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E N G I N E E R I N G

Optical super-resolution nanothermometry via 
stimulated emission depletion imaging of 
upconverting nanoparticles
Ziyang Ye1, Benjamin Harrington1, Andrea D. Pickel1,2*

From engineering improved device performance to unraveling the breakdown of classical heat transfer laws, far-
field optical temperature mapping with nanoscale spatial resolution would benefit diverse areas. However, these 
attributes are traditionally in opposition because conventional far-field optical temperature mapping techniques 
are inherently diffraction limited. Optical super-resolution imaging techniques revolutionized biological imaging, 
but such approaches have yet to be applied to thermometry. Here, we demonstrate a super-resolution nanother-
mometry technique based on highly doped upconverting nanoparticles (UCNPs) that enable stimulated emission 
depletion (STED) super-resolution imaging. We identify a ratiometric thermometry signal and maintain imaging 
resolution better than ~120 nm for the relevant spectral bands. We also form self-assembled UCNP monolayers 
and multilayers and implement a detection scheme with scan times >0.25 μm2/min. We further show that STED 
nanothermometry reveals a temperature gradient across a joule-heated microstructure that is undetectable with 
diffraction limited thermometry, indicating the potential of this technique to uncover local temperature variation 
in wide-ranging practical applications.

INTRODUCTION
Modern electronic, optoelectronic, and data storage devices combine 
nanoscale features, high power densities, and challenging operating 
environments. Consequently, many devices experience degradation 
or failure mechanisms that are known to be thermal in nature (1–3), 
yet pinpointing the precise causes remains very difficult due to the 
lack of nanoscale thermometry techniques compatible with realistic 
operating conditions. Materials characterization challenges such as 
measuring interfacial thermal resistances across individual grains 
(4, 5) or material phases with nanoscale dimensions would also 
strongly benefit from broadly compatible nanothermometry ap-
proaches. Likewise, nanoscale temperature maps can provide direct 
evidence to verify longstanding predictions of deviations from clas-
sical heat transfer laws at the nanoscale (6). Chemical reactions (7), 
biological systems (8, 9), phase transitions (10), lithium-ion batter-
ies (11), plasmonics (12), and quantum devices (13, 14) are several 
additional examples of numerous areas where nanothermometry 
could guide improved thermal design or resolve open questions 
about the role of temperature and heat dissipation.

Near-field optical (15, 16) and contact-based thermometry methods 
like scanning thermal microscopy (SThM) (17, 18) can provide 
sub–100 nm spatial resolution, but parasitic heat sinking and un-
known thermal resistances between the probe tip and sample com-
plicate accurate extraction of the true temperature profile (19–21). 
Recent advances, such as simultaneous SThM measurements of the 
apparent sample temperature and tip-sample thermal contact resis-
tance (22), allow mapping of unmodulated temperature fields with 
sub–10 nm spatial resolution, but these measurements must be per-
formed in ultrahigh vacuum and require samples that can tolerate 
physical contact by the probe. Emerging electron microscopy tech-
niques offer noncontact nanoscale temperature mapping capabilities 

(23); nonetheless, such approaches greatly restrict the sample form 
factor, material type, and operating environment. In contrast, far-
field optical techniques offer exceptional versatility. Existing optical 
thermometry methods include thermal radiation, thermoreflec-
tance (24, 25), Raman (26), and luminescence-based techniques 
(27), but the spatial resolution of temperature maps obtained using 
these approaches is fundamentally diffraction limited to hundreds 
of nanometers at best.

Optical super-resolution imaging techniques, which combine 
far-field optics with subdiffraction limited spatial resolution, have 
revolutionized biological imaging by revealing cellular structures 
unresolvable with conventional imaging (28). These methods largely 
rely on switching fluorescent probes between a bright “on” state and 
a dark “off” state, either stochastically, as in the case of single-molecule 
localization-based methods (29), or deterministically, with the stim-
ulated emission depletion (STED) approach applied here (30–32) 
falling into the latter category. Many of the organic dyes and fluores-
cent proteins traditionally used for STED imaging lack sensitive, 
reliable temperature-dependent emission signatures and have lim-
ited operating temperature ranges since these probes are optimized 
for biological applications, posing challenges for adapting STED 
imaging for thermometry. Inorganic probes including quantum 
dots (33) and nitrogen vacancy centers in nanodiamonds (34) also 
enable STED imaging, but like their organic counterparts, these 
probes require very high laser intensities to deplete their emission. 
Applying super-resolution concepts to thermometry has been pro-
posed theoretically (35, 36) and initial experimental steps toward 
this goal have been explored (37), but optical super-resolution ther-
mometry has yet to be demonstrated experimentally.

