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Quantum Sensing of Thermoreflectivity in Electronics
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Optical signals carrying quantum correlations can be used to illuminate objects, enabling, in principle,
quantum enhanced sensing of the object or its properties. Here, we demonstrate quantum enhanced tem-
perature sensing of microelectronics using bright quantum optical signals. Relying on lock-in detection of
thermoreflectivity, we measure the temperature change of a microwire induced by a current with an accu-
racy of better than 0.04◦ averaged over 0.1 s. The results show a nearly 50% improvement in accuracy
compared to classical light of the same power and is a demonstration of below-shot-noise thermoreflec-
tivity sensing. With moderate improvements, quantum temperature resolution of sub mK can be achieved
at optical powers just below the laser-induced heating threshold, and thus the true quantum advantage of
temperature sensing is within reach. Other sensing modalities can be adopted to extend the approach to
quantum imaging of heat dissipation in microelectronic and semiconductor devices.
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I. INTRODUCTION

There is an ever-growing need for better sensing and
imaging systems in engineering (e.g. micro- and nanos-
tructure imaging), biology (e.g. single-cell imaging), and
fundamental measurements (e.g. gravitational-wave sens-
ing). Optical measurement methods provide a noninvasive
and noncontact sensing modality for a wide range of sens-
ing and imaging applications. However, in many cases, the
sensitivity of an optical measurement is limited by the shot
noise of the illumination light. Using quantum light for
illumination can provide means to surpass the shot-noise
limit in optical sensing and imaging [1,2]. Applications
of quantum light to achieve quantum advantage in dis-
placement sensing [3] and stimulated Raman scattering
microscopy [4] have been demonstrated. More specifi-
cally, applications of quantum light to enhance sensing
have also been suggested in various contents, including
imaging [5], lithography [6,7], atomic force microscopy
[8], biological imaging [9], phase sensing [10], magne-
tometry [11], and Brillouin scattering spectroscopy [12].
Quantum-inspired imaging has also attracted interest in the
past decade [13–15] given the limitations of quantum light
sources.

We explore a different application of bright squeezed
states of light generated from a room-temperature source
for sensing temperature and heat dissipation in electronic

*Corresponding author: mh@purdue.edu

devices. Localized hot spots in electronic devices can sig-
nificantly reduce device lifetime and performance, thus
localized sensing of temperature and imaging heat dissi-
pation in these devices is of great significance [16–18].
Measuring the temperature of micro- and nanoelectronic
devices using thermoreflectance measurement has enabled
subdiffraction imaging of hot spots in electronic nanostruc-
tures [19–22]. By controlling the illumination and detec-
tion timing, lock-in detection of thermoreflectivity has
achieved 800-ps timing resolution for thermal imaging of
cells [23]. Using classical or thermal light, this technique
enables shot-noise-limited detection of thermoreflectivity
by simultaneously modulating the current in the device
and performing impulsive measurements in order to mea-
sure a differential signal. A bias current is used to induce
a temperature change in a microwire. Due to the nonzero
thermoreflectivity coefficient of the metallic wire, this tem-
perature change alters the reflectivity of the wire, which
can subsequently be probed by laser light. We demonstrate
that lock-in detection of thermoreflectivity using a bright
quantum squeezed light can surpass the standard quantum
limit in detection of the microwire’s temperature.

II. EXPERIMENTAL SETUP

We rely on a technique using lock-in detection of tem-
perature change developed based on classical optical ther-
moreflectance measurement to sense an aluminum (Al)
microwire’s temperature. The schematic of our experimen-
tal setup is shown in Fig. 1. Bright intensity squeezing
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FIG. 1. (a) Schematic of the experimental setup is shown. A polarizing beam splitter (PBS) is used to combine and separate the
pump from the squeezed light. The probe passes through a lens and is focused onto the 25-µm-wide aluminum wire. The reflected
probe passes through the quarter-wave plate (QWP) again and is reflected toward the balanced detector. The wire is excited by a 50%
duty-cycle square wave. The temperature and therefore the reflectivity are modulated with the same frequency, causing this information
to be encoded into the intensity of the reflected probe beam. The correlated noise from the conjugate beam is subtracted from the probe
beam to produce a low-noise signal that allows us to measure the induced temperature change. (b) An optical microscope image of
the Al wire on Si substrate. The area without a protective 200-nm SiNx layer is referred to as the unpassivated area. This SiNx layer is
placed for environmental protection [24]. The unpassivated area can be used for comparing the thermal effect of the SiNx layer [25].
The sample has a similar structure as the one in Ref. [25].

