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Abstract

The emission properties of a localized solid-
state emitter are strongly influenced by its envi-
ronment. The coupling to acoustic phonons im-
pacts the coherence of the emitter and its tem-
perature dependence, and also results in the ap-
parition of phonon sidebands besides the sharp
zero-phonon line. Here, we present a method
for measuring the absolute temperature of a lo-
calized emitter by directly plotting the ratio of
the Stokes and anti-Stokes components of the
phonon sideband as a function of the shift from
the zero-phonon line. This approach requires no
calibration and knowledge of the system, mak-
ing it applicable to a wide range of emitters
and materials. We validate the method using
a CdSe quantum dot in a ZnSe nanowire. We
thus show that the quantum dot is significantly
heated under non-resonant excitation when in-
creasing the incident power at low temperature
and is ascribed to the drop in thermal conduc-
tivity at these temperatures.
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Introduction

Solid-state quantum emitters are actively stud-
ied for applications in a wide range of quan-
tum technologies, including quantum commu-
nication, sensing, and computing. However,
these sources are inevitably coupled to their
immediate environment, significantly affecting
their performance. For instance, the interaction
with phonons introduces decoherence, reducing
the indistinguishability of the single photons.!
This leads to a trade-off between brightness and
purity at elevated temperatures.*

The necessity to understand and control the
influence of phonons has increased the need
for high-accuracy temperature measurements
at cryogenic temperatures. The temperature in
the vicinity of the quantum emitter is usually
assumed to be close to that of a reference ther-
mometer attached to the sample holder. How-
ever, temperature can vary significantly across
a material, and traditional, bulk measurements
fail to capture local temperature gradients at a
nanometer scale.

The objective of this paper is to demonstrate
a method to accurately measure a local tem-
perature, without the need of any calibration.
Furthermore, the technique is particularly in-
teresting in the context of single photon emis-
sion, since it measures the temperature of the
phonons which are expected to impact the emis-
sion properties.
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Figure 1: (a) Photoluminescence intensity spectrum at T¢yo = 50 K under P = 14 W continuous
wave excitation power. The Stokes intensity /45 (orange dots) and anti-Stokes intensity I,¢ (blue
dots) are separated by the central position of the ZPL, shown by a vertical black line. (b) Both
sidebands are plotted as a function of the distance AE to the ZPL. (¢) The computed logarithm
of the ratio (Is/lag) is compared to the expected expression AE/(kgTpn).

The method exploits the phonon sidebands
which appear in the photoluminescence (PL)
spectrum or a solid-state emitter embedded
within a crystalline host due to the interaction
with phonons. In particular, the interaction
with acoustic phonons adds a broad phonon
sideband on both sides of the sharp zero-phonon
line (ZPL),>% as observed in Fig. 1 and 2 for
a CdSe quantum dot (QD). The lower-energy
(phonon emission) and higher-energy (phonon
absorption) regions of the phonon sideband are
referred to as the Stokes and anti-Stokes side-
bands, respectively. The phonon sideband line-
shape and its intensity strongly depend on the
temperature.

Besombes et al.® first observed and ex-
plained this effect in CdTe QDs by extending
the Huang-Rhys theory of localized electron-
phonon interaction in color centers” to the
exciton system in a QD. Further studies re-
vealed similar lineshapes in III-V QDs based
on InAs % GaAs,!? or GaN.! More recently,
phonon sidebands have also been studied in
emerging two-dimensional materials, including
in WSe, '? and hexagonal boron nitride (hBN) '3
single photon emitters.

Our method is based on the extraction of tem-
perature from the population of the acoustic
phonons that contributes to the complex line-
shape of a localized optical emitter. While the
method is general and can be applied to diverse

emitters and materials, we validate it here with
experimental data obtained from PL measure-
ments on a single CdSe QD embedded in a ZnSe
nanowire. !4 Using this system, as summarized
in Fig. 1, we demonstrate the ability to measure
the local temperature of acoustic phonons rele-
vant for the emitter properties. We also explore
the heating effects induced by non-resonant op-
tical excitation. The analysis provides a quanti-
tative overview of the relationship between ex-
citation power, thermal conductivity, and local
phonon temperature. More information con-
cerning the CdSe-ZnSe system and the exper-
imental setup used to measure the PL spectra
are provided in the Methods section .

