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We present in situ calorimetry, thermal conductivity, and thermal diffusivity measure-
ments of materials using temperature-sensing optical wireless integrated circuits
(OWiCs). These microscopic and untethered optical sensors eliminate input wires and
reduce parasitic effects. Each OWiC has a mass of ~100 ng, a 100-pm-scale footprint,
and a thermal response time of microseconds. We demonstrate that they can measure
the thermal properties of nearly any material, from aerogels to metals, on samples as
small as 100 ng and over thermal diffusivities covering four orders of magnitude. They
also function over a broad temperature range, and we present proof-of-concept meas-
urements of the thermodynamic phase transitions in both liquid crystal 5CB and
gadolinium.

calorimetry | microscopic | sensor

The thermal properties of materials are of major fundamental and practical interest,
critical for understanding everything from phase transitions in high-temperature super-
conductors (1) to the dynamics of protein folding (2, 3) to heat dissipation in
ntegrated circuits (4, 5). However, it is often difficult to measure these properties,
particularly in small samples with fast thermal response times. Contact techniques (6)
use resistors and thermocouples for heating and sensing (7-9) that are easy to use but
add to the thermal mass and contribute to parasitic heat loss. Miniaturization of
thermistors like in scanning thermal microscopy (SThM) (10) offer nanoscale tempera-
ture resolution at the cost of scan speed while also requiring complex instrumentation.
Noncontact optical methods (11) such as infrared thermometry (12), laser-flash meth-
ods (13), Raman spectroscopy (14), and thermoreflectance (15-17) avoid these issues
and offer nanoscale spatial resolution but require advanced optical expertise and extra
cleanroom fabrication steps (15). The lack of a simple, noninvasive, and general pur-
pose, approach to thermal measurements, on small samples in particular, is a major
impediment to everything from combinatoric materials discovery (18) to real-time, in
situ monitoring of microscale systems.

Here, we demonstrate that optical wireless integrated circuits (OWiCs) (19) can
solve this problem. By combining the electronic thermometry of contact techniques
with the optical I/O of noncontact approaches, we create a fast, reliable thermal mea-
surement device in a package only 100 pm on a side. To demonstrate its capabilities,
we measure heat capacities of samples as small as 100 ng, thermal diffusivities of mate-
rials ranging over 4 orders of magnitude, and the signatures of structural and magnetic
phase transitions, all with microsecond response times. The combination of speed,
range, and ease of use make thermal OWiCs a valuable tool for materials discovery,
thermal characterization, and temperature monitoring.

Results and Discussion

An OWIC (Fig. 1A) consists of an array of silicon photovoltaics (PVs) in series with
an AlGaAs/GaAs light-emitting diode (LED) in an integrated microscopic package
8 pm X 75 pm X 175 pm and weighing only 100 ng. Fig. 1B shows the all-optical I/O
of the OWiC with the photovoltaics and LED harvesting and emitting light, respec-
tively. OWiCs are fabricated in parallel on a silicon-on-insulator (SOI) wafer and can
be released by dry etching the underlying silicon substrate [see Cortese et al. (19) for
details]. Aluminum release tags tether the OWiC to the substrate and can be broken
away and placed on a sample by micromanipulators or micropipettes as shown in
Fig. 1C. For smooth surfaces and liquids, the OWiC typically makes good thermal
contact to the sample. For rough surfaces, a small amount of thermal paste (Apiezon
vacuum grease) is used. A schematic of the optical microscope for powering and mea-

suring the OWIC is depicted in SI Appendix, Fig. S1.
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Significance

One of the key aspects of
materials discovery is
understanding the way heat
moves through a material, with
applications across the scientific
spectrum from superconducting
phase transitions to binding
mechanisms in amino acids.
However, the smaller the sample
under study (e.g., small crystals of
guantum materials), the more
difficult it becomes to measure
heat flow with standard
macroscopic calorimeters. Here,
we show that we can use optical
wireless integrated circuits
(OWiCs) as microscopic
calorimeters for noninvasive, in
situ, measurements of the
thermal conductivity, diffusivity,
and heat capacity of almost any
material, from aerogel to silicon,
on samples down to 100 ng,
including across phase transitions.
The OWiCs are an all-purpose
thermal measurement tool that
can transform the way scientists
explore and discover new
materials.
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Fig. 1. OWiC thermometer. (A) Microscope image of the OWiC as fabricated on SOI chip before release. (Scale bar: 50 pm.) (B) Optical I/0 of the OWiC. The
OWiC is powered by illumination of the on-board photovoltaics and transmits temperature information via the optical output intensity of the on-board LED.
(C) Schematic of pick-and-place method using micropipette to (/) break away the release tags, (//) move the OWIC off the release substrate, (//l) place the
OWiIC directly onto samples. For example, the Bottommost image in (C) shows the OWiC placed directly on a 200 pm x 200 pm x 10 pm chromium chip.

