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development of nanoscale luminescent 
thermometers and their use in fluorescent 
microscopes is leading to great success in 
allowing temperature to be imaged in vivo 
at the microscale in biological systems. 
This has significant implications not only 
for fundamental understanding and diag-
nosis, but also for guiding therapeutic 
actions such as photothermal therapy.[1b,2] 
However, in these cases, the basis for 
the temperature sensing is typically on a 
temperature-induced change in emission 
intensity (or intensity ratio between two 
peaks). This means that background radia-
tion in these wavelength regions must be 
carefully controlled; a task possible in a 
fluorescence microscopy setup, but not 
easily achievable in everyday situations. 
Instead, temperature-induced changes 
in emission lifetime can also be used to 

establish temperature. Such temporal-based detection is less 
sensitive to environmental variables such as different absorp-
tion or scattering of the luminescent thermometer emission (or 
the excitation light).[2d,3] However, in existing material systems 
these advantages are outweighed by the cost of the high-speed 
imaging equipment needed to capture the approximately micro-
second lifetimes of the materials. For certain applications—such 
as monitoring of surface temperatures in internal combustion 
or gas turbine engines used in aircraft propulsion—the high 
cost of cameras with frame rates exceeding 500 kHz can be jus-
tified, and 2D temperature images can be reconstructed from 
analysis of these very high frame rate videos.[4]

Herein, we present a phosphor that allows smartphone 
cameras to produce 2D temperature images. This smartphone 
thermal imaging (or thermography) is accomplished using 
delayed luminescence lifetimes longer than 100  ms that are 
accurately determinable from analysis of a smartphone video. 
This work supports the broader trend in the literature to bring 
techniques that have thus far been accessible only in controlled 
laboratory setting with dedicated (expensive) equipment into an 
accessible and inexpensive format to allow more general applica-
tion. In terms of smartphone-based temperature sensing, recent 
work by Ramalho et al. demonstrated a smartphone-based ratio-
metric approach to smartphone-based temperature determina-
tion that used luminescent quick response (QR) codes based on 
binuclear complexes of Eu3+ and Tb3+.[5] By analyzing the shift 
in the histogram for the red and green channels after ultraviolet 
(UV) excitation, they were able to determine the temperature of  
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1. Introduction

Materials whose luminescence properties change as a func-
tion of temperature can be used as thermometers to precisely 
determine temperatures in hard-to-access locations, including 
biological, and analytical systems.[1] If these materials are dis-
tributed in a 3D volume or over a 2D surface, camera-based 
imaging techniques can rapidly create spatial maps of local 
temperature, a process known as optical thermography. The 
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the label between 283–317 K with an impressive average  
sensitivity of 5%/K and a temperature resolution better than  
0.2 K.[5a] Earlier work showed temperature sensing at the tip 
of a fiber probe was possible with a diffraction grating and 
smartphone (range of 263–453 K).[6] More broadly, there is a 
broad and successful ongoing literature demonstrating the 
effectiveness of quantitative analysis of photoluminescence (PL) 
intensity or color with a smartphone for chemical assays,[7] and 
anti-counterfeiting purposes.[8] For example, a lateral flow assay 
using SrAl2O4:Eu2+,Dy3+ nanophosphors with persistent lumi-
nescence allowed the intensity of light emitted in the test and 
control strips to be quantitatively determined after the smart-
phone flash excitation was turned off.[7b]

Beyond these intensity-based methods, two recent reports deal 
with the determination of PL lifetime using a smartphone.[9] The 
first develops a method to measure lifetimes far faster than the 
frame rate of the camera by translating the time dimension into 
a spatial dimension.[9b] By placing the sample on a rapidly rotating 
disc, the emission lifetime is converted into a “streaked” spatial 
arc, allowing sub-millisecond lifetimes to be determined (but 
without spatial resolution).[9b] More interestingly for our purposes, 
it was recently shown that the approximately 300  ms lifetime of 
room temperature phosphorescence from an organic material can 
be easily determined by the analysis of a smartphone video, as can 
its changing lifetime with oxygen concentration in order to enable 
oxygen sensing.[9a] Herein we show that robust inorganic phos-
phors can also be designed to bring the benefits of life-time based 
sensing to a smartphone platform.