Absolute temperature from

the acoustic-phonon
bands

side-

The absorption and emission processes of a
phonon labelled by ¢ are governed by its pop-
ulation n;. The probability of a Stokes pro-
cess involving the emission of a single-phonon
is proportional to (n; + 1), while that of an
anti-Stokes process involving the absorption of
a single phonon is proportional to n;. Details
of the mechanisms are contained in the prefac-
tor, which is the same in both cases, so that the
ratio of the Stokes to anti-Stokes intensities is



If thermal equilibrium is achieved, the pop-
ulation is given by the Bose-Einstein distribu-
tion:

1
hw; ’ (1)
exp (k‘BT;h) -1

where hw; is the phonon energy, kg the Boltz-
mann constant, and 7}, the phonon tempera-
ture. Then the Stokes to anti-Stokes ratio for a
single phonon process is exp( k;“*T’ph ).

At low temperatures (T, < hw;/kg), the
phonon populations are small. Therefore, the
dominant process is the emission of a single
phonon which results in a non-vanishing Stokes
band, and a strong asymmetry with the almost-
vanishing anti-Stokes sideband.

At intermediate temperature, multi-phonon
contributions appear. A contribution involv-
ing a set of phonons {hw;} emitted, and {hw;}
absorbed, with AE = ¥,hw; — Xhw; > 0, ap-
pears at AE below the ZPL (Stokes process).
The opposite phonon path with {hw;} phonons
absorbed and {hw,} emitted, contributes to the
anti-Stokes band at the same AF above the
ZPL.

For such a set of phonons, the ratio of the con-
tributions to the Stokes and anti-Stokes side-
bands can be written as

n;, = n(hwi, Tph) =

hw;
n(hw;) [T; exp <kBTp

n(hw;) + 1
H n(hw;) j n(hw;) +1 11, exp( ho;

— exp ( kﬁfh) @

This is valid for each contribution at AF,
hence for the overall intensity ratio of the
Stokes and anti-Stokes bands Is(Ezpp —
AE)/Ias(Ezpr, + AE). More details on the
derivation of Eq. 2 can be found in the Meth-
ods section.

The key to the method lies in plotting this
Stokes to anti-Stokes intensity ratio, Is(Ezpr —
AE)/Ias(EzprL+AE), for all values of the shift
AFE to the zero-phonon line.

This approach provides a direct and abso-
lute measure of the local temperature near the
emitter, regardless of the number of phonons
involved in the optical transitions. The tem-
perature value obtained is independent of the
parameters which govern the lineshape, such
as the coupling strength, the shape and size of
the exciton envelope, and the phonon density of
states. Therefore, the method is versatile and
suitable for many systems and materials. If the
line is well isolated from spurious contributions,
the method can be applied at elevated tem-
peratures as long as the sideband asymmetry
is clearly distinguishable, and at low tempera-
ture as long as the sideband signal significantly
emerges from the background noise. The data
analysis method is described in more detail in
the Methods section.

Results and discussion

We now demonstrate and test the method on a
single CdSe QD located in a ZnSe nanowire. 414
Similar results were found for other systems and
are presented in the Supporting Information.

Application to a CdSe QD in a
ZnSe nanowire

The PL spectrum of a CdSe QD measured at
the cryostat temperature 7.y, = 50 K under a
non-resonant excitation power of P = 14 uW is
shown in Fig. 1la. Details on the experimental
setup are presented in section Methods .

At this temperature, the phonon sideband is
asymmetric and the ZPL can be easily distin-
guished from the Stokes/anti-Stokes sidebands.
The intensities of both sidebands (/s and [4g)
are plotted with respect to the ZPL position
Ezpr in Fig. 1b. The logarithm of the Stokes
to anti-Stokes ratio (Ig/lag) is displayed in
Fig. 1c. This analysis covers energy shifts AF
up to 8 meV.

