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A P P L I E D  P H Y S I C S

Millikelvin-resolved ambient thermography
Kechao Tang1,2*†, Kaichen Dong1,2†, Christopher J. Nicolai3, Ying Li4‡, Jiachen Li1,2, Shuai Lou1, 
Cheng-Wei Qiu4, David H. Raulet3, Jie Yao1,2, Junqiao Wu1,2§

Thermography detects surface temperature and subsurface thermal activity of an object based on the Stefan- 
Boltzmann law. Impacts of the technology would be more far-reaching with finer thermal sensitivity, called 
noise-equivalent differential temperature (NEDT). Existing efforts to advance NEDT are all focused on improving 
registration of radiation signals with better cameras, driving the number close to the end of the roadmap at 20 
to 40 mK. In this work, we take a distinct approach of sensitizing surface radiation against minute temperature 
variation of the object. The emissivity of the thermal imaging sensitizer (TIS) rises abruptly at a preprogrammed 
temperature, driven by a metal-insulator transition in cooperation with photonic resonance in the structure. The 
NEDT is refined by over 15 times with the TIS to achieve single-digit millikelvin resolution near room tempera-
ture, empowering ambient thermography for a broad range of applications such as in operando electronics 
analysis and early cancer screening.

INTRODUCTION
The Stefan-Boltzmann law states that the surface of conventional 
materials at temperature T emits infrared (IR) radiation with the 
radiated power (Prad) proportional to T 4 (1). By calibrating the 
received Prad using the T 4 law, IR cameras image the temperature 
distribution on an object. The IR thermography at ambient finds 
diverse applications in fields ranging from night vision (2), security 
surveillance (3), and electronics inspection (4) to medical diagnostics 
(5), structural defect screening (6), and academic research (7). The 
noise-equivalent differential temperature (NEDT), one key figure 
of merit for these cameras, has been improved via better designs to 
enhance detection and conversion of Prad (8–10), while assuming 
the T dependence of Prad to be strictly bounded by the T 4 law. Con-
sequently, the roadmap of NEDT currently saturates at 20 to 40 mK 
for uncooled bolometers, with little advance in the past decades 
(1, 11). In this work, in contrast, we turn to a distinct approach of 
lifting the limitation of the T4 law to improve NEDT by more than 
an order of magnitude (figs. S1 and S2). The IR camera generates 
the temperature reading (TIR) by assuming a constant wavelength- 
integrated emissivity (0) for the object. In the case when the actual 
emissivity () is different from 0, TIR deviates from the actual tem-
perature T via   P  rad   =    0     T  IR  4   =   T   4  , where   =   2     5   k B  4   _ 

15  c   2   h   3 
    is the Stefan- 

Boltzmann constant. The differentiation of TIR over T is

     d  T  IR   ─ dT   =   (     ε ─  ε  0     )     
1/4

  (  1 +   1 ─ 4     dlnε ─ dlnT   )     (1)

and is assumed to be equal to (/0)1/4 as  of conventional materials 
is nearly T-independent (12). However, dTIR/dT would be much 

higher if  becomes strongly dependent on T, drastically amplifying 
small variations in T. In this work, the strong, positive T dependence 
of  is realized by integrating the metal-insulator transition (MIT) 
of tungsten-doped vanadium dioxide (WxV1−xO2) with a photonic 
cavity structure (Fig. 1A).  switches to a much higher value when T 
rises above the transition temperature, boosting dTIR/dT and refining 
NEDT by a factor over 15 (Fig. 1B). The device, coined as a thermal 
imaging sensitizer (TIS), is fabricated on a thin flexible substrate 
and can be conveniently and repeatedly applied to and peeled off 
from the object surface, as shown in Figs. 1A and 2A.