Recently, NaYF4 upconverting nanoparticles (UCNPs) doped 
with 18 to 20% Yb3+ and a high 8 to 10% Tm3+ concentration (ver-
sus conventional ~1%) were shown to enable STED super-resolution 
imaging (38, 39), in which a doughnut-shaped laser beam is used 
to selectively deplete luminescence by returning emitters within 
the doughnut to the ground state, drastically restricting the effec-
tive point spread function. The Yb3+ ions absorb 975- to 980-nm 
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excitation light and transfer energy to the Tm3+ ions, which emit 
visible luminescence that can be suppressed by an 808- to 810-nm 
depletion laser. These UCNPs have a saturation intensity, defined as 
the depletion laser intensity that halves the upconversion emission, 
far lower than other probes [as much as two orders of magnitude 
(38)], substantially reducing the required depletion laser power. 
This saturation intensity reduction is directly linked to intense 
cross-relaxation, which originates from the high Tm3+ doping and 
establishes the population inversion required for STED (38, 39). The 
low depletion intensity requirement of STED-compatible UCNPs 
combined with the fact that conventional lightly doped UCNPs have 
been used extensively for diffraction limited thermometry (40–42) 
suggests intriguing possibilities for super-resolution nanothermom-
etry. However, critical scientific unknowns have remained unex-
plored, including the feasibility of UCNP-based STED imaging and 
spectroscopy at elevated temperatures and whether a UCNP com-
position that both enables STED imaging and displays temperature-
dependent emission can be identified. Likewise, key engineering 
challenges must be addressed, such as depositing large-area UCNP 
coatings that accurately report the temperature profile of the under-
lying sample and identifying detection schemes that allow for tem-
perature mapping with practical scan times.

RESULTS
To investigate the performance of UCNP-based STED at elevated 
temperatures, we built a custom scanning confocal microscopy 
and spectroscopy system modified to include STED capabilities 

(Materials and Methods and fig.  S1). In contrast with typical 
STED bioimaging systems that use oil immersion objective lenses 
with sub–1 mm working distances, we use a dry air objective lens 
with a 10 mm working distance (Fig. 1A), which avoids parasitic 
heat sinking via an immersion medium or undesirable heating of 
the immersion medium. To validate the room temperature imag-
ing performance of our STED microscope, we used individual 
hexagonally faceted UCNPs with an average diameter of ~134 nm 
(Fig. 1B and fig. S2) doped with approximately 20% Yb3+ and 8% 
Tm3+. When a continuous-wave (CW) 976-nm Gaussian excita-
tion laser beam and a CW 808-nm doughnut-shaped depletion 
laser beam (Fig. 1C) are applied simultaneously to image a single 
UCNP on a borosilicate glass substrate (Fig. 1D) using the 455-
nm emission originating from the 1D2 ➔ 3F4 transition of Tm3+, 
the full width at half maximum (FWHM) of a Gaussian fit to the 
intensity profile from the resulting image is 136 nm, a notable 
improvement compared to the 461 nm FWHM obtained from 
imaging the same single UCNP with only the excitation beam 
(Fig. 1E). Because this STED image is a convolution of the UCNP 
size and the true imaging resolution, the FWHM value represents 
only an upper bound on the imaging resolution. While imaging 
smaller single UCNPs could thus result in lower measured FWHM 
values, these ~134-nm-diameter UCNPs were selected to facili-
tate the temperature-dependent single-UCNP STED spectroscopy 
and single-UCNP STED imaging using lower intensity emission 
peaks presented in subsequent sections. Larger scans containing 
multiple individual particles and small aggregates are shown 
in fig. S3.
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Fig. 1. Custom-built STED microscopy and spectroscopy system. (A) Super-resolution measurements were performed using a custom STED microscopy and spectros-
copy system, which uses a dry air objective lens with a 10 mm working distance to avoid parasitic heat sinking (image not to scale). NA, numerical aperture. (B) Transmis-
sion electron microscope (TEM) image of hexagonally faceted NaYF4:Yb3+,Tm3+ UCNPs with an average diameter of ~134 nm. (C) Point spread functions of both the 
976-nm excitation laser beam and the 808-nm doughnut-shaped depletion beam visualized by scanning a single 80-nm gold nanoparticle with each beam and recording 
the backscattered light. (D) Scanning electron microscope (SEM) image of a single UCNP on a borosilicate glass substrate. The sample was coated with 5 nm of platinum 
to minimize charging effects during SEM imaging. (E) Confocal and STED luminescence images of the same single UCNP shown in (D) acquired using the 455-nm emission 
associated with the 1D2 ➔ 3F4 Tm3+ transition. The 976- and 808-nm laser powers measured at the objective back aperture were 1.9 and 192 mW, corresponding to inten-
sities of 0.13 MW cm−2 (976 nm) and 6.5 MW cm−2 (808 nm), respectively. a.u., arbitrary units.
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Figure 2A shows emission spectra from an individual ~134- 
nm-diameter NaYF4:Yb3+,Tm3+ UCNP on a borosilicate glass sub-
strate under 976-nm excitation at room temperature (293 K), 350 K, 
and 400 K. We observe peaks near 455, 480, and 515 nm, assigned to 
the 1D2 ➔ 3F4, 1G4 ➔ 3H6, and 1D2 ➔ 3H5 transitions of Tm3+, re-
spectively. We also observe a peak near 490 nm that displays clear 
and measurable temperature dependence. As observed from Fig. 2A, 
this 490-nm peak shows a sharp increase in intensity between room 
temperature and 400 K. While this same 490-nm peak has been ob-
served experimentally for other highly Tm3+-doped UCNPs excited 
using comparable excitation laser intensities of ~0.1 to 1 MW cm−2 
(39, 43, 44), the precise origins of this peak have not been identified. 
To further confirm that this peak originates from a Tm3+ transition, 
we performed additional experiments to rule out the possibility that 
this peak could stem from Er3+ contamination or a second-harmonic 
generation artifact related to our 976-nm excitation laser (figs. S4 
and S5). The critical temperature dependence provided by this 490-
nm peak highlights how transitions that have received minimal at-
tention to date can play central roles in emerging applications and 
indicates future opportunities for further investigation into the ori-
gins of this emission peak.