The straight line observed in Fig. lc indi-
cates the existence of a single and uniform tem-
perature across all phonon modes coupled to
the system. This result demonstrates the ther-
mal equilibrium of acoustic phonons within this
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Figure 2: (a) PL spectra (normalized in intensity) recorded at different cryostat temperatures under
continuous wave excitation (P = 7uW) at 405nm. An offset between spectra is added for clarity.
The inset shows the QD-NW emitter discussed in this article, with the green rectangle marking the
expected position of the quantum dot. (b, ¢) PL spectra (all normalized to the same integrated
intensity) for various excitation powers and cryostat temperatures.



energy range. From the slope, we determine
the unique phonon temperature to be T, =
55 + 2 K, which is significantly higher than the
cryostat temperature.

The same method was applied to spectra
taken at various cryostat temperatures, which
are shown in Fig. 2a. At temperatures up to
100 K, the spectrum features a single emis-
sion line (ZPL+phonon sideband). However, as
the temperature increases (Tiy, > 125 K), an
additional contribution emerges at higher en-
ergy. From prior measurements on the same
sample,? including polarized spectra, the sin-
gle contribution observed at cryogenic temper-
atures is attributed to the charged exciton, and
the contribution at higher energy to the neutral
exciton. The presence of this additional con-
tribution sets the upper limit for applying the
method to higher temperatures in the present
sample.

Figure 2b shows the charged exciton line
emission spectrum taken at Ti.y, = 6 K, which
is the lowest temperature achievable by our
cryostat. At this temperature, the phonon side-
band is strongly asymmetric with respect to the
ZPL position Ezpr. The ZPL contributes for
43% of the whole spectrum. The Huang and
Rhys factor S (which is a measure of the average
number of phonons involved in a transition) is
obtained by computing the ratio of the ZPL in-
tensity to the whole line: exp (=S) = Izpr/Liot-
Therefore, at Teryo = 6K, S &~ 0.85. From the
Stokes to anti-Stokes ratio, we measure a tem-
perature Ty, = 15 £ 1 K, much higher than the
temperature of the cryostat.

When increasing the temperature, the inten-
sity of the ZPL diminishes drastically in favor
of the sideband as phonon interactions redis-
tribute the emission energy into the phonon
replica. At Ty = H0K (T, = 55 £ 2K
as shown in Fig. lc and 2d), the ZPL ac-
counts for only 7% of the total intensity, i.e.,
S = 2.7: More multi-phonon processes are in-
volved. Figure 3b displays the dependence of
the phonon temperature on cryostat tempera-
ture (with excitation power held constant). At
higher cryostat temperatures (T, > 50K),
the temperature measured in the vicinity of
the QD approaches the cryostat’s temperature,

with Tpn =~ Teyo, indicating that thermal equi-
librium occurs more efficiently at these temper-
atures.

Above a temperature of Ty, = 100K, the
ZPL becomes nearly indistinguishable and the
phonon sideband symmetric.  Yet, a local
phonon temperature of T, = 98 £ 5K can be
measured.

A similar evolution of the spectral lineshape is
observed when increasing the excitation power
at constant cryostat temperature. Figure 2c
shows the spectrum recorded at low cryostat
temperature, T¢.y, = 6 K, but under a high ex-
citation power P = 72 uW. The local temper-
ature was found to be T, = 50 £ 2K, much
higher than the cryostat temperature and cor-
roborating the visual similarities between the
two sidebands observed in Fig. 2c and 2d. This
is further confirmed with the Huang and Rhys
S factor, which is equal to that obtained at
Teyo = 50K and low power: Actually, the
temperature dependence of S can be another
method to measure the temperature, but it re-
quires calibration. ?

This points to a significant laser heating when
the emitter is excited at a higher power level.
This is confirmed in Fig. 3¢ which shows that
the phonon temperature measured at Ty, =
6 K strongly depends on the excitation power.

Laser heating of a quantum dot in
a nanowire

The effect of localized laser heating has been
evidenced on various color centers, using the
redshift of the ZPL, and modeled.¢® This sec-
tion derives a simple model to account for the
heating effect observed in our case study.