is attained in the form of a correlated twin beam gen-
erated by four-wave mixing (FWM) inside a 85Rb vapor
cell. A Ti:sapphire laser pumps the rubidium atoms, and a
probe beam is seeded to give rise to FWM with a double
! configuration. As a result, the probe beam is ampli-
fied and a conjugate beam is generated in the spatial and
spectral modes satisfying a phase-matching condition. The
photon-number correlation between the Stokes and anti-
Stokes photons leads to intensity squeezing between these
two beams. The pump is filtered out by a polarizing beam
splitter (PBS), and the amplified probe beam propagates
toward our Al microwire. The beam is reflected off of the
wire and goes to one arm of a single-pixel balanced detec-
tor while the conjugate beam goes directly to the other
arm of the balanced detector. The current excitation in
the microwire leads to a change in temperature and sub-
sequently, a change in the reflectivity of the wire [26]. The
current on the wire is modulated to perform lock-in detec-
tion and filter out the classical noise in our measurement.
This, in turn, produces a modulated reflected probe beam,
which contains information about the temperature change
of the microwire. The correlated beams are subtracted to
achieve noise levels below shot noise and measure the
temperature change in the microwire due to the excitation
current. As a comparison, we also carry out similar mea-
surements with a twin coherent laser beam (classical light),
detected by a balanced detector after one beam reflected off
the sample. The lock-in detection and intensity subtraction
is carried out the same way as for the quantum light beams
to obtain the shot-noise-limited detection sensitivity.

The linearly polarized pump is at a wavelength of 795
nm with 320 mW of power as it enters the 12-mm-long
85Rb vapor cell. The pump is 1.5 GHz blue detuned from
the D1 transition (52S1/2 → 52P1/2) with a resonance at
795 nm. The pump is split before it enters the cell. One of
the subsequent beams is directed towards an electro-optic
modulator (EOM) to generate a 3.03-GHz frequency shift
from the pump frequency, this is our probe beam. After
the EOM the carrier light and other unwanted sidebands
are filtered using an etalon filter. The probe is then com-
bined with the pump with orthogonal polarization to seed
the FWM process. The probe power is 10 µW as it enters
the cell. The angle between the pump and probe is set to
5 mrads at which point we observe maximum squeezing
between the correlated beams. The vapor cell is heated to
120 ◦C. With these parameters, the probe is amplified with
a gain of 4.3, and a quantum correlated conjugate beam
is generated symmetrically with respect to the pump axis.
The amplified probe travels to the sample, which is below
an aspheric lens (f = 8 mm). The aluminium wire is a
25 µm by 300 µm rectangular trace with a theoretically
calculated resistance of 6.5". The wire is excited with a
current source that produces a square wave with amplitude
going from 0 to Imax, where Imax is varied across differ-
ent measurements. The frequency of the excitation current
is also varied from 10–100 kHz. The reflected probe and
conjugate beams are incident on a single-pixel balanced
detector with a bandwidth of 1 MHz. The detector sub-
tracts the two beams providing the output used to measure
squeezing, change in reflectivity, and subsequently the
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temperature sensitivity in our setup. The individual detec-
tor signals are also used to find the absolute reflectivity of
the wire.

III. EXPERIMENTAL RESULTS

To find the best squeezing, we optimize the experimen-
tal parameters (e.g. probe and pump frequency, alignment,
temperature, and polarization) while observing the noise in
the subtracted signal on a spectrum analyzer after the probe
is reflected from the sample. The lens, PBS, and the wire
on the probe path after the Rb cell introduce a total loss of
about 40% to the probe light limiting the final squeezing
to about 3 dB as shown in Fig. 2(a). Correcting for losses
in the probe path, the actual squeezing between the gen-
erated twin beams is about 7 dB. The optimal regime is
between 10–100 kHz. As the detector bandwidth is lim-
ited to 1 MHz, squeezing starts to decrease at frequencies
> 200 kHz. This gives us the upper and lower bounds for
the modulation frequency that we can use to excite the
microwire and implement lock-in detection.