When a second, 808-nm CW Gaussian beam is applied together 
with the 976-nm beam, the emission from all peaks shown is depleted, 
which is demonstrated at room temperature in Fig. 2B. We obtain 
depletion efficiencies (defined as the percentage of the integrated 

emission intensity that remains when both the 976- and 808-nm 
Gaussian beams are applied relative to that recorded when only the 
976-nm beam is applied) of 98 and 76% for the 455- and 480-nm 
peaks, respectively, in accordance with prior work (38, 39). For the 
490- and 515-nm peaks, we achieve sufficiently high depletion effi-
ciencies such that any residual emission is below the noise floor of 
our measurements. Figure 2 (C and D) shows depletion of single-
UCNP spectra at 350 and 400 K. Critically, the depletion efficiencies 
for all peaks at these elevated temperatures are essentially identical 
to their respective room temperature values.

Focusing on the temperature-dependent 490-nm peak and the 
515-nm peak that has a similarly high depletion efficiency, we per-
formed STED imaging of individual UCNPs on a borosilicate glass 
substrate between room temperature and 400 K using bandpass 
filters with passbands of 492 ±  5 nm and 514 ±  15 nm. Figure 3 
compares single-UCNP images recorded using only the 976-nm 
Gaussian excitation beam and those recorded with the addition of the 
808-nm doughnut-shaped depletion beam at 293, 350, and 400 K.  
Although the 490- and 515-nm peaks have much lower intensi-
ties than the 455-nm peak, we demonstrate the ability to maintain 
notable imaging resolution enhancement when the depletion beam 
is applied. Specifically, we achieve FWHM values between 171 and 
179 nm for all temperatures and both wavelength bands. Using a 
simple deconvolution based on approximating both the true imag-
ing point spread function and the spatial extent of the UCNP as 
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Fig. 2. Temperature-dependent single-UCNP spectroscopy and depletion. (A) Normalized emission spectra from a single ~134-nm-diameter UCNP (representative 
TEM image shown in the inset) on a borosilicate glass substrate acquired at 293, 350, and 400 K. The integration time for all spectra was 180 s. (B) Single-UCNP emission 
spectra acquired at 293 K when only a 976-nm Gaussian laser beam was applied and when both 976- and 808-nm Gaussian laser beams were applied simultaneously. The 
976-nm excitation laser intensity was 0.2 MW cm−2 and the 808-nm depletion laser intensity was 21.6 MW cm−2. (C and D) The same measurements as in (B) performed at 
350 and 400 K, respectively.
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Gaussians (38, 45), these FWHM values correspond to an estimated 
imaging resolution of 119 nm or better across all temperatures and 
both wavelength bands.

We next evaluated whether these NaYF4:Yb3+,Tm3+ UCNPs 
could enable ratiometric thermometry, in which the ratio of the inte-
grated emission intensities from two spectral peaks serves as a 
temperature-dependent metric. UCNPs, including Yb3+/Tm3+ co-
doped compositions with much lower Tm3+ concentrations than the 
8 to 10% Tm3+ doping we use here, are commonly used for ratiomet-
ric thermometry based on the temperature-dependent relative emis-
sion intensity from closely spaced, thermally coupled energy levels 
with Boltzmann-distributed populations (46, 47). This approach has 
also been extended to non–thermally coupled energy levels (48, 49). 
Figure 4A shows spectra between 485 and 530 nm for single UCNPs 
on a borosilicate glass substrate at 293, 350, and 400 K acquired with 
and without the 808-nm doughnut-shaped depletion beam, con-
firming that the spectra are unaltered over this wavelength range 
when recorded in a STED modality. Figure 4A also indicates the 
wavelength bounds λ1, λ2, and λ3 used to calculate the integrated 
intensity ratio of the 490-nm peak versus the 515-nm peak, where 

the ratio r =
∫ λ2
λ1

I(λ)dλ

∫ λ3
λ2

I(λ)dλ
 and I(λ) is the emission intensity. Figure  4B 

shows r at eight different temperatures between 293 and 400 K 
for five individual UCNPs under 976-nm excitation only and at 
293, 350, and 400 K for three individual UCNPs when both the 
976-nm Gaussian beam and the doughnut-shaped 808-nm depletion 
beam were applied simultaneously. The latter measurements align 
very well with the former, demonstrating that the addition of the 
doughnut-shaped depletion beam does not affect the temperature 
dependence of the ratio. To facilitate estimation of the relative tem-
perature sensitivity, defined as 1

r(T)

dr

dT
 (27), where T is temperature, 

we approximate the measured r versus T data as linear (fig. S6). We 
obtain a relative sensitivity that ranges from approximately 0.8% K−1 
at 293 K to 0.4% K−1 at 400 K, comparable to many other UCNP 
thermometry approaches. While the temperature dependence of 
this ratio is driven by the temperature-dependent intensity of a sin-
gle peak, the ratiometric approach remains advantageous because it 
is often insensitive to intensity variations caused by changes in opti-
cal alignment, laser intensity fluctuations, particle-to-particle differ-
ences, and sample absorption or scattering.