The emitter investigated within this work
was grown by molecular beam epitaxy on a
(111)B GaAs substrate with a nm-thick ZnSe
buffer layer. It consists of a vertical ZnSe
nanowire embedding a CdSe quantum dot near
its tip,'*? encapsulated within a thick ZnSe
shell. The shell acts as a photonic waveguide
and enhances the collection efficiency. Along-
side the nanowire growth, a two-dimensional
ZmSe layer was also formed on the substrate.
The nanowires typically show lengths of 5-6 pm



and a maximum diameter of approximately 200
nm, while the 2D layer has a thickness of around
1 pm. A schematic representation of the system
is shown in Fig. 3a and a SEM image the QD-
NW system is shown in Fig 2a inset.

Power balance

The microscope focuses the laser beam through
a glass window onto the vertical nanowire
placed in vacuum with a pressure below 1076
mbar.

The nanowire receives a constant power den-
sity SbI; -, where P is the power of the incident
beam and Speam is its area. The absorption
takes place over the whole nanowire’s length.
According to Zhan et. al,?’ it absorbs a power
P gbz::, Qaps With Syw the cross-sectional area
of the nanowire at the level of the QD, and
Q.ps is an absorption coefficient that accounts
for the geometry of the system. For a tapered
photonic wire, Qans ~ 10. Our beam area is
Speam = 1.5 pm?, and Syw = 0.03 um? from
the SEM image shown in the inset of Fig 2a,
hence about 20% of the incident power is ab-
sorbed by the NW.

The vacuum environment eliminates air con-
duction and thermal convection losses. The en-
ergy losses due to the ZnSe luminescence are
expected to be low and the thermal radiation
losses are negligible (see Methods).

Therefore, under these assumptions, the ab-
sorbed power is mainly converted into phonons,
dissipating through thermal conduction to the
substrate and the sample holder.

Temperature gradient

The QD is located near the base of the NW at
a distance h, and the NW around it and be-
low can be modelled as a cylinder with cross-
section Sy = “TDQ heated from the top (as
shown schematically in Fig. 3a). The typ-
ical phonon dynamics are expected to occur
on the microsecond timescale, allowing the sys-
tem to be treated in a steady-state regime. In
this regime, the heat flux remains constant over
time, and the temperature can be considered
uniform across the diameter of the nanowire.

Thus, we get from the one-dimensional heat
transport equation along the nanowire axis z:
dT S NW
R(T)S NWE =P
where k(T is the thermal conductivity at
temperature T'. At low temperature, the ther-
mal conductivity takes the form k = 1/3CvsA
with C the volumetric heat capacity of the ma-
terial, vy the phonon velocity (mainly acousti-
cal phonons) and A their mean free path. The
phonons exhibit ballistic transport behavior,
with a phonon mean free A path limited by the
characteristic dimensions of the wire:21?2 The
thermal conductivity is reduced with respect
to the bulk value by phonon boundary scatter-
ing. Within this so-called Casimir regime, the
thermal conductivity follows a cubic power law
k= oT3.

In the absence of data for ZnSe nanowires,
we adapted the experimental data from silicon
nanowires from Bourgeois et al.?? to estimate
the low-temperature thermal conductivity of a
nanowire with a diameter of 200nm. For the
nanowire system studied, we use an approxi-
mate coefficient o ~ 4 x 107* W m K.

Solving the heat equation with x = o1 leads
to a straightforward expression for the temper-
ature profile along the nanowire. For a QD po-
sitioned at a height h above the surface, and
assuming that the substrate is at 7., the tem-
perature at h is given by:

Qab57 (3)

Sbeam

4PQabs h) %
/{(Tcryo)TcryOSbeam (4)

The beam area is taken to be Speam =
1.5 um?, and from the SEM image shown in the
inset of Fig 2a, the QD is positioned at a height
h = 1pum above the surface. These parame-
ters were used to calculate the dashed lines in
Fig. 3b and Fig. 3c.