Metals experience a change in reflectivity due to
changes in temperature, this is called thermoreflectivity.
The normalized reflectivity changes with the temperature
according to the following relation [25]:

#R
R

= CTR#T (1)

CTR is the thermoreflectivity coefficient. For our experi-
ment, we use an aluminum microwire with a thermore-
flectivity coefficient of 1.5 × 10−4 K−1 for 795-nm light
[27]. When we electrically excite the wire with a current
source, the wire’s fast thermal response time creates “hot”

and “cold” frames in which the reflectivity is high and low,
respectively. The hot and cold frames are observed by the
detector’s subtracted signal [see Fig. 3(a)]. The response
time of the wire is around a few microseconds [see Fig.
3(b)] so we keep the excitation period long enough for
the temperature to reach a steady state. To test the limits
of temperature sensing in this way, we consider only the
change in reflectivity during the steady-state regions and
neglect points that are at the hot-cold frame boundaries,
since the wire’s temperature or current can be unstable at
these points.

We subtract the average values of the cold frames from
that of the hot frames to do lock-in detection. This process
filters out classical noise at frequencies not harmonic to the
modulation frequency. Knowing the thermal response time
of the wire and the squeezing bandwidth, we can adjust
the modulation period and thus the averaging window to
perform reflectivity sensing limited by quantum noise. The
difference between a single hot-cold frame pair gives a sin-
gle data point for change in reflectivity, #R. Normalizing
this value to the dc value of the probe light (R) (without
subtraction from the conjugate) gives #R/R, which is pro-
portional to the change in temperature of the microwire,
#T. The variance in this signal across the frames is what
we quantify as noise. The total time taken to gather the
data, which is the total time for all the frames used to get
the signal, is referred to as the measurement time, tm. To
characterize the reflectivity, we repeat the measurement of
#R/R for different excitation currents at a particular fre-
quency and plot the data against the current. The results
are shown in Fig. 2(b). The data shows a quadratic depen-
dency of reflectivity to current, confirming the fact that
the reflectivity changes with the temperature of the wire,
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FIG. 2. (a) The noise comparison of the squeezed quantum light (blue) to classical light (red). We see about 3 dB of squeezing after
probe loss by the sample. Maximum squeezing is achieved around f = 30 kHz. The noise spikes near 90, 130, and 180 kHz appear
to be caused by the noise in the rf signal driving the acousto-optic modulator.(b) The data points represent the signal (average change
in reflectivity across frames) with different excitation currents at current modulation frequency f = 30 kHz and measurement time
tm = 50 ms. The error bars in the data points are smaller than the size of the markers. Our signal changes quadratically with current
with a slope of 0.1 A−2. The upper inset shows the theoretical temperature change distribution across the microwire for 150-mA
excitation current, which is the last data point in our experimental data curve. The excitation is provided on the far-end pads, as shown.
For this temperature change distribution simulation with 150-mA excitation current, the temperature gradient across the length of the
wire is shown in the lower inset, where x is the displacement from one end of the wire to the other, with the center being the origin.
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which itself follows Ohm’s law. Our data also agrees with
a finite-element simulation (COMSOL) of the wire’s tem-
perature change. With the current setup and corresponding
parameter values, we measure squeezing after the probe
has been reflected from the sample. Even after additional
loss from optics and sample, we still observe about 3 dB
of squeezing below the shot noise limit (SNL). The SNL is
measured using coherent light with the same total power.
Using Eq. (1) we can see that we get #T by dividing
our normalized signal with the thermoreflectivity constant.
The variance, or noise, in the signal dictates the sensi-
tivity of our experiment to variation in the temperature
(δ(#T)).