RESULTS
The function of TIS builds on the well-known MIT (13) of the 
strongly correlated electron material WxV1−xO2 at the temperature 
TMIT ≈ 67°C − 24°C·x·100, which can be conveniently tuned from 
67° to −100°C by varying the composition x (14, 15). In the insulat-
ing (I) state, the material is basically transparent to IR in the 8- to 
14 m wavelength range (16, 17), and incoming IR radiation will 
penetrate through the top two layers with negligible absorption and 
reflected by the Ag mirror, as shown in Fig. 1A. In contrast, when 
the WxV1−xO2 switches to the metallic (M) state, it becomes highly 
absorptive to IR radiation (16, 17), and the absorption is further 
enhanced by the photonic resonance around wavelength of 9.8 m 
in the designed 1/4-wavelength cavity. Consequently, the system will 
go through an abrupt increase in absorbance (A) and hence emis-
sivity, according to the Kirchhoff’s law of radiation (18).

The sensitizing function of TIS is first characterized by imaging 
from an IR camera. Figure 2C plots TIR as a function of T in the 
upper panel, called the sensitizing property curve (SPC), for three 
selected TIS’s with W fractions of 1.5, 1.3, and 1.1%. These samples 
exhibit sharp increase in TIR at T ~ 28°, 34°, and 39°C, respectively, 
corresponding to the designed TMIT of the WxV1−xO2 layer. Because 
TMIT can be pre-set by the W fraction x, and the TMIT of TIS, along 
with its working temperature range, can be precisely designed to fit 
various applications.

The high dTIR/dT enables drastic improvement of NEDT when 
taking IR images of objects coated with TIS, removing the artificial 
step features on the temperature profile while preserving good fidelity 
(fig. S9). The power of TIS is further demonstrated by the “Rayleigh 
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Fig. 1. Thermal imaging sensitized by MIT. (A) Schematic illustration of boosted temperature resolution of thermography by the thermal imaging sensitizer (TIS) and 
its working mechanism. As the object (covered with TIS) is heated up across the MIT, the TIS switches from a reflector (hence, low absorbance and low emissivity) in the 
insulating (I) phase to a resonator (hence, high absorbance and high emissivity) in the metallic (M) phase for mid-IR waves. (B) In contrast to conventional materials or 
black body, the sharp increase in thermal emissivity () at the MIT of WxV1−xO2 introduces a high amplification (>15) of T to TIR and thus reduction in NEDT. (C) Repre-
sentative temperature resolution required for ambient thermography in various applications with paradigmatic feature sizes (details in the Supplementary Materials). TIS 
pushes boundaries of these applications and generates new markets.

Fig. 2. Characterization of the TIS. (A) Optical image of a fabricated TIS, showing high flexibility. (B) False-colored cross section of the TIS film imaged by scanning elec-
tron microscopy (SEM) before transfer. (C) IR temperature and temperature amplification as a function of actual temperature for TIS with three selected compositions 
(fractions of W in the WxV1−xO2 layer). (D) Schematics and directly captured IR images of two closely placed (1-mm gap) small heaters imaged without and with TIS. 
(E) Calibrated temperature profiles along the dashed lines in (D). The twin-heater feature is distinctly resolved in the TIS-assisted imaging because of the ~15 times im-
provement of the experimental thermal sensitivity. Photo credit: Kechao Tang, University of California, Berkeley.
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criterion”–like experiment in Fig. 2D. Here, two small heaters were 
placed close to each other on a substrate. When imaged with a con-
ventional IR camera, the twin-heater thermal feature cannot be re-
solved, whereas they become clearly distinguishable when imaged 
with the TIS coating. Note that for TIS-assisted IR imaging, TIR 
recorded is not the actual temperature (T), but it could be readily 
calibrated back to T (Fig. 2E) using the SPC in Fig. 2C (details in 
Materials and Methods).

The substantial reduction in NEDT greatly benefits thermal 
imaging of electronics (19–21). Ultrasensitive passive thermal imaging 
can probe the operation status of electronic devices and is especially 
useful for scenarios where lock-in amplification is not available. 
The over 15 times sensitization enables accurate detection of very 
weak thermal features in electronic circuits (details in the Supple-
mentary Materials). The TIS-assisted thermal imaging engenders a 
new technology that we call in operando electronics analysis (oEA). 
The oEA extends the application of thermography from inspecting 
defective devices to normal devices in operation. By analyzing 
extremely weak thermal features on the surface of the device, oEA 
noninvasively “spies” on and reveals the working mode of the de-
vice in real time. Figure 3A demonstrates thermographic differenti-
ation of distinct workloads and operation modes of a central 
processing unit (CPU). The various input algorithms cause slightly 
different power generation and temperature patterns on the surface 
of the CPU, which are readily resolved with the TIS-assisted 
thermography.