It is worth noting that some of the parame-
ters used in this simplified model, such as the
thermal conductivity and absorbed power, in-
volve significant uncertainties. For instance,
the thermal conductivity is highly sensitive to
the nanowire’s geometry, dimensions, and sur-

T(h) = Teryo <1 +
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Figure 3: (a) Schematic of the laser beam heating of the QD-NW. (b) Measured phonon temperature
as a function of the cryostat temperature. The black dashed line represents the temperature at the
QD calculated with the profile model for an excitation power P = 21 uW, while the black dotted
line corresponds to Tpn = Teryo. (¢) Measured phonon temperature at various excitation powers for
Teryo = 6 K, with the result of the model shown by the dashed line. The logarithm of the Stokes to
anti-Stokes ratios for a few temperature values (identified by the color of symbols) are displayed in

the inset of (b) and (c).

face characteristics, which are difficult to quan-
tify precisely. Similarly, the absorbed power at
the position of the QD is influenced by factors
like the nanowire’s geometry, optical proper-
ties, and excitation wavelength. Despite this,
this simple model satisfactorily reproduces the
trends observed.

The small value of the thermal conductivity
K(Teryo) 1s responsible for the strong initial de-
pendance on excitation power at low tempera-
ture T,,yo = 6K in Fig. 3¢, and the difference
of the temperature at the QD with respect to
the cryostat temperature in Fig. 3c. As the
overall temperature increases, the thermal con-
ductivity rapidly increases and the temperature
difference drops to zero in Fig. 3b. The in-
crease in thermal conductivity also explains the
smoother dependance at high power in Fig. 3c.
It similarly affects the dependance on h so that
the temperature calculated at the tip of the NW
is not significantly higher than the temperature
at the level of the QD.

A universal phonon thermometer

The method presented here is reminiscent of
the well-established Raman spectroscopy tech-

nique, which allows a measure of the optical
phonon temperature of materials by analyzing
the Stokes and anti-Stokes components of the
Raman spectrum.??* However, in our case, we
probe the thermal properties of phonons inter-
acting directly with the emitter. In particular,
these phonons will impact the ZPL characteris-
tics and the use of the emitter in quantum tech-
nology.? Other methods such as spin polariza-
tion studies?® allow the measurement of local
temperatures in crystals, but the technique re-
quires a calibration.

The uncertainty in the temperature extrac-
tion mainly arises from the background signal
and the choice of the zero-phonon line posi-
tion (Ezpr), as slight variations in the posi-
tion can significantly affect the calculated tem-
perature. Although the ZPL is included in the
computation, for sufficiently narrow linewidths,
the ZPL has minimal impact on the Stokes-
to-anti-Stokes ratio. Additionally, it can be
noted that the spectrum taken at higher exci-
tation power in Fig.2d presents a broader ZPL,
which we ascribe to spectral diffusion due to
increased charge fluctuations of photo-created
carriers surrounding the QD. At constant tem-
perature, the ratio plot is consistently more



noisy at higher power excitation (see insert of
Fig. 3c. This might be due to the broader ZPL
linewidth, but also to additional, parasitic lines
superimposed onto the sidebands.

The CdSe QD studied throughout this pa-
per was particularly suited for studying phonon
interactions due to a unique and bright spec-
tral line that remains stable and well isolated
over a wide temperature range, from 6 K to
100 K, as shown in Fig. 2. Single QDs in
nanowires'*?% are appreciated for the absence
of PL lines from neighboring emitters, which
must be scrutinized with care in the case of
Stranski-Krastanov QDs. In addition, the pres-
ence of different exciton lines of the same QD
may make the extraction of temperature more
delicate, for instance in large II-VI or III-V
QDs, as both the exciton binding energies and
the phonon sideband intensity decrease when
the QD size increases.

We nevertheless used the same procedure to
analyze the phonon sidebands of other sys-
tems and materials, such as III-V quantum dots
(GaAs, 'Y TnAs,®? InAsP,?% GaN'), 2D emit-
ters (WSe2'?) and color centers (hBN13). We
could measure the phonon temperatures of all
these systems from the published PL spectra
and the temperature obtained was consistently
higher than the cryostat temperature used in
the experiment. Two examples are described in
the Supplementary Information: they illustrate
the dramatic effect of changing the excitation
from non-resonant to quasi-resonant. Note that
Stranski-Krastanov QDs embedded in a broad
matrix are expected to be slightly less sensi-
tive to heating, but nevertheless suffer from the
low thermal conductivity at cryogenic tempera-
tures. Also, any structuration around the QDs,
as well as implantation defects, are likely to de-
crease the phonon mean free path and thus to
decrease the thermal conductivity.