We use this experiment to first study the transient
response of the wire by varying the measurement time
window and window delay. Figure 3(b) shows the effect
of the measurement time window (τ2), which tells us the
measurement time, and its delay with respect to the edge
of the current pulse (τ1) on temperature sensitivity. The
delay time of τ1 % 2 µs marks the transient time scale of
temperature and beyond τ1 % 6 µs the sensitivity remains
almost independent of τ1. The sensitivity is monotonically
enhanced with increasing τ2, which can be seen in Fig.
4(b) as well. At current Imax = 100 mA, the absolute tem-
perature change from the start to the end of the current
pulse is 6.6 K, as confirmed by measurement of absolute
change in reflectivity as well as finite-element simulation.
The temperature sensitivity of 0.14 K during the transient
time is below the absolute temperature change and sug-
gests that quantum light can be used to study the transient
response of the wire with better accuracy compared to clas-
sical light. From this analysis, we have a better estimate of

the response time of the wire. We see that wire begins to
achieve steady-state after 4 µs. We continue with the rest
of our analysis by keeping the time window and window
delay as what we determined from this plot.

After identifying the detection times τ1 and τ2, we test
the sensitivity of the measurement to the current’s modu-
lation frequency. Figure 4(a) shows temperature sensitivity
as a function of modulation frequency. The quantum sen-
sitivity is fairly constant across the measured frequency.
This is expected as the quantum noise, as seen in Fig. 2(a),
is constant over this frequency range. Although the SNR
and the gap between quantum and classical noise is highest
at around 10 kHz, we are more concerned with achieving
better sensitivity, which is best achieved at 30 kHz given
the trade-off between the wire’s thermal response time,
squeezing spectrum, and the detector’s bandwidth. As can
be seen in Fig. 2(a), the absolute noise level is higher at
10 kHz due to the excess classical noise. Hence, the dif-
ference in quantum and classical SNR plotted in the inset
of Fig. 4(a) is larger at 10 kHZ. However, the temperature
sensitivity observed is higher at 30 kHz, because the abso-
lute noise level is lower. Moreover, at 10 kHz our classical
measurement is not shot noise limited due to the excess
classical noise at low frequencies. Looking at this analysis,
the following experimental results are obtained at a fixed
modulation frequency of f = 30 kHz.

Temperature sensitivity improves with increasing the
measurement time, tm [see Fig. 4(b)]. Both classical and
quantum light show the same scaling within a time of
1/

√
tm, while quantum measurements have a scaling fac-

tor of 2/3. The classical light in our case is the difference
between two twin coherent laser beams, not generated
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FIG. 3. (a) The upper plot shows the raw differential signal detected for measurement with an excitation current of 113 mA mod-
ulated at a frequency of 50 kHz. This signal is produced by subtracting the conjugate beam from the probe beam to eliminate the
correlated noise in the twin beams. The signal is normalized to the absolute probe-beam intensity. The lower plot is an enlarged ver-
sion of the upper plot depicting a pair of heating and cooling intervals, averaged over many intervals. The indicated hot and cold
frames are of equal length and capture steady-state information. The transient heating and cooling behaviors are modeled by a double
exponential function shown by solid red and blue lines, respectively. (b) The sensitivity of temperature measurement is shown as a
function of the measurement time window, τ2, and its delay with respect to the edge of the current pulse, τ1. The total length is limited
by the pulse duration and hence the plot has a diagonal boundary. For this experiment, we use an excitation current, I = 100 mA,
modulation frequency, f = 30 kHz, and measurement time, tm = 50 ms. The inset shows the schematic of a current pulse and the
corresponding reflectivity marking τ1 and τ2 times.
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FIG. 4. (a) The plot presents a comparison of the temperature sensitivity of quantum and classical light as a function of the current
modulation frequency. The excitation current is set to Imax = 100 mA with a measurement time of tm = 50 ms. The inset shows a
comparison of the SNR of the two regimes, also done for Imax = 100 mA and tm = 50 ms. Using quantum correlated light, we obtain
a SNR of about 225 at 30 kHz. (b) The graph shows the temperature sensitivity plotted against the measurement time. The quantum
correlated light results in a temperature sensitivity that is 1.5 times better than classical light. We have larger error bars for higher tm
values due to the undersampling in the measurement given the total measurement time fixed at 100 ms. The data points are fitted with a
1/