We demonstrate that the delayed luminescence from charge-
transfer states in europium doped gadolinium oxysulfide 
(Gd2O2S:Eu3+) provides a temperature-dependent lifetime on the 
order of hundreds of milliseconds. This allows thermal images 
to be created via the analysis of video captured using a standard 
smartphone camera at a rate of 30 frames-per-second (fps). The 
optical excitation is provided using a sub-Hz modulated UV light-
emitting diodes (UV LED, 375 nm) making the entire system very 
economical. Further development should allow delayed-lumines-
cence thermometry materials to be excited directly with the smart-
phone flash (i.e., have absorption bands up to 450 nm), opening 
possibilities for thermal imaging using exclusively a smartphone 
for both excitation and detection. The present work, and the 
recent results demonstrating smartphone-based lifetime sensing 
of oxygen using long-lived room-temperature phosphorescence,[9a] 
show it is possible to translate various lifetime sensors to a regime 
that enables smartphone-based PL lifetime detection.

To date, phosphors for lifetime-based thermometry have had 
lifetimes typically much less than 10  ms, making it impossible 
to measure the lifetime with a 30-fps camera. A broad range 
of luminescent materials—such as lanthanides,[2d] organic-
inorganic compounds,[10] carbon dots,[11] organic molecules,[12] 
nitrogen-vacancy centers in diamond,[13] and dual emitter sys-
tems[14]—have already been explored for thermometry based on 
either PL intensity ratio or lifetime parameters. Indeed, com-
mercial products have been available since the 1980s that use 
the luminescence from phosphor-coated fiber tips to determine 
temperature.[15] Whereas first generations of these technologies 
used intensity ratios from Gd2O2S:Eu3+,[15a] subsequent genera-
tions switched to the more robust lifetime measurement method, 
using the millisecond emission lifetimes of phosphors such as 

manganese-doped magnesium fluorogermanate.[15b] Although 
lifetimes <10 ms can be determined inexpensively by single-pixel 
detectors, their use in thermal imaging requires expensive equip-
ment such as an ultra-high speed camera.

Gd2O2S is an extensively studied phosphor host well-known to 
provide excellent PL quantum yields via X-ray, cathode-ray, or UV 
excitation.[16] For applications such as X-ray imaging, afterglow 
(delayed luminescence) must be minimized in the phosphor to 
prevent ghosting between images on the CCD.[17] In this work, 
we demonstrate how these previous perceived disadvantages 
of the phosphor (delayed luminescence and temperature sensi-
tivity) can be capitalized upon to realize smartphone-based lumi-
nescent lifetime thermometry. As a first step, we synthesized a 
sequence of Gd2O2S: x % Eu3+ phosphors with x varying from 
1 to 13 mol%. X-ray diffraction patterns for the materials and a 
scanning electron microscope image are shown in Figure S1, 
Supporting Information. Basic optical characterization of the 
material series is summarized in Figure S2, Supporting Informa-
tion. We observed that, at room temperature, the PL quantum 
yield was highest and the delayed luminescence lifetime was 
longest for the 6% sample, and therefore selected this material 
for the following investigations.

2. Results and Discussion

Figure  1 demonstrates how a smartphone video can be used 
to accurately determine the lifetime of the phosphor’s delayed 
emission lifetime. In Figure  1a, the setup for acquiring the 
smartphone video is illustrated. A sample of the Gd2O2S:6% Eu3+ 
material is placed in a small crucible on a temperature-controlled 
stage (MHCS622, Microptik) and, in this case, held at 273 K. The 
temperature of the phosphor in the crucible can be varied by 
heating/cooling the stage. A current controller (ITC4001, Thor-
labs) is used to create square wave “flashes” from a 375 nm UV 
LED (XSL 375, Roithner LaserTechnik). The UV LED was on 
for 1000  ms, then off for 9000  ms. A smartphone (Galaxy A5 
(2017), Samsung Electronics) was used to record video using 
a third-party app (Camera HD, Mark Harman). The video was  
recorded at 30 frames per second and then imported into 
MATLAB for subsequent analysis. Figure  1a shows a sequence 
of individual frames extracted from the video, with frame 0 being 
the last frame in which the UV LED was still on. As can be seen, 
emission from the phosphor is clearly visible in the individual 
frames, even long after the UV LED has been switched off. The 
excitation power density was 25 mW cm−2, and did not induce 
sample heating (see Figure S3, Supporting Information).