Heating the QD shifts the ZPL position, as
shown in Fig.2. The thermal redshift at con-
stant excitation power is shown in Fig. 6 of
Section Methods, and modelled using the de-
scription of the bandgap evolution by Passler. 2"
The redshift observed upon increasing the exci-
tation power at constant cryostat temperature
closely follows the thermal shift, provided the

two are plotted as a function of the phonon tem-
perature. Indeed, this approach can be used
to estimate the local temperature,®*® but it
requires calibration. The same applies to an
estimate of the temperature from the tempera-
ture dependence of the Huang and Rhys factor
(ZPL relative intensity). In the present study,
the three methods, phonon sideband ratio, ZPL
shift, and (not shown) ZPL relative intensity,
conclude to the same value of the laser heating.

Conclusion

We have introduced a new method to measure
the temperature of acoustic phonons coupled
to a single photon emitter, a key parameter
for its use in quantum information. Analyz-
ing the ratio of Stokes and anti-Stokes side-
bands allows for directly measuring the ab-
solute phonon temperature without requiring
external calibration. Importantly, this simple
method is broadly applicable, as it is indepen-
dent of the specific coupling mechanisms or the
phonon density of states.

This technique was demonstrated with a sin-
gle CdSe QD embedded in a ZnSe nanowire,
allowing us to measure a uniform temperature
of all acoustic phonons coupled to the emitter.
Measurements were conducted across a wide
temperature range, from 6K to 100K. Ad-
ditionally, significant heating of the QD was
observed under non-resonant excitation, at-
tributed to the material’s low thermal conduc-
tivity at cryogenic temperatures and the sample
geometry.

The method’s versatility has also been
demonstrated on other systems, including I11-V
quantum dots, two-dimensional emitters, and
color centers, highlighting the importance of
employing optimized system design and excita-
tion strategies to mitigate heating effects. This
technique thus provides a simple tool to probe
the local temperature and optimize emerging
single emitters. It also opens up new avenues
for developing primary thermometers based on
quantum emitters.



Methods

Experimental setup

The sample is placed under vacuum and posi-
tioned on top of a continuous-flow cold-finger
cryostat, capable of rapidly cooling the sam-
ple to 5-6 K for cryogenic PL. measurements.
To maintain precise temperature control, the
temperature of the cryostat finger is constantly
monitored using a dedicated temperature con-
troller module. The patterned substrate and
the X-Y linear stage equipped with piezoelec-
tric movements allow us to precisely track the
emitter’s position while adjusting the cryostat
temperature. A schematic representation of the
spectroscopy setup is provided in Fig 4.
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7
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Entrance Slit | m——
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Figure 4: Schematic of the spectroscopy setup
used for the temperature-dependent measure-
ments.

Within this experiment, we employed a con-
tinuous wave laser operating at a wavelength
of 405 nm, corresponding to a photon energy
of 3.06 eV. This is larger than the bandgap of
ZnSe, which is 2.70 eV at 300K and 2.82 eV

at 10K. The QD-NWs are excited via a micro-
scope objective with a numerical aperture of
0.55. The single photons emitted by the QD
are guided by the nanowire shell and collected
along the same axis in the microscope. The
spectrometer (0.46 m focal length) is equipped
with a high-resolution 1800 grooves/mm grat-
ing and an entrance slit width of 0.05 mm. This
configuration provided a spectral resolution of
better than 200 peV, for precise spectral line
measurements on the CCD camera.

Temperature extraction

Careful processing is essential to extract the
phonon bath temperature from raw PL spectra.
The reliability of the temperature extracted de-
pends significantly on this process.

First, a constant baseline is subtracted from
the spectra. This step is straightforward when
the spectrum features only a single line, but it
becomes more intricate when additional lines
or emitters are present. Note that the wave-
length range recorded must encompass the
whole phonon sideband.