Thus far, all results shown are for isolated single UCNPs, but 
temperature mapping requires coating the sample surface with a 
continuous layer of UCNPs. Monolayer coatings minimize the po-
tential for both parasitic heat sinking and UCNP self-heating and 
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Fig. 3. Temperature-dependent single-UCNP STED imaging. Confocal and STED imaging of a single ~134-nm-diameter UCNP on a borosilicate glass substrate per-
formed using two different bandpass filters corresponding to the 490- and 515-nm emission peaks at 293, 350, and 400 K. The 976-nm excitation laser intensity was 0.2 MW 
cm−2 and the 808-nm depletion laser intensity was 6.5 MW cm−2. The FWHM values extracted from the STED images range from 171 to 179 nm, which corresponds to 
imaging resolution better than ~120 nm in all cases, as estimated using a simple deconvolution.
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can help ensure good thermal contact between the flat hexagonal 
facets of the UCNPs and the sample surface. The discrete nature of 
the UCNPs and low thermal conductivity of the UCNP host matrix 
(50) are also beneficial for impeding lateral heat spreading that 
could distort the measured temperature profile. To form UCNP 
monolayers, we leveraged a liquid-air interfacial self-assembly 
method that has previously been used to form monolayers of UCNPs 
(51, 52) and other types of nanoparticles (53). Briefly, a cyclohexane 
or toluene solution containing UCNPs is dispersed on the surface of 
ethylene glycol (EG). Cyclohexane or toluene evaporation results in 
the formation of a UCNP monolayer that we subsequently removed 
from solution and placed on a silicon substrate (Materials and Meth-
ods). Figure 5A shows representative images of continuous monolayers 
formed using UCNPs ~100 nm in diameter that can span areas 
>100 μm2. While monolayer coatings are advantageous from a 
thermal perspective, a trade-off is the low emission intensity pro-
duced by UCNP monolayers. This low emission intensity can be com-
pensated for by using higher excitation intensities, but doing so 
reduces the depletion efficiency and, consequently, the spatial resolu-
tion (see fig. S7 for ratio maps obtained from a UCNP monolayer). 
Therefore, we also used the same self-assembly method to form UCNP 
multilayers that largely consist of double-layer regions. Figure  5B 
shows an example of a UCNP multilayer placed on a silicon substrate 
formed using UCNPs ~200 nm in diameter.

Because acquiring a single-UCNP spectrum can require integra-
tion times on the order of minutes, raster scanning microscale areas 
could require hours, prohibitive for many practical applications. 
Therefore, to reduce the required acquisition time, we used band-
pass filters corresponding to the 490- and 515-nm emission peaks 
and recorded temperature-dependent ratio maps with an avalanche 
photodiode (APD). We used a motorized filter wheel to rapidly 
switch between the two bandpass filters at each pixel (switching time 
of 55 ms). Figure 5C shows ratio maps for the same 0.5 × 0.5 μm2 area 
recorded at 293, 350, and 400 K with and without the doughnut-shaped 
depletion beam using the multilayer sample shown in Fig. 5B. Each 
ratio map was recorded with a total scan time of 52.75 s. In contrast, 
if the same area were raster scanned and spectra were recorded with 

the 180-s integration time used for the spectra shown in Figs. 2 and 
4, the total scan time would be 4500 s, nearly two orders of magni-
tude longer. Figure 5D shows the mean ratio and SD from each scan 
in Fig. 5B overlaid on the corresponding spectroscopic ratio versus 
temperature data from Fig. 4B. As indicated in the inset of Fig. 5D, 
here we adjusted the wavelength bounds used to calculate the 
temperature-dependent ratio to match those of the bandpass filters 
and recalculated the ratio values for the single-UCNP data shown in 
Fig. 4B accordingly. The temperature-dependent ratios from the 
APD scans performed both with and without the doughnut-shaped 
depletion beam are in excellent agreement with our spectroscopic 
measurements, indicating that this approach can produce high-fidelity 
temperature measurements while markedly reducing the required scan 
time. We attribute the spatial variation of the temperature-dependent 
ratio observed in the nominally uniform temperature scans shown 
in Fig. 5C, which is equivalent to temperature variation of ~10 K, 
to particle-to-particle nonuniformity rather than issues related 
to thermal contact resistance between the UCNPs and substrate or 
between neighboring UCNPs. This assertion is supported by com-
paring temperature-dependent ratio measurements performed us-
ing single UCNPs, the UCNP multilayer in Fig. 5B, and aggregates 
of randomly oriented UCNPs, all of which yield very similar ratio 
values despite substantial differences in the UCNP-substrate ther-
mal contact and thermal contact between UCNPs across these sce-
narios (fig. S8).