The lifetime of the delayed emission can be determined from 
the smartphone video in the following fashion. For each frame, 
the value of the red-channel (a number between 0 and 255) is 
summed over a region of interest (in this case the circular area 
of the crucible). This “intensity” value for the luminescence is 
then placed at the time of the relevant frame, and data such 
as those presented in Figure 1b are obtained. Several times of 
interest are also noted. The first frame after the UV excitation 
is turned off is found by searching for the maximum difference 
between subsequent two frames. This frame is labeled as t0. 
Then, the time window in which the data will be fit in order to 
estimate the lifetime (t1 – t2) is determined. The first value, t1,  
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is simply a constant offset from t0 to allow for settling of the 
instrument response of the system from the rapid decrease in 
the prompt luminescence. This is taken to be 221  ms for all 
measurements, meaning that, in all cases, t1 is simply 221 ms 
after t0. Determining the second value, t2, is slightly more 
involved. It is the time at which 90% of the total delayed emis-
sion has been collected, and is found automatically as described 
in the Supporting Information (Figure S4, Supporting Informa-
tion). As seen later, t2 varies with the delayed decay lifetime and 
therefore temperature. The delayed decay lifetime, τ, is then 

estimated by an exponential fit of the form exp
τ

= −



y A

t
 to 

the data between t1 and t2. At 293K (room temperature), the life-
time of the delayed emission extracted from the video-recorded 
PL emission was 475 ± 13 ms. The lifetime extracted from the 
smartphone video agrees with the lifetime measured by single-
photon counting and multichannel scaling (484 ± 4 ms), albeit 
the lifetime determined from the smartphone exhibits an 

uncertainty roughly a factor-of-three greater than that deter-
mined via single-photon counting measurements. Thus, we 
find that the delayed lifetime of these long-lived phosphors can 
be accurately estimated by the analysis of a smartphone video, 
and the precision of this method give a relative uncertainty of 
around 3% in the lifetime (at room temperature).
Figure 2a illustrates how the delayed PL lifetime (determined 

by analysis of smartphone videos) is strongly affected by tem-
perature in the range from 273 to 333 K. Whereas significant 
delayed PL is readily apparent by eye for >50 frames at the 
lower temperatures, the signal disappears much more quickly 
for higher temperatures. A decrease in PL quantum yield and 
lifetime as temperature increases is typical for phosphors due 
to increased rates of non-radiative recombination at higher tem-
peratures. However, this simple explanation cannot describe 
the mechanism responsible for the temperature dependence 
of the delayed emission in this phosphor. Instead, the delayed 
luminescence in Gd2O2S:Eu3+ relies on the thermal promo-
tion of excitations held in a long-lived charge-transfer band to 
the 5D0 level of the Eu3+ ion.[18] As this radiative pathway for the 
delayed is temperature activated (along with the non-radiative 
pathways), the lifetime of the delayed emission decreases with 
increasing temperature but the PL quantum yield is reduced 
less than it would be if only the non-radiative channel were 
temperature activated. This is beneficial in allowing the delayed 
luminescence to remain bright enough for its lifetime to be 
measured as the temperature is increased. As a side note, 
the PL intensity of these materials does not monotonically 
decrease with increasing temperature (as would a material 
whose temperature dependence is caused by the activation of 
a non-radiative rate), see Figure S5, Supporting Information. A 
description of the temperature-dependent charge-transfer band 
model that describes the photophysics of these phosphors is 
provided in Figure S6, Supporting Information.

Returning to the analysis of the data presented in Figure  2, 
the emission intensity (integrated over the crucible) as a func-
tion of time can be obtained by performing the analysis 
described above on the videos taken at the various temperatures. 
This yields data such as those plotted in Figure 2b from which 
the lifetime of the delayed luminescence as a function of tem-
perature can be established. We took similar videos in five inde-
pendent temperature sweeps, the other four datasets are shown 
in Figure S7, Supporting Information. The lifetime of the 
delayed luminescence as a function of temperature is presented 
in Figure 2c, with the error bars representing the standard devi-
ation of the lifetimes extracted from five different trial videos 
taken at each temperature. The lifetimes in the 273–333 K 
temperature range can be well-fit with an equation of the 

form ( ) exp a

B

T A
E

k T
τ = 



 , where kB is the Boltzmann constant 

and Ea represents the apparent activation energy for the radia-
tive and non-radiative rates. The value of Ea is determined to be 
0.29 ± 0.01 eV, while the prefactor A is found to be (4 ± 1) × 10−3.