The oEA is further extended from qualitative probing to quanti-
tative extraction of electronic operation parameters, such as electrical 
current flowing in wires and circuit traces (Fig. 3B). By calibrating 
local temperature rise from the joule heating, the current levels in 
the circuit traces can be evaluated thermographically at high accu-
racy without interrogation with current meters. The operation can 
be performed simultaneously for multiple, adjacent traces on a cir-
cuit board, allowing noninvasive and quantitative current mapping. 
On the basis of thermal profiles calibrated with different currents in 
a single trace, the currents flowing in multiple traces on the printed 
circuit board (PCB) are quantitatively determined with high accu-
racy (Fig. 3C; details in figs. S13 to S15).

The TIS also empowers groundbreaking advance in medical 
thermography (5). Thermography is broadly applied in areas such 
as cancer detection (22), diagnosis of diabetic neuropathy and 
vascular disorder (23), fever screening (24), dental care (25), and 
surgery (26). Breast cancer, for example, can be detected by IR 
cameras because hypervascularity in the tumors leads to slightly 
abnormal local temperature. With the advantages in cost, accessi-
bility, and noninvasiveness, thermography is used to screen breast 
cancer before mammography testing (27). However, current 
medical thermography suffers from the low diagnostic sensi-
tivity and specificity (28), while TIS-assisted thermography would 
reduce noise, improve thermographic fidelity, and enable cancer 
screening at earlier stages, potentially improving the survival rate of 
patients (29).

Fig. 3. TIS applied to oEA. (A) Enhancement of thermographic contrast on a central processing unit (CPU) by TIS, allowing differentiation of various working modes. 
(B) Optical and IR mappings of temperature rise because of currents flowing in adjacent circuit traces on a printed circuit board (PCB), imaged without and with TIS. (C) Ex-
tracted current versus real current in the traces. The dashed line and the shadow correspond to the ideal current extraction and ±10% deviation, respectively. The exper-
imental error bars for the data points are comparable to the size of the points. The model used to extract currents is detailed in the Supplementary Materials. Photo 
credit: Kechao Tang, University of California, Berkeley.
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We demonstrate the benefit of TIS in subcutaneous cancer 
screening by tracking the growth of malignant tumors in mice. 
Figure 4A shows the schematic of the experiment and the picture of 
a laboratory mouse. RMA cells, belonging to the lymphoma cell 
line, were injected at two near spots on the mouse belly to initiate 
the tumor growth. On different days after the injection, an optical 
image, an IR image without TIS, and an IR image with TIS were 
taken to characterize the tumor (Fig. 4B). On day 3 after the cell 
injection, no features were detected in the optical or conventional 
IR imaging, while cold spots at the two tumors were clearly cap-
tured in the TIS-assisted IR imaging. As the tumors grow larger on 
day 5, they could be barely observed visibly and by conventional IR 
imaging, while the IR imaging of the cold spots becomes much 
clearer and more confirmative with the TIS. On day 7, the tumors 
are large enough to be detected in all imaging methods, and the 
consistency of these features validates the TIS-assisted imaging in 
the early stage of the tumor. As we show in fig. S16, the benefit of 
TIS can be also extended to detecting other types of tumor cells, 
imaging the shape and size of tumors, and resolving multiple tumors 
when they are closely situated, similar to the scenario in Fig. 2E. The 
TIS can also be used in other medical thermography applications 
such as blood vessel imaging (fig. S17).

