is used here to prove the  induces spatial fluctuations of the temperature.

principle and that is in essence not related to the sensing
device. As described in Sec. III A, measuring '} = 1/14
of each nanocrystal with a unique frequency scan of the
resonant laser in wide-field illumination and imaging the
sample on the camera determines the calibration curve
for each DBT-Ac nanocrystal given the parameters © and
& in Eq. (1). Figure 7(f) presents the temperature esti- Table I shows the values of the fitting parameters for
mated using tens of DBT-Ac nanocrystals as a function of  the different material surfaces used in this work. Since the
their distance from the heat source, operated with a laser ~ p and & parameters are connected and variations in one
power Py = 180 wW. Nanocrystals 4, B, C, and D are  of them imply variations in the other, here we have fixed
highlighted with their corresponding colors in Fig. 7(e).  the value of & = (6.1 & 0.3) ps~'. This value was obtained
The large number of temperature sensors on the surface by fitting the molecule on the gold substrate, which was
allows for a reconstruction of a clear temperature profile = measured over the widest temperature range (2.7-33 K).
showing the characteristic length scale of thermal trans-  The average value of © = (6.3 £ 0.8) x 1076 ps’, together
port on this surface. In this regard, the characteristic length ~ with & = 6.1 ps~!, will be used for estimating the calibra-
scale is lower compared to Fig. 3(c) as the structure is not  tion curves of any molecule given that I'; is known for
suspended and behaves as bulk. The scattering of the data ~ each one from the off configuration of the heating-laser

APPENDIX E: EXAMPLES OF FITTING OF
CALIBRATION CURVES ON DIFFERENT
SUBSTRATES AND CALIBRATION CURVES OF
DIFFERENT MOLECULES ON SILICON
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TABLEI. The values of the fitting parameters in Eq. (1) for the
experimental calibration curves measured on different substrates.
Material I'1 (MHz) w(ps’) £ (ps™hH
Gold (76 +£11)  (7.14+0.6) x 107 (6.140.3)
Silicon 92+ 6) (54+£04) x 1076 6.1
Membrane (118 +6) (6.3 £0.2) x 1076 6.1

measurements. Regardless of the parameters from Table I
used for w, the calibrated temperatures differ by less than
5% over the experimental range.

The DBT molecules inside the anthracene NCx can be
accommodated in the crystalline host matrix at different
positions and relative angles with respect to the axis of
the lattice structure. This fact, together with the existence
of lattice defects, trapped charges, etc., modifies the envi-
ronment surrounding each DBT molecule and affect the
emission of each molecule. Such an effect can be noted in
Fig. 8, where the experimental calibration curves (scattered
points) for three different molecules are displayed, show-
ing that each molecule has a different value of I'; /2. The
solid lines represent the estimated calibration curve using
u=63x10"%ps’, £ =6.1 ps~!, and the corresponding
I"y value for each molecule in I'>(7) =T'y/2 + T'5(7) and
Eq. (1). Note that molecules 1 and 2 are inserted in the
same NCx, whereas molecule 3 is in a different NCx.

We can compare these parameters with those obtained
by Clear et al. [44]. They obtained u = 1.8 x 107¢ ps?
(corrected by a factor of 4 missing in their computation)
and &£ = 8.6 ps~.

o Molecule 1
6F 2 Molecule 2
o Molecule 3

2 4 6 8 10
Temperature (K)

FIG. 8. Examples of calibration curves of different molecules
on a silicon substrate. The scattered points represent the experi-
mental data, whereas the solid lines correspond to fitting curves
according to I'»(T) = T'y/2 + I';(T) and Eq. (1). The fixed val-
ues of parameters p and £ are 6.3 x 107® ps> and 6.1 ps~!,
respectively, which are the same values as in the main text.

APPENDIX F: THEORY AND NUMERICAL
SIMULATION OF HEAT TRANSPORT IN 2D
MEMBRANES

In two dimensions, the heat equation can be written as

ok (x,y) 0T(x,y) 0 0T(x,y)
— + —«x,y)
ax ax ay ay
: 0T(x,y)
+0r.y) = pe—r2, (F1)

where « is the thermal conductivity, Q is the heat-
generation rate, p is the mass density, and ¢ is the heat
capacity. For a uniform rectangular membrane of size
X x Y attached to a heat sink on all four sides at tem-
perature 7 and assuming that the thermal conductivity
of the membrane can be described by a power law, i.e.,
k(x,y) = ko (T(x,y)/To)" as expected at low temperatures
[55], we can rewrite Eq. (F1) in thermal equilibrium as

Ko

m@f +02) + T )" + 00, y) = 0, (F2)
0

where 92 + 8)? is the 2D Laplacian. At this point, we are
also assuming that the presence of NCxs at the membrane
surface is negligible, as their density implies an extrinsic
scattering length much longer than the expected mean free
path (=250 nm; see, e.g., Ref. [63]). This equation can be
solved for an arbitrary generation rate using the Green’s
function G(x,y,x’,y’) of the 2D Laplacian with bound-
ary condition G(x,y,x’,y’) = 0 for x,x’,y, ory’ = 0 and
xorx’ =X and y ory’ = Y. The Green’s function is then
given by

G( ) 45 (an> . (X
,x v = — E sin ( —— ) sin
HYY)= Ny X X

nm=1

X sin (@) sin (nn;y > , (F3)

which, for the temperature, yields

T(X,y)‘H—l — TS+1 + T(‘]) /X dx//ydy/
v+ Dko Jo 0
x G(x,y,x,y)OC,y").

This is the expression used to compute the theoreti-
cal temperature profile shown in Fig. 4, where we have
assumed a Gaussian profile for the heat-generation rate
from the heating laser. The power dependence used in
the main text can then be expressed as 7 = (Ty'' +
aP)/+D " where P is the heating power and « is a
coefficient that depends on the configuration.

For the case of the broken membrane, we cannot use
Eq. (F4) because of the more complicated boundary con-
dition along the broken membrane. Therefore, we directly

(F4)
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FIG. 9. The temperature as a function of the distance from the

heater is shown for different values of the thermal conductiv-
ity exponent v. The solid lines are the results of the simulations
using Eq. (F5) and the squares and dashed lines represent the
results of the theory evaluating Eq. (F4) for a square and a
circular membrane, respectively. The parameters used are ko =
0.0084 and k¢ = 0.00155 for v = 0 and v = 2, respectively. We
have further assumed a Gaussian heating profile at the center of
power 1% x 4 wW and radius 1.5 pwm. The membrane thickness
has been assumed to be 250 nm.

solve the heat equation [Eq. (F1)] numerically using finite-
difference methods. This equation can be solved iteratively
by computing

Tyur() = Z Ky(r+8) — k,(r —6) + 4, (r)

T,G+ 6
16K, r+2)

H

LG B F5
+< K ) n(V)+4KnQ(V), (F5)

where T, and «, are the temperature and thermal conduc-
tivity at time ndt, (Tpy1 — T,) = dtT, 8 = fdx and =+ dy.
We further assume that the discretizations in x and y are the
same (dx = dy) and that K,, = dx?pc/4dt. For fast conver-
gence, we can choose K, = max{«(x,y)}, which is com-
puted at each time iteration. When |7, — T},| is smaller
than the desired uncertainty, the iteration is stopped. Note
that because of the temperature dependence of the thermal
conductivity «, its value has to be computed at every iter-
ation, which slows down the computation as compared to
the case when « does not depend on the temperature. Typ-
ically, graphics processing units were used in parallel was
used to compute the time iterations. A comparison between
the numerical iterative solution and the analytical one is
shown in Fig. 9.
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