Using these calibration data and taking a measured lifetime, 
the temperature of the phosphor can be established simply 

by inverting the previous equation to 
(Ln ( ) Ln( ))

a

B τ
=

−
T

E

k A
. 

Figure  2d displays the dependence of relative sensitivity (Sr) 
as a function of temperature from 273 to 333 K. The relative 

Figure 1.  a) The experimental apparatus for recording videos of the 
delayed luminescence with a smartphone camera from the phosphor (at a 
given temperature) after modulated UV excitation. Single frames extracted 
from the video of the luminescence of Gd2O2S:6% Eu3+ at 273 K, the UV 
illumination was turned off at time 0. b) The delayed luminescence lifetime 
of Gd2O2S:6% Eu3+ at 293 K extracted from a smartphone video com-
pared to reference data taken by conventional single-photon counting with 
a multi-channel scaler. The notations t0, t1, and t2 are described in the text.
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sensitivity indicates by what percent the lifetime changes per 
degree change in temperature. This can be determined using 

S
E

k T
r

a

B
2= ,[5a] and the values decreases from 4.5% K−1 at 273 K to 

3.1% K−1 at 333 K. The temperature resolution (δT), computed 

from 
1 δτ

τ
= ×

Sr

, where 
δτ
τ

 is the relative standard error in the 

lifetime (which we found to be 2.6, 1.4, 2.7, 4.0, 6.7, 7.9, and 
6.0% for 273, 283, 293, 303, 313, 323, and 333 K, respectively, 
based on the standard deviation of five repeated measurements 
at each temperature). The temperature resolution is better than 
1 K for temperatures below 300 K, but then decreases to 2.5 K  
for temperatures around 333 K. The temperature resolution 
is best for lifetimes greater than 300 ms, and starts worsening 
as the lifetime drops below this. We find a practical limit of 
100 ms for the minimum lifetime that we can determine based  
on smartphone video analysis of our phosphor. This corre-
sponds to a maximum temperature around 338 K for our phos-
phor. The temperature range possible to measure could be  
expanded by increasing the frame-rate of the camera or devel-
oping further phosphors with temperature dependent lifetimes 
exceeding 100 ms in different temperature regimes.

We also note that an advantage of the lifetime-based approach 
is its relative insensitivity to background light. Whereas a ratio-
metric measurement is disrupted when a background illumi-
nation alters the ratio between the two wavelength regions of 
interest, the measurement of the decay time of a material is not 
affected by background illumination. Given sufficient dynamic 
range of the detector, the background signal can simply be 
subtracted and it is only the background noise that degrades 
the lifetime determination. The measurements presented 

in the main text are done in the dark, but in Figures S8–S12, 
Supporting Information we show that the lifetime measure-
ments done at room temperature for room lighting conditions 
varying from 0 to 1500 lm m−2 do not affect the lifetime deter-
mination. Here we used an inexpensive 650  nm short-pass 
filter (FESH0650, Thorlabs) and a 600  nm long-pass filter 
(FELH0600, Thorlabs) in front of the smartphone camera to 
reduce the effect of the background. With these filters in place, 
by 1500 lm m−2 the background level is almost half of the inten-
sity of the luminescence when the UV excitation is on. How-
ever, on our normalized scale the background noise remains 
less than 3.5 × 10−4 whereas our signal height is greater than 
1 × 10−3. Thus, the lifetime can be determined accurately irre-
spective of the background illumination at least up to those 
found in typical indoor lighting situations.