To demonstrate that STED nanothermometry can detect tem-
perature heterogeneities that are unobservable with analogous dif-
fraction limited measurements, we designed NiCr serpentine heater 
lines ~1 μm wide and 50 nm thick fabricated on crystalline quartz 
substrates (Materials and Methods). A scanning electron microscope 
(SEM) image of a serpentine heater line is shown in Fig. 6A. When 
an electrical current is applied across the outer two contact pads (see 
fig. S9 for additional heater line images), the resulting current den-
sity concentrates at the inner boundaries of the serpentine structure 
due to a geometric effect known as “current crowding,” leading to 
nonuniform joule heating (16, 54). Consequently, the temperature 
rise at the inner corners of the heater line is higher than that at the 
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Fig. 4. Ratiometric thermometry in diffraction limited and STED modalities. (A) Normalized single-UCNP spectra on a borosilicate glass substrate acquired in diffrac-
tion limited and STED modalities at 293, 350, and 400 K. The integration time for all spectra was 180 s. (B) Luminescence intensity ratio versus temperature measurements 
for five individual UCNPs under 976-nm excitation only and for three individual UCNPs when both the 976-nm Gaussian beam and the doughnut-shaped 808-nm deple-
tion beam were applied. Error bars represent the SD of two consecutive measurements. The 976-nm excitation laser intensity was 0.2 MW cm−2 and the 808-nm depletion 
laser intensity was 6.5 MW cm−2, the same intensities applied for the single-UCNP imaging shown in Fig. 3 performed using the 490- and 515-nm emission peaks.
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outer corners. The low thermal conductivity of NiCr [bulk value of 
~11 to 13 W m−1 K−1, with lower values reported for thin films (55)] 
relative to pure metals helps maintain large temperature gradients 
between the inner and outer corners. Figure 6B shows finite element 
simulations of nonuniform current density and temperature profiles 
resulting from the current crowding effect.

While we can form UCNP monolayers or multilayers with areas 
>100 μm2, which is more than sufficient to cover the approximately 
13 μm by 2 μm footprint of a serpentine heater line, we found that 
aligning self-assembled UCNP monolayers or multilayers to cover 
the serpentine heater lines was challenging due to the stochastic na-
ture of the layer placement. More specifically, we found that upon 
removing a self-assembled UCNP layer from solution and placing it 
on a sample consisting of an array of these heater lines, the odds of 
the layer landing at a location where it covers a serpentine heater 
line are very low. This low likelihood results from the fact that the 
serpentine heater lines themselves cover a very small percentage of 
the overall sample area (see fig. S9). Figure S10 also shows two un-
successful attempts to deposit UCNP layers on a serpentine heater 
line, where the UCNP layers landed on contact pads rather than the 
serpentine heater lines. In the future, template-assisted self-assembly 
approaches (56) may provide an alternative strategy for directly as-
sembling UCNP monolayers or multilayers at the desired location, 

while transfer printing approaches (57) offer a possible strategy for 
deterministically placing layers to cover the features of interest. As a 
current alternative, we instead were able to successfully drop-cast 
UCNPs onto the heater lines. Figure 6C shows a case in which we 
were able to deposit a cluster of the ~134-nm-diameter UCNPs that 
spans the diagonal from the inner corner to the outer corner along 
one bend of the serpentine.

Next, we recorded the temperature-dependent ratio at three 
points along the UCNP-coated region of the heater line indicated in 
Fig. 6C, first under no applied current and then when a DC electrical 
current was applied to induce joule heating. We selected points with 
similar emission intensities to avoid any potential location-to-location 
variation in the depletion efficiency. The selected points also had 
comparable emission intensities to the aggregates used for the ratio 
versus temperature measurements shown in fig. S8. We performed 
12 consecutive measurements at each position and used linear fits to 
the ratio versus temperature calibration data from Fig. 5D (fig. S6) 
to convert the measured ratio changes into temperature rises. A 
unique aspect of our approach is that we can directly compare the 
results of conventional, diffraction limited ratiometric thermometry 
(that is, measurements taken without the doughnut-shaped deple-
tion beam) and STED measurements performed under otherwise 
identical conditions on the same sample. Because of the low thermal 
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~200 nm in diameter. (C) Luminescence intensity ratio maps acquired from a 0.5 × 0.5 μm2 region of the UCNP multilayer shown in (B) using APD scans in confocal and 
STED modalities at 293, 350, and 400 K. The 976-nm excitation laser intensity was 0.2 MW cm−2 and the 808-nm depletion laser intensity was 6.5 MW cm−2, the same as in 
Figs. 3 and 4. The total scan time for each ratio map was 52.75 s. (D) Mean ratio and SD (represented by the error bars) for each APD scan from (C) overlaid on the analogous 
spectroscopic data from Fig. 4B. As indicated in the inset, the wavelength bounds used to calculate the temperature-dependent ratio were adjusted to match those of the 
bandpass filters, and the ratio values for the data from Fig. 4B were recalculated accordingly.
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conductivities of both NiCr and quartz [~10 W m−1 K−1 cross-plane 
and ~6 W m−1 K−1 in-plane (58)] and the moderate near-infrared 
optical absorptance of NiCr films [typically >0.4 (59)], the addition 
of the doughnut-shaped depletion beam results in laser heating of 
the NiCr line (figs. S11 and S12). Therefore, to facilitate comparison 
of the joule heating–induced temperature gradient recorded across 
the heater line using diffraction limited and STED measurements, 
we plot measured T − Tmean,outer values, where Tmean,outer is the mean 
temperature corresponding to 12 measurements performed near 
the outer corner of the heater line. This analysis assumes that the 
laser heating of the NiCr line by the doughnut-shaped depletion 
beam remains spatially uniform throughout our measurements, 
which is validated through separate, complementary temperature-
dependent ratio measurements using Nd3+-sensitized UCNPs 
excited at 808 nm (fig. S13).