Then, the central position of the ZPL must
be precisely determined. This position deeply
affects the computation of the Stokes and anti-
Stokes sidebands and, thus, the extracted tem-
perature. In Fig. 5, adjustments of the ZPL
position by a few peV (8 wpeV in that case)
are made to find the accurate temperature. If
the ZPL is offset from its position, the plot of
In(lg/1as) deviates from the linear evolution
around the ZPL, as observed in Fig. 5b.

The central energy of the ZPL likely does not
coincide with any data points. An interpola-
tion of the Stokes and anti-Stokes sidebands is
necessary to ensure that the energies of each
sideband align, allowing the ratio of the two to
be computed at the same energy shift, AFE.

Finally, for each ZPL position, a phonon tem-
perature is extracted from the fit of the data us-
ing the expression AE/(kgT,,) where the qual-
ity of the fit is given by 2.

X222r1'27 (5)
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Figure 5: (a) Intensity spectrum at Tty = 50K and P = 14 yW. Stokes ([g, orange) and anti-
Stokes (145, blue) intensities are separated by the expected ZPL position (black line). Green and red
lines mark +200 eV from the ZPL. (b) Sidebands intensity ratio Ig/Ias fitted with AE/(kgTpn)
(magenta line shows the best fit). (c) x? vs. phonon temperature.

with r; the residual values returned from the
fit and N the number of data points.

The uncertainty in the extracted temperature
is determined at 2x2, . In Fig. 5¢, x2;, = 0.04
is obtained at Ezp;, = 2462.878 meV (black
vertical line in Fig. 5a) for a phonon tempera-
ture of T,, = 55.2+2 K.

Radiation losses

The radiation losses P, can be estimated
using the Stefan-Boltzmann law P,
€Aso (T3, —T4,,), where Ag is the surface
area of the NW| € is the emissivity (always less
than 1), T, the temperature at the level of
the QD, and o is the Stefan-Boltzmann con-
stant. For a cylindrical NW of length 10 um
and diameter 200 nm, with 7, = 300K and
Teryo = 6 K, the maximum radiation loss power
is estimated as P, pax &~ 0.003 pW. This is neg-
ligible compared to the power absorbed by the
NW.

Derivation of the method

The interaction of an electron or exciton with
phonons can be exactly solved within the Inde-
pendent Boson Model.

Without loss of generality, we consider a QD
interacting with a set of N discrete acoustic-
phonon modes, denoted as ¢;, each with en-
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ergy hw; and population n; at thermal equi-
librium. The population n; follows the Bose-
Einstein distribution:

1

n; = n(ﬁwz,T> = m'

(6)

Using the ZPL energy E p; as the reference
energy, the spectral function is expressed as:®
WPN(S(E + AEPl,m,PN)?

(7)

is given by:

I(E)= ) W, ...

P1,---PN

where the energy shift AE, .,

N

N
AEp,..ox = Zpiﬁwi- (8)
i=1

The probability W), that the optical transi-
tion involves p; phonons in mode g¢; is:

by
. 2
W, = (n; 1) e HEIN L (2gi/ni(n; + 1)),
(9)
where I, is the modified Bessel function of
the first kind, satisfying I_,, = I,,, and g; is
the coupling constant between the exciton and
the phonon mode g;.
Positive p; values correspond to emission of
phonons while negative p; correspond to ab-



sorption of phonons. A multi-phonon process
{p1,...,pn} giving AE, . > 0 leads to an
optical emission in the Stokes sideband (at en-
ergy —AE,, .,y from the ZPL).

Now, we consider the symmetrical multi-
phonon process with {—py,..., —pn}, it leads
to an optical emission in the anti-Stokes side-
band (at energy +AE,,  ,.). The ratio of
the probabilities Wy va W, and Wyg =
va W_,, of these two processes is:

N nl—i—l P

AE
o (2252) oo

The PL intensity of a Stokes process at AE
result from all multi-phonon processes j leading
to the shifted energy AE:

Ws
Was

W,
—Di

Ww.