In order to test the accuracy of this approach of establishing 
the temperature at various locations along an object from a 
single video, we set up an inhomogeneous temperature gra-
dient in a metal bar using two heating/cooling stages. One end 
of the bar was held at 270 K and the other was held at 320 K. In 
this way, a steady-state temperature profile with a gradual spa-
tial variation was created along the bar. The bar had five patches 
along the plate where a thin layer of the phosphor powder 
material was pressed onto the bar. Adjacent to the middle of 
each patch, a thermocouple probe was attached to the bar in 
order to provide an independent measurement of the tempera-
ture at each location. A strip of six UV LEDs (375  nm) were 
employed to uniformly illuminate the surface of the plate. This 
apparatus is schematically illustrated in Figure 3a.

Figure  3b shows individual frames extracted from a smart-
phone video of the entire plate after the UV LEDs light strip was 

Figure 2.  a) Individual frames extracted from videos of Gd2O2S:6% Eu3+ as a function of temperature. b) Emission intensity (normalized) as a function 
of time extracted from videos of emission of Gd2O2S:6% Eu3+ after pulsed UV LED excitation (375 nm) for various temperatures. c) Variation of the 
delayed luminescence lifetime as a function of temperature in the 273–333 K range. d) Relative sensitivity and temperature resolution.
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turned off (with again frame 0 being the last frame in which the 
UV LEDs were still on). In the early frames, the emission from 
all patches on the bar is similar. However, in the later frames, 
the emission from the hotter side of the bar rapidly fades away 
leaving only the longer delayed emission from the cooler side of 
the bar. By integrating the emission intensity over each patch of 
phosphor, the delayed emission lifetime at these five points can 
be established from a single video. We established the lifetime 
in this fashion for each of the five points and converted it into 
a temperature using the above relationship. We did this for five 
independent videos. The resulting estimated temperatures are 
shown in Figure  3c and compared to the reference tempera-
ture measured by the thermocouple. In each case, the reference 
value lay within the error bars of the measured temperature.

Analyzing the spread of the lifetimes measured in subsequent 
videos, the average resolution in the temperatures determined 
by the phosphor lifetime was 0.9 K (full data shown in Table S1, 
Supporting Information). In contrast, the average deviation 
between the temperature measured with phosphor lifetime and 
the reference thermocouple was 0.6 K. Therefore, the accuracy 
of the technique is good, with the real temperature falling within 
the resolution range of the lifetime-established temperature in 
each case. Also, the precision of around 1 K agrees well with the 
temperature resolution predicted in Figure 2d.

The results shown herein are for pure phosphor powders 
applied to a surface. However, we can also measure lifetimes 
with the smartphone when the phosphor is held in a binder 
matrix at concentrations higher than 4% by weight in roughly 
0.1 mm thick films (see Figure S14).

These results demonstrate the potential for lifetime-based 
sensing based on smartphone cameras, and also establish 
directions for further improvement. In order to achieve sensing 
over a wider temperature range, phosphors with a longer max-
imum lifetime would be desirable. With the range of persistent 
emission phosphors already developed (both inorganic and 
organic),[19] such elongation of the lifetime is certainly possible. 
However, there is a trade-off in that moving to longer lifetimes 
also requires longer excitation pulses and videos to be taken 
(thereby slowing down the thermal image acquisition). The rel-
ative sensitivity that we demonstrate compares favorably with 
many existing luminescent thermometry approaches,[2d] how-
ever more precise temperature determination over a smaller 
temperature window should be possible with exploration of 
wide variety of potential phosphors, including novel organic 
materials.[20] The temperature resolution that we achieve is 
comparable to the 1–2 K temperature resolution typical for 
thermal imaging infrared cameras used for predictive mainte-
nance of electrical equipment.[21] Also, in terms of application 

Figure 3.  a) Experimental apparatus for establishing a temperature gradient from 270 to 320 K along a metal bar. The bar has a patch of phosphor 
material and a thermocouple at five locations along its length. The bar is uniformly illuminated using several UV LEDs and the emission detected 
using a smartphone camera. b) Individual frames from an exemplary smartphone video showing that delayed emission is visible from the cold side 
of the bar much longer than it is from the hot side of the bar. c) The temperatures estimated from the smartphone-established lifetime are shown for 
each of the five points on the metal bar (note five separate videos were taken, red circles represent mean temperature extracted from lifetimes of the 
individual videos). These are compared with the reference value read from the thermocouple at that location (blue star).
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in predictive maintenance of electrical equipment, the working 
range of our system to 330 K would be sufficient for a wide 
variety of cases.[22] Exploration and development of other phos-
phors have significant scope to tailor the range and sensitivity 
of smartphone-based thermal imaging, but we demonstrate 
that this first prototype already possesses sufficient figures-of-
merit to compete with commercial products in the major appli-
cation field of predictive maintenance.