Figure 6D shows measurements recorded in both diffraction lim-
ited and STED modalities when no current is applied to the heater 
line. In this case, there is no meaningful difference between the two 
datasets. Figure 6E shows diffraction limited and STED measure-
ments performed under an applied current of I = 10.5 mA. Here, the 
diffraction limited measurements show no detectable variation with 
position across the heater line, meaning that no temperature gradi-
ent can be observed. In contrast, for STED measurements performed 
at the same locations, a temperature gradient can be detected, with a 
temperature rise measured at the inner corner that is ~40 K higher 
than that measured at the outer corner, as expected based on the 
current crowding effect. The calculated temperature uncertainty of 

approximately ±10 K accounts for trial-to-trial variation among 12 
consecutive measurements performed at each location and variation 
in linear fits to the five ratio versus temperature calibration datasets 
shown in Fig. 5D used to convert the measured ratio values to tem-
peratures (see the Supplementary Materials for details). We attribute 
the trial-to-trial variation to factors including mechanical drifts, de-
tector noise, and modest fluctuations in the depletion laser output 
power (see Materials and Methods). For temperature measurements 
performed at a fixed location or using a given single UCNP, estimat-
ing the temperature resolution based on the average slope of these 
linear fits and the smallest detectable change in the ratio yields a 
value of ±0.8 K (see the Supplementary Materials for details). A 
comparison of the spatial and temperature resolution of our tech-
nique with that of other temperature mapping methods is also shown 
in fig. S14. The STED measurements in Fig. 6E are in good agree-
ment with the prediction of finite element simulations where the 
NiCr thermal conductivity and NiCr-quartz thermal interface re-
sistance were varied based on reported literature values to deter-
mine the best fit to the experimental data (fig. S15). These results 
indicate the potential of STED nanothermometry to reveal tempera-
ture heterogeneities in microstructures and nanostructures that are 
undetectable with diffraction limited optical thermometry.

DISCUSSION
In summary, we demonstrate an optical super-resolution nanother-
mometry technique, which offers a unique combination of nanoscale 
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Fig. 6. STED nanothermometry applied to a joule-heated microstructure. (A) SEM image of a NiCr serpentine heater line fabricated on a crystalline quartz substrate. 
(B) Finite element simulations of the current density and temperature profiles resulting from applying an electrical current to the serpentine heater line. (C) UCNPs drop-
cast on the surface of a NiCr serpentine heater line. The blue box encloses a cluster of UCNPs used to perform the measurements shown in (D) and (E). (D) T − Tmean,outer 
measured at three locations when no current I is applied, where Tmean,outer is the mean temperature corresponding to 12 measurements performed near the outer corner 
of the heater line. Here, the values for Tmean,outer are 302 K (976 nm only) and 349 K (976 nm and 808 nm). The 976-nm excitation laser intensity was 0.064 MW cm−2 and 
the 808-nm depletion laser intensity was 0.9 MW cm−2, which provides a similar level of spatial resolution to that from the combination of laser intensities applied in Figs. 3 
to 5 (fig. S14). (E) The same measurements as in (D) performed under an applied current of I = 10.5 mA. Here, the values for Tmean,outer are 340 K (976 nm only) and 399 K 
(976 nm and 808 nm). The STED measurements can detect a temperature rise at the inner corner that is ~40 K higher than that measured at the outer corner.
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spatial resolution and far-field optical operation. This method is 
broadly compatible with different sample form factors and material 
types and can be readily extended beyond the ambient air environ-
ment presented here to liquid or vacuum operating conditions. 
We uncover temperature-dependent emission signatures compati-
ble with highly doped UCNPs that enable STED imaging, show that 
the STED performance is maintained at elevated temperatures, and 
use single-UCNP measurements to demonstrate excellent consis-
tency between the temperature-dependent luminescence intensity 
ratios measured in diffraction limited and super-resolution modali-
ties. Toward the goal of using STED nanothermometry for practical 
temperature mapping applications, we form self-assembled UCNP 
monolayers and multilayers and implement an APD-based detec-
tion scheme that reduces the required scan time by over an order of 
magnitude compared to spectroscopy. The temperature-dependent 
ratio values obtained from APD scans of a UCNP multilayer in both 
diffraction limited and super-resolution modalities are likewise 
consistent with those obtained from single-UCNP spectroscopy. A 
direct comparison of diffraction limited and STED thermometry on 
a microfabricated heater line demonstrates a scenario in which only 
super-resolution measurements can detect a temperature gradient 
caused by spatially nonuniform joule heating.