Is(AE) = Z Wi (AE)
J
= AT (AE)
J

= €AE/kBTIA5(AE) (11)

Thus for AE > 0,

IS(AE) _ appgr _ 1(AE)

Ias(AE) I(-AE)

(12)

Energy shift

The temperature dependence of the energy
of the ZPL is presented in Fig. 6 under two
conditions. We first report the ZPL position
under low excitation power excitation (P < 1.5
uW) for various cryostat temperatures (blue
dots). The horizontal scale is the phonon tem-
perature 7, determined through the Stokes-
to-antiStokes ratio. Then, the ZPL energies
obtained under different excitation powers and
Ttryo = 6K from Fig.3c are represented with
orange triangles.

The ZPL shows a redshift of about 15 meV

11

-7.571

-10+

-12.571

ZPL energy shift (meV)

157 @ PC15UW, Top=Tano

A 15<P<72uW, Tgyo=6K

-17.54
0 25 50 75
Phonon temperature (K)

100

Figure 6: Energy shift of the ZPL as a func-
tion of phonon temperature for a CdSe/ZnSe
QD-NW. Blue dots represent measurements at
low excitation power (P < 1.5 uW) for various
cryostat temperatures Te,,,. Orange triangles
correspond to measurements taken at different
excitation powers (1.5 < P < 72uW) while
maintaining a constant cryostat temperature of
Teryo = 6K. The red solid line represents a fit
using the Passler model.

as the temperature increases from 0K to 100K.
These energy shifts (EZPL(Tph) — EZPL(OK))
are fitted using the band gap variation intro-
duced by Passler: 27

a@p 2Tph P

SN

(13)

In this expression, the parameter a (meV/K)
represents the T,, — oo limit of the slope. The
quantity 6, (K) is an effective phonon temper-
ature, and the fractional exponent p is related
to the phonon dispersion of the material. From
the fit of data with P < 1.54W shown in Fig. 6,
we obtained Ezp;, = 2467.2 meV, a = 0.65
meV/K, ©, = 313 K and p = 2.206.

The data obtained under the two conditions
feature the same dependence, confirming that
this method can be used as an alternative for
measuring the local temperature of a single
emitter. However, unlike the method described
in the text, this approach requires calibration.

Ezpr(Ton) = Ezpr(0)—



In addition, its accuracy is limited at low tem-
perature.
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Application of the method to other systems

We could measure the phonon temperature from other systems, with two examples given

here, a WSe, quantum emitter®" and an InAs/GaAs quantum dot.>?

2D materials: WSe; quantum emitter

The experimental data from WSe; quantum emitters, provided by the authors and shown
in Fig. S1, were obtained with microphotoluminescence measurement under above-band ex-
citation with a 532 nm femtosecond pulsed laser (80 MHz) in a closed-cycle optical cryostat

at Ty = 4K.

S-1



Under these conditions, we measured a phonon temperature of 7T,, = 11 £2K in Fig Slc.

This highlights a significant heating of emitter.
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Figure S1: (a) Intensity spectrum taken at 7y, = 4 K under non-resonant excitation. The
Stokes intensity /4g (orange dots) and anti-Stokes intensity [4s (blue dots) are separated
by the central position of the ZPL, shown by a vertical black line. (b) Both sidebands are
plotted as a function of the distance to the ZPL. (¢) The computed logarithm of the ratio
(Is/I4s) is compared to the expected expression AE/(kgTpn).

InAs/GaAs quantum dot
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Figure S2: (a) Intensity spectrum at Ti.y,, = 4K under resonant excitation. Stokes (Ixs,
orange) and anti-Stokes (I4g, blue) intensities are separated by the ZPL (black line). (b)
Stokes and anti-Stokes phonon sidebands. (c¢) Temperature extraction from the ratio Ig/1as.

The PL spectrum of an InAs/GaAs quantum dot under resonant excitation at a cryostat
temperature T, = 4K, Fig. 3.1 of Ref. 52, is shown and analized in Fig. S2. In Fig. S2a,

scattered light from the excitation laser was modeled as a Gaussian line®® and subtracted

S-2



from the PL spectrum. Under these conditions, we measured a phonon temperature of
T,n = 5+ 1K in Fig S2c, a value close to Ti,,,. Thus, this excitation scheme reduces the

heating effect.
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