(D) Thermometer behavior of the OWIC from 4 K to 300 K.

When the PVs are illuminated with light intensities >1 pW/pm?,
the on-board LED emits infrared light (840 nm) whose intensity
is proportional to the temperature 7" over broad ranges (Fig.
1D). This behavior is due to two well-known mechanisms.
Above 200 K, the open-circuit voltage of the silicon photovol-
taics decreases with 7" at the ratio of the bandgap energy of
silicon to the Boltzmann constant, £,/kp =2 mV /K per pho-
tovoltaic (20), leading to a decreasing output light. This saturates
when the LED becomes current-limited around 200 K; below
this the temperature dependence of the silicon absorptivity dom-
inates. Silicon is an indirect bandgap material and optical
absorption involves the absorption/emission of phonons, leading
to a temperature dependence that is reasonably approximated as
linear in temperature (21). A full analysis of the circuit model
can be found in S/ Appendix, Fig. S2. The light output thus
serves as a local thermometer with a sensitivity on the order of
1%/K. The measurement noise is approximately 10~ K/| Hz,
set primarily by optical shot noise (SI Appendix, Fig. S1).

We first use the OWiC to measure the heat capacity of small
samples. An OWiC on microgram-mass silicon chip approxi-
mately 250 pm X 180 pm X 10 pm in size is shown in Fig. 24
and a cross-section of the experiment geometry is shown in Fig.
2A, Inser. The sample sits on thin oxide posts 4 pm in diameter
and 10 pm long that thermally isolate it from the substrate.
The posts are photolithographically patterned and etched with
inductively coupled plasma reactive ion etching (ICP RIE);
fabrication details along with analysis of the thermal model can
be found in SI Appendix, Figs. S8 and S9.

Under illumination, the temperature of the silicon sample
(and attached OWiC) rises and reaches a steady state. This is
shown in Fig. 2B for three different heating powers. The initial
heating rate 87/8% the steady-state temperature change A7,
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and the heating time (tens of milliseconds) are easily resolved
by the OWiC.

The thermal properties can be extracted by using Newton’s
law of heating:

AT()= (1 -, 1]
where Q is the heating power estimated from the absorptivity
of the silicon photovoltaics (22), Gyx = kocApost/ Lposr is the
thermal conductance of the oxide posts, and 7= (Cmmp/g+
Cowic)/ G, is the thermal relaxation time of the OWiC-
sample-post system; the ratio of the sample and OWiC heat
capacities to the thermal conductance. The heat loss mecha-
nism is dominated by the conductance through the oxide posts;
the contributions from radiative and convective heat loss are
discussed in the SI Appendix. The OWIC heating traces and
model fits are shown in Fig. 2B. The fits match the data
extremely well, yielding the heat capacity of the sample
C= 2pJ/K. The thermal conductance of the posts is
found to be G,, = 0.5 mW/K, yielding a thermal conductivity
of the posts k, = 1.4 Wm~' K, consistent with values
(1.2-1.5Wm~ ! k7Y reported in the literature (23).