Future efforts to elucidate the physical origins of the temperature-
dependent luminescence we observe for highly doped NaYF4:Yb3+,Tm3+ 
UCNPs could inform improved modeling of the temperature de-
pendence and guide the design of UCNPs where the emission peaks 
with the strongest temperature dependence also have the largest in-
tensities. The latter could allow the use of lower excitation powers 
that lead to improved depletion efficiencies (60), thereby further 
improving the spatial resolution of UCNP-based STED nanother-
mometry, or enable similar spatial resolution to be maintained while 
reducing the required depletion laser power, which would be benefi-
cial in scenarios involving optically absorbing, low thermal conduc-
tivity samples where laser-induced sample heating may be a concern. 
Pursuing design and synthesis strategies that allow for even higher 
Tm3+ doping concentrations has also been suggested as a strategy 
for augmenting the overall emission intensity (38). Tuning the max-
imum phonon energy of the crystalline host matrix to selectively 
enhance or attenuate multiphonon relaxation and phonon-assisted 
energy transfer processes is another recently demonstrated strategy 
for enhancing UCNP emission intensity (61). To further assess the 
viability of strategies that rely on increasing the UCNP emission in-
tensity to decrease the excitation intensity and ultimately the deple-
tion intensity, we experimentally verified a favorable nonlinear 
scaling of the required depletion intensity with excitation intensity 
(fig. S17A). In alignment with prior work (60), we show that even 
modest decreases in the excitation intensity can enable compara-
tively large reductions in the depletion intensity. We also find that 
this nonlinear scaling is stronger than the competing nonlinear scal-
ing of the upconversion emission intensity with excitation intensity 
(fig. S17B), indicating that increasing the UCNP brightness by less 
than a factor of three could ultimately enable a corresponding ten-
fold reduction in the depletion intensity, for example.

Beyond the NaYF4:Yb3+,Tm3+ UCNPs investigated here, other 
lanthanide-doped nanoparticle compositions continue to enable 
emerging super-resolution modalities. Near-infrared downshifting 
STED has been demonstrated using Nd3+-doped nanoparticles with 
higher quantum yields and a saturation intensity nearly an order of 
magnitude lower than that reported for UCNP-based STED (62), 

suggesting another potential route to achieving STED nanother-
mometry with lower depletion laser intensities. The advent of 
lanthanide-doped photon-avalanching nanoparticles has spurred 
additional super-resolution imaging concepts, such as photon-
avalanche single-beam super-resolution imaging (63) and indefinite 
near-infrared photon avalanching localization microscopy (64), and 
future investigation into the temperature-dependent emission of this 
nascent class of materials is expected to further advance the adapta-
tion of super-resolution imaging concepts for thermal metrology.

MATERIALS AND METHODS
STED microscopy and spectroscopy system
A CW 976-nm fiber Bragg grating-stabilized laser diode (BL976-
PAG500, Thorlabs) whose output was passed through a clean-up 
bandpass filter (LD01-975/10-25, Semrock) served as the excitation 
source. A CW 808-nm single-mode Fabry-Perot laser diode (FPL808S, 
Thorlabs) whose output was passed through a clean-up bandpass 
filter (FF01-810/10-25, Semrock) served as the depletion beam. The 
two laser beams were combined using a longpass dichroic mirror 
(t850lpxxr-uf3, Chroma). A shortpass dichroic mirror (zt775sp-2p-uf3, 
Chroma) was used to reflect both beams and also allowed the up-
converted luminescence to pass through. Both beams were focused 
onto the sample surface using a dry air objective lens with a 10 mm 
working distance and a numerical aperture of 0.7 (Mitutoyo Plan 
Apo NIR HR 100X). Samples were mounted on and scanned by a 
piezo-controlled nanopositioning stage (Mad City Labs Nano-T115). 
A thermal stage (custom version of HCS321Gi, Instec) mounted on 
the piezo-controlled nanopositioning stage was used to perform 
temperature calibration measurements. The collected upconverted 
luminescence was also passed through a shortpass filter (BSP01-
785R-25, Semrock) to remove any residual excitation or depletion 
light. For single-UCNP imaging, the luminescence was sent through 
a 100-μm pinhole and focused onto an APD (Micro Photon Devices 
PDM Series). To select various upconversion emission peaks, differ-
ent bandpass filters were used (FF01-448/20-25, Semrock; 492 CWL 
10 nm bandpass filter, #65-148, Edmund Optics; FF01-514/30-25, 
Semrock). For spectroscopy, the luminescence was sent to an Andor 
Kymera 193i spectrograph with an iDus 420 charge-coupled device 
camera. For ratiometric thermometry performed using the APD, a 
motorized filter wheel (FW103H, Thorlabs) was used to switch be-
tween two bandpass filters placed in front of the APD.

For super-resolution measurements, a half-wave plate (WPH05M-
808, Thorlabs) and a quarter-wave plate (WPQ05M-808, Thorlabs) 
were used to circularly polarize the 808-nm beam, which was then 
passed through a vortex phase plate (VPP-1a, RPC Photonics) to 
generate the doughnut shape. The point spread functions of both the 
excitation and depletion beams were characterized by scanning each 
beam over a single 80-nm gold nanoparticle (80-nm gold colloid, 
BBI Solutions) with the confocal pinhole removed and recording 
the backscattering light using the APD. The positions of both beams 
were then carefully adjusted until the beams were spatially overlapped.