3. Conclusion

In summary, we demonstrated smartphone-based lumi-
nescence imaging based on the delayed emission from 
Gd2O2S:Eu3+ phosphor. Temperatures in the range of 
270–320 K can be determined with a temperature resolution 
better than 2 K, even at bright ambient light levels of 1500 lm m−2.  
These promising results suggest that our approach could 
compete with commercial solutions used in thermal imaging 
for predictive maintenance. Taken in conjunction with recent 
work demonstrating the efficacy of a similar approach to  
visualize oxygen concentration due to its quenching of delayed 
luminescence,[9a] our results suggest that the development of 
special phosphors to enable smartphone-based lifetime detec-
tion that complement the existing strategies based on analysis 
of absolute PL intensities or colors.[7] Lifetime-based strate-
gies can be made relatively insensitive to (changing) back-
ground illuminance, and also could be applied in parallel to 
a ratiometric approach in order to develop orthogonal multi-
dimensional sensors.

4. Experimental Section
Synthesis of Gd2O2S: Eu3+: The Gd2O2S:xEu3+ samples, (Gd1-xEux)2O2S 

for (0% ≤ x ≤ 13%) molar ratio, were synthesized by flux-assisted solid-
state reaction in a furnace system according to literature procedures.[23] 
The starting materials were Gd2O3, (ChemPur, 99.9%) Eu2O3 (ChemPur, 
99.9%) and sulfur (S), (ChemPur, 99+ %), with Na2CO3 (ChemPur, 99+ %)  
and K3PO4 (ChemPur, 99+ %), used as flux.

Photoluminescence Quantum Yield: The PL emission spectra were 
recorded using a spectrometer (AvaSpec-HS2048XL, Avantes) system 
attached to an integrating sphere (15-cm diameter, Labsphere) and a UV 
LED (λ = 375 nm, 1 mW) excitation source. The absolute PL quantum 
yield was measured via the de Mello method.[24] In brief, the UV LED was 
directed into the integrating sphere connected to an optical fiber of 1-mm 
diameter (FP100URT, Thorlabs) for collecting the signal. The integrating 
sphere had a baffle immediately before the fiber for preventing direct 
illumination of the fiber from the UV LED and sample emissions. 
Measurements of the empty sphere, direct and indirect excitation 
spectra, direct and indirect emission spectra and black background were 
recorded, from which the PL quantum yield was calculated.

Temperature Dependent PL: The temperature-dependent PL spectra were 
obtained using a temperature-controlled thermal stage (MHCS622-V/G, 
Microptik) integrated with a high resolution (0.1 K) temperature controller 
(MTDC600, Microptik) and a liquid nitrogen cooling system (LN2-SYS, 
Microptik). The phosphor samples were placed in small alumina crucibles 
inside the sample chamber of the thermal stage (see Figure  1a). The 
emission was filtered by a long-pass filter (450  nm) and then collected 
with an optical fiber of 0.6-mm diameter (P/N78277, Newport) coupled 
with spectrometer (AvaSpec-ULS2048, Avantes).

PL Lifetime Thermometry Experiments: The temperature control was 
provided with the thermal stage as above but videos of the emission 

between 273 K and 333 K in 10 K steps were recorded using a 16-megapixel 
smartphone camera (Galaxy A5 (2017), Samsung electronics) under 
excitation with a UV LED (375 nm) at a frequency of 0.1 Hz with a 10% duty 
cycle. The smartphone camera settings are described in the SOI. A wait 
time of 5 min at each set point allowed the sample temperature to stabilize 
before a video was taken. The video was then processed in Matlab to 
determine the decay lifetime in a pixel region as described in the Supporting 
Information. For surface temperature application tests, the Gd2O2S:Eu3+ 
samples were press filled into a specially made uniform aluminum bar with 
five pocket patches. Reference temperature thermocouples (K-type, Fuehler 
System) were installed in specific locations (P1–P5) as shown in Figure 3a 
to cross-reference the obtained temperature after video analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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