The heat capacity scales with the sample mass. Fig. 2C shows
the heating trace from a 3.5 pg silicon sample, 1 pg silicon
sample, and the standalone OWiC (~100 ng). Fig. 2D shows
the measured heat capacity for a variety of silicon and chro-
mium samples with masses ranging from 1 pg to 9 pg. The
heat capacity scales linearly with sample mass for both materi-
als. The slope corresponds to the specific heat ¢ = (/M of the
material, the heat capacity C normalized by the mass M. We
measure the specific heat of silicon ¢; =0.41+0.05] g 'K !
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Fig. 2. Heat capacity measurements of microgram samples. (A) Optical
microscope image of the OWIiC on a small silicon chip on silicon dioxide
posts. (Scale bar: 100 pm.) (B) Example heating traces (black) as measured
from the OWIC on a microgram sample under different optical heating
powers fit with Eq. 1 (red, dashed). (C) Example heating traces (black) as
measured by the OWIC for silicon samples with different masses, as well as
the standalone OWiIC, fit with Eqg. 1 (red). (D) The measured heat capacity
for different sample masses of silicon (blue), chromium (red), and the
standalone OWIC (star). The OWIC heat capacity was measured to be
~100 nJ/K.

and chromium ¢c, =0.72+0.05] g 'K~'. Both measured
values are in good agreement with the previously reported
values of 0.45 Jg~' K~! (24) and 0.70 Jg~' K" (25).

The heat capacity of the standalone OWiC is measured to
be Cow;c = 100 nJ/K at room temperature. This is shown in
Fig. 2F as a star in the bottom left corner. This value corre-
sponds to the thermal addenda contribution from the OWiC; a
miniscule value compared to standard heat capacity measure-
ment systems [e.g.,, Quantum Design PPMS, ~15 m]/K
at 400 K (9)]. The OWiC heat capacity determines the
smallest sample we can easily measure through the requirement
Coompte > Cowic- This corresponds to masses >100 ng for
materials with typical specific heats.

The above results demonstrate that OWiCs can measure the
heat capacity of samples down to a few hundred nanograms.
We now show that they can also quickly and quantitatively
measure both the thermal diffusivity o, and thermal conductiv-
ity 4, (as well as the heat capacity ¢, = &;/pa;) of almost any
material, without any special preparation. The only require-
ment is that the sample be a few times larger than the OWiC
in all dimensions, corresponding to ~0.5 mm on a side.

Fig. 3 A-C shows example measurements. The OWiC is
placed directly onto a variety of materials and a small amount
of interstitial thermal paste is used between the OWiC and the
surface to ensure good thermal contact. The measurements
were performed in a vacuum at ~10~* atm. Upon illumina-
tion, the laser heats the sample locally. The OWiC’s tempera-
ture rises rapidly, then begins to level off and eventually reaches
a maximum temperature at long time scales. The amount and
rate of heating, which depends on the material’s thermal con-
ductivity and thermal diffusivity, varies by orders of magnitude
for the three materials shown in Fig. 3 A-C.

To extract the thermal coefficients, we model the OWiC as a
half-sphere heat source of effective radius R,and the material
as a semi-infinite solid (26) a method closely related to the
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Fig. 3. Thermal characterization of bulk samples. (A-C) Optical microscope image of the OWIC placed on a variety of different materials (Left) and
the corresponding heating trace associated with the material (Right). The heating data (black) is fit with Eq. 2 (red) which is used to extract the thermal
diffusivity and thermal conductivity of the substrate. Different heating powers were used for the samples: 100 mW for silicon, 4.3 mW for Gd, 0.9 mW for
liquid crystal. (D) Range of materials measured with the OWIC with thermal diffusivities spanning four orders of magnitude from silica aerogel to silicon.

(Scale bars: ~100 pm.)
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transient “hot-disk” method (27). The change in temperature
as a function of time is:

B Q at Vat
AT(r) = T (1 — exp <@> erfc<Rgﬁ)>, [2]

where Q is the heating power from the input laser, 4, and «a
are the thermal conductivity and thermal diffusivity of the
sample, respectively. The radius R,z depends on the specific
geometry of the OWIiC, and we experimentally determine it by
measuring a reference material of known thermal properties, a
4-inch, polished silicon wafer (25). We find R,p= 40 pm + 1 pm.

Fits of Eq. 2 to the heating traces of three samples are shown
in Fig. 3 A-C. The fits closely match the measured data. From
the fit, we extract both the thermal diffusivity and specific heat
of the sample material. For example, using the data in Fig. 3B,
we measure the thermal diffusivity of gadolinium (Gd) to be
o, = 4.3 + 0.4 mm?/s. This is within the uncertainty of the
previously measured value of 4.4 mm?/s (28).