The excitation and depletion laser intensities were calculated by 
dividing the laser power measured at the objective back aperture by 
the area of the laser spot. In all cases, the area of the laser spot was 
determined by experimentally characterizing the point spread func-
tion using the method described above. For the Gaussian beams, the 
area of the laser spot was calculated using the 1/e2 radius. For the 
doughnut-shaped beam, the area of the laser spot was taken to be 
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the area where the intensity was larger than 1/e2 of the maximum 
intensity. The 976- and 808-nm lasers have experimentally deter-
mined power stabilities of approximately 0.1 and 5%, respectively, 
and both produce output peaked spectra within 1 nm of their nom-
inal wavelengths with wavelength stability of 0.1 nm or better. This 
level of wavelength instability is sufficiently small as to have negli-
gible impact on our measurements. While power instability at the 
0.1% level as observed for the 976-nm laser likewise has negligible 
practical impact on our measurements, power instability at the 5% 
level as observed for the 808-nm laser is likely one contributing fac-
tor to the trial-to-trial variation of our ratiometric thermometry 
measurements performed in a STED modality and the associated 
error bars.

Single-UCNP sample preparation
NaYF4 UCNPs with nominal doping concentrations of 18 to 20% 
Yb3+ and 8 to 10% Tm3+ and nominal diameters ranging from 100 to 
200 nm dispersed in cyclohexane or toluene were purchased from CD 
Bioparticles and the Fraunhofer Center for Applied Nanotechnology. 
To prepare samples primarily consisting of isolated individual UCNPs, 
UCNPs dispersed in cyclohexane were diluted from an initial concen-
tration of 20 to 2 mg/ml. Twenty-five microliters of the diluted UCNP 
solution was then spin coated onto borosilicate glass cover slips or 
silicon substrates with fiducial markers (EM-Tec FG1 Silicon Finder 
Grid). Before spin coating, the substrates were sonicated for 10 min 
each in acetone, isopropyl alcohol, and deionized water and then plas-
ma cleaned for 30 s.

Self-assembled monolayer and multilayer formation 
and transfer
Formation of UCNP monolayers was carried out based on a previ-
ously reported liquid-air interfacial self-assembly method. A Teflon 
beaker (1.7-cm diameter, 5-ml volume) was filled halfway with EG, 
and the silicon substrate (cleaned using the same procedure described 
above) was fully submerged within the EG. UCNPs dispersed in 
cyclohexane (initial concentration 20 mg/ml) were sonicated for 
15 min before being diluted to 5 mg/ml in cyclohexane. The same pro-
cess was also carried out separately for UCNPs dispersed in toluene 
(initial concentration 50 mg/ml), which were diluted to 5 mg/ml in 
toluene. A pipette was used to drop-cast the diluted UCNP solution 
onto the EG surface, and a UCNP solution volume of 40 μl was used 
to encourage the UCNPs to align with their hexagonal facets facing 
upward. A glass cover slip was placed on top of the Teflon beaker to 
slow the cyclohexane or toluene evaporation, and the system was left 
for 40 min under a fume hood. The substrate was then lifted out of 
the EG to transfer the monolayer formed on the surface of the EG 
onto the substrate. Any remaining EG on the substrate was allowed 
to evaporate under ambient conditions. The UCNP multilayers were 
formed using an identical process except that the diluted UCNP so-
lution concentration was increased to 13 mg/ml.

Serpentine heater lines
The NiCr serpentine heater lines were fabricated on Z-cut crystal-
line quartz wafers 100 mm in diameter and 525 μm thick (Univer-
sity Wafer) using the following process. The wafers were first cleaned 
using RCA-1 and RCA-2 cleans, followed by a dehydration bake for 
30 min at 115°C to remove any residual moisture and 60 s of plasma 
cleaning using an oxygen plasma. A blanket layer of NiCr (80% Ni, 20% 
chromium, 99.95% purity, Research and PVD Materials Corporation) 

50 nm in thickness was then evaporated onto the wafers. Subse-
quently, the wafers were spin coated with a negative deep-ultraviolet 
(DUV) photoresist (Micro Resist Technology UVN2300-05), soft 
baked for 45 min at 115°C, and patterned using an ASML PAS 
5500/300C DUV Wafer Stepper. A postexposure bake of 30 min at 
115°C was performed. The photoresist was then developed, followed 
by a hard bake for 30 min at 115°C. Ion beam milling (AJA Kaufman 
RF-ICP Ion Mill) was used to define the serpentine structures, and 
the photoresist was subsequently stripped.

To perform temperature measurements of joule-heated serpen-
tine lines, the heater line sample was placed on a custom printed 
circuit board (PCB) and wire bonds were formed between the ser-
pentine heater line contact pads and contact pads on the PCB. Larger 
wires were then soldered on to the PCB contact pads, which were 
connected to a source measure unit (Keithley 2410) that served as 
the current source during the joule heating experiments.

Finite element simulations
Finite element simulations of the current density and temperature 
profiles for the serpentine heater line were performed using COMSOL 
Multiphysics. The AC/DC module was used to calculate the current 
density profile resulting from a current applied to the heater line. 
The heat transfer module was then used to calculate the temperature 
profile due to joule heating resulting from the previously deter-
mined current density profile. The bottom side of the substrate was 
maintained at a fixed temperature of 293 K, while all other sides of 
the sample were treated as adiabatic.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S17
Table S1
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