√
tm fit, weighted by the error bars. Other experimental parameters include f = 30 kHz and Imax = 100 mA. We are able to achieve

a sensitivity of about 35 ± 3 mK after a measurement time of 50 ms. For the data points at a lower tm, the size of the error bars is
smaller than the marker size.

through FWM. The larger error bars at long measure-
ment times are the result of undersampling given the total
acquisition time of 800 ms for all data points.

IV. DISCUSSION

Although our results show enhanced temperature sens-
ing using quantum correlated light when compared to
classical light (a twin coherent beam), the question is
if such an enhancement can be offset by using stronger
classical light. Our finite-element simulation shows that
increasing the laser probe power to about 1 mW will cause
laser-induced heating, locally increasing the temperature
of the wire, by about 0.5 K. This is comparable to, or
larger than, the minimum current-induced heating that we
can measure. In our experiment, the probe and conjugate
power is limited by the laser power and detector saturation
limit. However, this can be avoided by moderate modifi-
cation of the experiments to obtain and measure squeezing
at mW probe powers. We note that squeezing of 9.2 dB
was already demonstrated in a similar system using 1.2
W of pump power and > 2 mW of probe power [28].
Using state-of-the-art squeezing results, we expect a sub-
mK temperature sensitivity after a measurement time of
just 0.1 s and using a probe power of 2 mW. In this regime,
quantum temperature sensing can be achieved beyond the
laser-heating limit, suggesting that the quantum advantage
of temperature sensing in microelectronics is within reach.

Moreover, raster scanning a quantum probe across the
sample can result in obtaining thermal quantum images to
study heat dissipation and diffusion on small scales. The
single-pixel detectors are fast enough to observe squeez-
ing and when combined with fast probe scanning, they can
enable quantum imaging without the need for high-speed

EMCCD cameras. Applications of single-pixel detectors
for imaging in the classical regime have been demonstrated
in various contexts [29–33]. In the quantum regime, how-
ever, any loss is detrimental to the quantum signal and
most imaging techniques by definition rely on partial loss
of light to image objects. Quantum imaging of thermore-
flectivity can be realized if the reflectivity or transmissivity
of the sample is high across the region being imaged.
Within the metallic regions where reflectivity is high, tem-
perature gradients can be imaged with high accuracy to
determine the spatial thermal response to a radio-frequency
drive. In the case of the semiconductor substrate, a thin
layer of dielectric can be deposited to perform quantum
thermoreflective imaging, albeit evasively, to accurately
study heat dissipation in low-power electronic devices.

V. CONCLUSION

In conclusion, we generate quantum correlated twin
beams of light using a seeded four-wave mixing process in
85Rb, and apply this to thermoreflective sensing. We rely
on quantum correlations of the illumination light, lock-in
detection of reflectivity, and the thermoreflectivity effect in
electronic structures to sense reflectivity (or temperature)
change in a microwire. We obtain a temperature sensitivity
of about 35 mK after averaging for just 50 ms. Our results
show an improvement of a factor of 1.5 when compared
to sensing with coherent light or shot noise. Moderate
changes to the experiment, including using a higher-power
laser may enable temperature sensitivity in the microkelvin
regime for mW-power quantum light where classical sensi-
tivity can no longer be increased by increasing light power.
This is because the laser-induced heating in this regime

044040-5



HAMZA ATHER et al. PHYS. REV. APPLIED 19, 044040 (2023)

can be comparable to, or higher than, the current-induced
temperature change.

Going forward, integrating multimode quantum light
sources such as FWM sources, lock-in detection tech-
niques, and image-processing algorithms can help to iden-
tify and implement practical advantages in quantum sens-
ing and imaging applied to semiconductor technology. In
principle, quantum imaging can be achieved using multi-
mode light [34] and high-speed EMCCD cameras [35], or
by raster scanning the probe beam and using single-pixel
detectors [29].
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