Using this technique, we measured the thermal properties of a
very broad range of materials, as depicted in Fig. 3D (full traces
for each sample can be found in SI Appendix, Figs. S5 and S6
along with a discussion about the sensitivity of the fits in S7
Appendix, Fig. S7). Table 1 lists the measured properties along
with previously reported values for each material. In general, we
find very good agreement. This four-orders-of-magnitude range
in diffusivity encompasses a wide selection of materials, from
aerogels (29) to ordered single crystals (25). OWiCs are thus a
broadly useful tool for probing the thermal properties of almost
any solid or liquid.

As a final demonstration of the utility of OWiCs, we mea-
sure the specific heat and diffusivity of materials near a phase
transition. Studies of phase transitions are one of the most
important applications of thermal measurements, revealing, for
example, the order of the phase transition, the latent heat, etc.
However, they can be difficult to probe, since the behavior
occurs over a narrow temperature range and sometimes produ-
ces only small changes in the thermal properties. We show that
OWiCs have the necessary resolution, examining both a first
order transition, the nematic—isotropic transition in the liquid
crystal (LC) 5CB, and a second order one, the ferromagnet—
paramagnet transition in Gd.

We choose the nematic-isotropic phase transition of LC
5CB as a first test for two reasons: it has a large heat capacity
signature at the transition (33), and the birefringence of the
LC in nematic phase (long-range orientational order and no

Table 1. List of materials measured using the OWiC

Thermal diffusivity (mm?/s)

translational order) allows easy visualization of the ordering of
the molecules using polarization microscopy.

A droplet of 5CB was deposited on a silicon substrate using
a small diameter micropipette. The OWiC was placed directly
on top of the droplet. Fig. 44 shows several temperature points
crossing the nematic-isotropic transition (7, = 308 K). At
307 K (I) the color bands indicate long-range nematic order
across the entire droplet. From 308 K (II) to 309 K (III) the
color bands become more local, until at 310 K (IV) they disap-
pear entirely when the 5CB reaches a fully isotropic state.

Fig. 4B shows the measured thermal diffusivity, thermal
conductivity, and specific heat for the temperature range of
295-318 K. A minimum is visible in the diffusivity and maxi-
mum in the specific heat near 308 K. The thermal conductivity
shows a step near this same temperature. The four red dashes
near the transition temperature in each plot refer to the corre-
sponding polarization microscope images (I-IV) in Fig. 4A.
To extract quantitative values, we treated the LC as a block of
material immediately underneath the footprint of the OWiC
(Fig. 4 B, Inser) with a much lower thermal conductivity and dif-
fusivity than the OWiC and silicon. We then used Newton’s law
of heating (Eq. 1); details are found in the S/ Appendix.

These features and width of the transition are qualitatively
and quantitatively consistent with previously reported results
(33). The magnitude of the diffusivity change and the stepwise
function in the conductivity (from lower to higher) are in
accordance with a planar LC 5CB alignment relative to the
substrate in the nematic phase, likely caused by trapping the
liquid crystal between the silicon substrate and OWiC.

We now turn to the magnetic phase transition in Gd. An
OWiC was placed directly on top of a piece of Gd foil 500 pm
thick (Sigma Aldrich, 99.9% purity) as shown in Fig. 4C.
Heating traces were compiled for a range of temperatures from
270 K to 310 K, and the data were analyzed using the semi-
infinite model (Eq. 2). Fig. 4D shows the measured thermal diffu-
sivity, thermal conductivity, and specific heat of Gd across the
temperature range of 270-310 K. The thermal diffusivity decreases
with increasing temperature until 290 K, then shows a step up
around 295 K before continuing to rise. The measured heat capac-
ity shows a distinct maximum around 290 K. The thermal con-
ductivity remains mostly constant throughout the measured range,
although with a slight increase near the higher temperatures.

These features are qualitatively and quantitatively consistent
with previous measurements (Fig. 4, black) of the ferromagnetic-
paramagnetic phase transition in Gd (28, 35, 37), again demon-
strating the ability of a 100 pm-sized OWIC to reproduce the
results obtained using larger, more complex apparatus.