For broader applications in practical scenarios, TIS is also open 
to improvements in multiple prospects by future endeavors. For ex-
ample, more delicate control in the W doping of VO2 will allow for 
finer tuning of the working temperature to optimize performance 
for various conditions. Doping with other elements like Ga or Al 
may shift the working temperature above that of pristine VO2 (67°C) 
to enable applications at higher temperature. Future engineering 
efforts to improve the quality of WxV1−xO2 can improve the sharp-
ness of MIT and the reduction in NEDT, further boosting the 
performance in sensitivity and resolution. Last, the response time 
of the device could be shortened by reducing the thickness of the 
flexible substrate film and improving the thermal contact with the 
target surface.

DISCUSSION
Integrating the thermally driven metal-insulator phase transition 
with a resonant photonic structure, we innovate ambient thermo-
graphy by drastically refining the temperature sensitivity to single 
digits of millikelvin. The TIS expands the applications of ambient 
thermography in electronics analysis and medical screening. As small 
temperature fluctuation exists over the surface of a wide range of 
objects and, in many cases, implicates unusual subsurface thermal 
activities, the TIS is envisioned to broadly affect many other fields 
(Fig. 1C). For example, at larger scales, the TIS-assisted thermo-
graphy may be used to inspect, image, and monitor subsurface 
cracks and stressed spots in buildings and bridges (fig. S18) (30); at 
smaller scales, with the aid of high-resolution IR microscopy, the 
TIS may act as functional templates on which biological activities of 
cells and microbes can be thermally imaged in real time.

MATERIALS AND METHODS
Preparation of the TIS
WxV1−xO2 thin films were grown on 170-m-thick borosilicate 
glass substrates using pulse laser deposition (PLD). The PLD targets 
were prepared by mixing WO3 and V2O5 powders with W:V atomic 
ratio ranging from 1.1 to 1.5%, and then made into 1-inch-diameter 
round discs with a hydraulic press. All thin films were deposited in 
5 mtorr O2 environment at 570°C substrate temperature, and the 
PLD laser energy was set at 321 mJ with 5-Hz pulse frequency. 
Thirty nanometers of WxV1−xO2 was grown at a rate of 3 nm/min, 
followed by a postdeposition anneal at 570°C for 30 min in the same 
5 mtorr O2 environment. On top of the WxV1−xO2 films, 1.5-m-
thick BaF2 and 100-nm-thick Ag layers were grown sequentially via 
thermal evaporation. The growth rates of BaF2 and Ag were controlled 
at 20 and 2 Å/s, respectively. The thicknesses of the WxV1−xO2, 
BaF2, and Ag layers were optimized for best optical performance 
with finite-element method simulation using COMSOL Multiphysics 
(fig. S4) and characterized by cross-sectional scanning electron 
microscopy (SEM) imaging.

In the transfer process, a piece of 0.06-mm-thick single-sided 
sticky scotch packaging tape was first carefully applied to fully cover 
the WxV1−xO2/BaF2/Ag structure, where the Ag layer was stuck to 
the adhesive side without any residual air bubbles. The initial boro-
silicate glass substrate for thin-film growth was then etched off by 
49% hydrofluoric acid in 5 min. After the release process, the scotch 
tape with transferred WxV1−xO2/BaF2/Ag structure was rinsed in 
deionized water and dried with a N2 gun. Detailed schematics and 
pictures of the process can be found in the fig. S5.

IR imaging and analysis
The IR images were captured by a FLIR ONE IR camera working at 
a wavelength range of 8 to 14 m, with a frame rate of 8.7 Hz. To 
minimize the reflection signals from the camera and the surround-
ings, the default viewing angle was set as 15° instead of normal 
incident direction, and the experiments were performed either in 
an open-area, outdoor environment under clear sky (cloud free), or 
using a cold-plate setup. When doing experiments in outdoor envi-
ronment, we avoid exposing the TIS and target surfaces to direct 
solar radiation, by setting up the system in the shadow of a building 
or blocking the sunlight with a solar shield. As described with more 
details in fig. S6, the cold-plate setup shows a similar effect compa-
rable to experimenting in the outdoor environment.