Material* Thermal conductivity (Wm~"' K™") Specific heat (Jg~' K™")
Previous work This work Previous work This work Previous work Inferred
Aerogel (1 atm) (29, 30) 0.06-0.1 0.054(0.006) 0.015-0.03 0.0152(0.0003) 1.5-5.0 2.8(0.3)
Paraffin wax (31, 32) 0.08-0.2 0.098(0.006) 0.15-0.35 0.277(0.002) 2.1-3.0 2.8(0.2)
LC 5CB (33) 0.06-0.12 0.13(0.02) 0.12-0.24 0.24(0.01) 1-2 1.9(0.3)
Silicon dioxide (23, 34) 0.83 0.87(0.09) 1.2-1.5 1.17(0.03) 0.71 0.59(0.06)
Gd (28, 35) 4.4 4.3(0.4) 8-10 9.2(0.3) 0.22-0.35 0.27(0.03)
Chromium (24, 36) 30 29(3) 93 79(5) 0.45 0.38(0.04)
Silicon (25) 88 85(9) 140" 0.7 0.71(0.07)

The measured thermal diffusivity, thermal conductivity, and specific heat was measured for each material and compared to published values. The reported silicon thermal conductivity

value was used as a reference material and has been grayed out in the table.
*All values given at room temperature and 10~* atm unless denoted otherwise.
"Reference material for inferring the effective radius, Rey:
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Fig. 4. Thermal measurements of bulk Gd and small volume liquid crystal 5CB using the OWiC thermometer. (A) Polarization microscopy of the OWiC in a
small droplet of liquid crystal 5CB for four different temperatures. The birefringent property of 5CB in a nematic state is visible as light and dark bands
depending on the local ordering of the molecules. The ordering disappears as the LC transitions from a nematic state (<308 K) to a liquid state (>308 K).
(B) Thermal diffusivity, thermal conductivity, and specific heat of the small droplet of 5CB from 295 K to 318 K as measured by the OWiC (blue). The four
red marks refer to the corresponding image in (A) Inset: schematic of the OWiC on a platform of liquid crystal. (C) Optical image of the OWiC on a piece of
rough Gd. (D) In descending order, thermal diffusivity, thermal conductivity, and specific heat of the Gd from 270 K to 310 K as measured by the OWiC (blue)

and compared to previous work (black).

The results presented here show the utility and versatility of
the OWIC thermal sensors, combining the best features of con-
tact and noncontact thermometry. OWiCs have the potential
to dramatically change how thermal measurements are per-
formed in the future. They are accurate, fast, and can be placed
in a wide variety of environments for in situ or in vivo thermal
characterization. They can accurately measure the heat capacity
of samples down to 100 ng in mass, and quantitatively measure
specific heat and diffusivity of nearly any material (including
through phase transitions) all with a temperature resolution of
10 K/, Hz. Future designs will integrate complementary
metal-oxide—semiconductor circuitry to reduce the power con-
sumption and explore intensity independent measurement
schemes. Potential applications include everything from rapid
probing the heat capacity of microcrystals too small for traditional

PNAS 2022 Vol. 119 No.45 2205322119

methods (38) to local thermal measurements of biological tissue

in vivo (39).

Materials and Methods

An upright microscope (BX5TWI, Olympus) was modified for simultaneous
optical microscopy, laser heating, and optical recording. In imaging mode, a
halogen lamp (TH4-100, Olympus) is used as a light source, and the image is
collected in a CCD camera. To heat the OWiC a continuous wave laser (MGL-Il-
532-200mW, Ready Laser) is modulated with a digital acousto-optical modulator
(AOMO 3080-125, Gooch and Housego) and reflected off a dichroic mirror
(805 nm cut-on, DMLP8O5R, Thorlabs) into the back aperture of a 20x Olympus
microscope objective (PLN 20x, Olympus). The laser incident onto the OWiC
illuminates the on-board silicon photovoltaics. We treat the incident light as uni-
form across the diameter of the beam. The output light of the OWIC from the
AlGaAs/GaAs LED is collected by the objective, focused onto an avalanche silicon

https://doi.org/10.1073/pnas.2205322119 5 of 6
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photodetector (APD410A, Thorlabs) and sent to a digital oscilloscope (PS5000,
Picoscope). Detailed Materials and Methods can be found in the S/ Appendix.

Data, Materials, and Software Availability. Al study data are included in
the article and/or S Appendix.
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