Fig. 4. TIS applied to medical thermography. (A) RMA cells were injected at two 
adjacent spots to initiate the tumor growth in mice, which was then tracked by 
optical imaging, IR imaging without TIS, and with TIS. (B) TIS imaging reveals the 
two tumors in early stage after the injection when they are not yet detectable visibly or 
by conventional thermography. The white curves are temperature profiles across 
the center of the two tumors in each IR image, labeled with the amplitude of TIR 
variation in each curve. Photo credit: Kechao Tang, University of California, Berkeley.
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When taking IR images, the camera measures the incident 
thermal radiation Prad, and then gives the temperature reading (TIR) 
assuming a constant emissivity for the target (e.g., 0 = 0.90, default 
setting of the camera, which applies to all images in this work). TIR 
was plotted as a function of the real temperature T to generate the 
SPC. The sharp increase in TIR at MIT is consistent with emissivity 
measurement by Fourier transform IR spectroscopy (fig. S7) and 
defines a high slope of dTIR/dT up to 25. This means that an object 
with tiny, unresolvable T on the surface would become easily 
resolvable by normal IR cameras if the object is covered with the 
TIS. For instance, T of 20 mK is never resolved by an IR camera 
whose NEDT is 45 mK. However, with the help of TIS, the same 
object will show up to 25 times higher TIR (500 mK) and is clearly 
resolved by the same IR camera.

Furthermore, the TIS is able to be applied to most near-ambient 
applications over the desired window of temperatures near TMIT. 
Because TMIT can be pre-set by the W fraction x, the TMIT of TIS, 
along with its working temperature range, can be precisely designed 
to fit various applications. In addition, the angular indepen-
dence of the SPC (fig. S8) and the mechanical flexibility allow TIS 
to be applied to nonflat, arbitrary surfaces with little impact to the 
performance.

All the IR images in the main figures show the map of TIR, which 
represent thermal features of the object but is numerically different 
from a map of T in the case of imaging with TIS. A map of T can be 
readily converted from the above TIR image using the SPC data: At 
each pixel of the image, by matching the TIR with SPC in Fig. 2C, the 
actual temperature T can be obtained. Note that this approach also 
works in the case when the TIS sensitization is spatially inhomoge-
neous, as long as the SPC of each pixel is measured and applied in 
the conversion to the image of T. Details of T map conversion in 
this case are described in fig. S10.

The twin heaters in Fig. 4D are made from two small tungsten 
wires separated by 1 mm. The heaters are attached on a 2-mm-thick 
and 2 cm by 2 cm large paper board substrate (white block in the 
figure). A few layers of 0.5 cm by 1 cm large black carbon tapes are 
then stacked on the top of the heaters, with a total thickness of 
~1 mm (gray block in the figure). The emissivity of the top layer is 
0.90 to 0.95.

The improvement of experimental sensitivity can be experimen-
tally extracted from the converted T map by analyzing the size 
of artificial step features. For example, in the line profile crossing 
the centers of the two heaters in Fig. 2E, the two lobes of the heaters 
are indistinguishable, because the difference between the tem-
peratures at the two peak points and the center dip is smaller than 
the experimental sensitivity of the camera (~45 mK). In contrast, 
sensitizing with TIS results in a reduction in the system’s sensitivity 
by 15 times down to ~3 mK, thus making it possible to resolve 
the twin heaters. Therefore, the application of TIS, which much re-
duces the NEDT, also contributes to the improvement of spatial 
resolution (Dr), especially in cases where the temperature gradient 
on the surface of object (∇T) is small, following a simplified equa-
tion as below

   D  r   =  D  r,c   + NEDT / ∣ ∇ T ∣  

In which Dr,c is the instrumentally limited spatial resolution of 
the camera.

Demonstration of electronic imaging
As a fast, convenient, and nondestructive detection method, thermo-
graphy is widely used in imaging thermal profiles of electronics, 
including tests for thermal-via structures (19), screening of voids at 
thermal interfaces (31), failure analysis in electronics packaging 
(32), reliability estimation of PCBs (20), and investigation of lateral 
electronic inhomogeneities (21).

In the weak electrical heating demonstration (fig. S11), the chip 
was a TS3A44159 quad single-pole double-throw analog switch with 
two controls (Texas Instruments). The current was applied from 
the COM1 terminal to the NC1 terminal at on-state of this channel. 
For optimal demonstration, the background IR image without the 
applied current was subtracted from the one with current, which 
generates images of TIR caused by joule heating.

The oEA (Fig. 3A) was performed on the processor unit of an 
Arduino Mega 2560 development board. In different modes char-
acterized by IR imaging, the processor unit reads temperature data 
and exports terminal voltages at various frequency, which is 0 Hz 
for the standby mode, 250 Hz for the low-frequency mode, 500 Hz 
for the medium-frequency mode, and 1000 Hz for the high-frequency 
mode. For all conditions, there was a background thermal feature, 
probably arising from the background operation (including power 
supply, clocking, etc.) of the processor unit. A correlation of the peak 
IR temperature at the processor surface and the reading/exporting 
frequency is shown in fig. S12.

The quantitative oEA (Fig. 3, B and C) was performed on a PCB 
with parallel circuit traces purchased from Uxcell. A finite-element 
analysis using the heat transfer module of COMSOL Multiphysics 
was developed to simulate the surface thermal profile at different 
current inputs. The surrounding air temperature (influenced by the 
cold plate) was calibrated on the basis of the thermal profile of a 
single circuit trace with current from 0.4 to 1.1 A. The model was 
then applied to map the currents in three traces with different 
experiment setups, which were then compared with the actual cur-
rents flowing in the circuit traces. Detailed information of the 
modeling can be found in figs. S13 to S15. As an additional benefit, 
the coverage of TIS can eliminate the effect of emissivity variation 
across the object surface in thermal imaging, which is typical 
for PCBs.

Experimental details for in vivo tumor growth
RMA cells were cultured in RPMI 1640 (Thermo Fisher Scientific) 
and B16-F10 cells (obtained from University of California, Berkeley, 
Cell Culture Facility) were cultured in Dulbecco’s modified Eagle’s 
medium (Thermo Fisher Scientific). In all cases, media contained 
5% fetal bovine serum (Omega Scientific), glutamine (0.2 mg/ml; 
Sigma Aldrich), penicillin (100 U/ml; Thermo Fisher Scientific), 
streptomycin (100 g/ml; Thermo Fisher Scientific), gentamycin 
sulfate (10 g/ml; Lonza), 50 M -mercaptoethanol (EMD Biosciences), 
and 20 mM Hepes (Thermo Fisher Scientific), and the cells were 
cultured in 5% CO2.

For tumor growth experiments, RMA or B16-F10 cells were washed 
and resuspended in phosphate-buffered saline (Thermo Fisher 
Scientific) and injected subcutaneously into the belly of C57BL/6J 
mice (originally obtained from the Jackson laboratory) at a dose of 
~105 cells in a total volume of 50 l per injection site. The tumor 
growth was monitored daily.

Note that as opposed to the hypervascularity around the natural 
cancer cells for human, the artificially introduced tumors in mice 
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typically have impaired blood supplies, mainly because of the much 
faster growth rate of these tumors and the immunodeficiency of 
laboratory mice, causing a slightly lower local temperature, instead 
of higher as in the case of human.

Besides cancer screening, IR imaging of blood vessels is also critical 
for intravascular sampling of venous blood, intravenous injections 
of drug solutions (33), monitor of health parameters such as blood 
pressure (34), and diagnostics of circulatory disorders (35). This re-
quirement can also be readily met with the millikelvin sensitivity 
enabled by TIS, which shows a clear improvement in the imaging of 
cephalic veins (fig. S17). We note that the scope of TIS application 
goes much beyond the limited cases demonstrated in this work and 
can be extended to most areas of medical thermography, including 
checking of musculoskeletal disorders (36), diagnosis of rheumatic 
diseases (37), dermatological applications (38), evaluation of trans-
plantation (39), and imaging of brain activities (40).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eabd8688/DC1
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