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ABSTRACT: Radiation greatly exceeding blackbody between two
objects separated by microscale distances has attracted great
interest. However, challenges in reaching such a small separation
between two plates have so far prevented studies below a
separation distance of about 25 nm. Here, we report a study of
radiation enhancement in the near-field regime of less than 10 nm
between two parallel plates. We make use of bulk, rigid plates to
approach small separation distances without the adverse snap-in
effect, develop embedded temperature sensors to allow near-zero
separation, and employ advanced sensing method to level the
plates and approach and maintain small separations. Our findings
agree with theoretical predictions between parallel surfaces with
separations down to 7 nm where an 18000 times enhancement in
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radiation between two quartz plates is observed. Our method can also be used to explore heat transfer between other materials and

can possibly be extended to smaller separation gaps.

KEYWORDS: Near-field thermal radiation, parallel plates, nanoscale heat transfer, surface phonon polariton

Theoretical studies have estimated rapidly increased enhance-
ment in thermal radiative heat transfer between two objects
with decreasing separation gap (d) to less than the character-
istic radiative wavelength (~10 ym at room temperature) or
the near-field.' ™ To validate near-field radiation enhancement,
numerous experimental studies have been conducted.
Sophisticated atomic microscopy techniques with specially
developed cantilevers have made the measurements possible
over a broad range of separation distances, from contact to far-
field"~"" In contrast, experimental validation for near-field
radiation between two parallel plates has inherent complexities
in reaching a small separation gap. Earlier experiments have
shown the enhancement at a few-micrometer separation
distances, which is limited by the lack of control in the
parallelism between two bulk surfaces.'"'> A separation gap in
the ~1 um range was obtained three decades later.”~"
Investigations at submicrometer gap separation have utilized
nanostructured features, such as microscale actuators, nano-
pillars, or membranes, and sensitive gap measurement
techniques.'™"" Membrane technologies have allowed the
observations of near-field enhancement approaching ~50 nm
separation, which is limited by contaminations during
fabrication and handling, deviation from planar surface as a
result of fabrication processing, and challenges in gap control
due to snap-in of the membranes.”””' Replacing one of the
membranes with a bulk, rigid surface has reduced the snap-in

© XXXX American Chemical Society

WACS Publications A

and allowed researchers to reach a separation distance of ~25
nm; however, the theoretical predictions at sub-25 nm
separation between polar dielectrics remain to be validated.””

For practical applications, a substantial amount of near-field
radiation will be achieved between two parallel plates instead
of between a tip and a plate. Therefore, it is important to
investigate near-field radiation between two parallel plates. It is
also of great interest to probe near-field radiation between two
plates in even closer distances than those have been
reported.”™>* At these closer distances near-field radiation
will be dramatically enhanced.””~>° Here, we develop a
comprehensive experimental method to study near-field
radiation between two rigid quartz plates with gap separations
down to less than 10 nm. We use an interferometric spatial
phase imaging (ISPI) system with subnanometer sensitivity to
ensure the parallelism of the two plates and to measure and
control the gap separation. We also develop microfabricated
resistive temperature sensors which are embedded in the
substrate to allow close approach of the two surfaces. Our
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Figure 1. (a) Schematic of the experimental setup. Near-field radiation is measured between the protrusion (or island, 100 yum X 100 ym) on the
mask and the substrate, both independently positioned using coarse mechanical translation and tip/tilt stages and piezoelectric stages (2-axis for the
mask and S-axis for the substrate). An optical interferometry system (laser, beamsplitter (BS), and mirror) is used to provide a coarse measurement
and alignment of tip-tilt between the mask and the substrate. Interferometric spatial phase imaging (ISPI) is used to provide fine measurement of
the tip/tilt and gap size between the mask and the substrate. (b) Close-up views of the mask and the substrate, showing the island on the mask, the
grating pairs used for ISPI measurements, and the micro temperature sensors embedded in the substrate. We define bulk temperature of the
substrate as Ty and of the mask as T¢. The sensing sensor is at temperature T, and the reference sensor is at temperature Tj. A total of eight
grating pairs are fabricated to ensure the mask and substrate are parallel. One temperature sensor is positioned directly underneath the island as
shown in (d), and the other sensor is used as a reference. (c) Reversely chirped grating pairs for ISPI gap sensing (see Supporting Information 1 for
the SEM image). ISPI analyzes diffracted-reflected light from the grating pairs to detect gap separation with a resolution of ~0.2 nm. (d) Top view
of the schematic of the temperature sensor and the projected area from the island where there is near-field radiation interaction. The area enclosed
in the red dashed line represents the projection area of the island. The black dashed lines around sensor traces denote the recessed region of ~30

nm deep from the substrate surface in which <30 nm tall sensors are fabricated.

results show four orders of magnitude of near-field radiative
enhancement compared to the blackbody radiation, and they
validate theoretical predictions down to below 10 nm
separation. Our experimental technique is promising for
investigating near-field radiation between other materials and
possibly can be extended to study radiation at even closer
separation distances.

Figure la shows a schematic overview of the experimental
setup and the key components for manipulation of two rigid
surfaces (called substrate and mask here), including manual
and piezoelectric manipulation stages for both the substrate
and the mask, an ISPI (interference spatial phase imaging)
system for measuring the gap between the substrate and the
mask, an optical interferometry system for coarse tip-tilt
measurement, and microfabricated sensors for measuring
temperature variation caused by near-field radiation. All the
components shown in Figure la except the ISPI camera and
laser and the optical interferometry components are housed in
a vacuum chamber. The entire apparatus is under ultralow-
particulate-air (ULPA) filters for sample handling and
alignment.

The piezoelectric stages control the relative position and
orientation of the substrate and the mask with five and two
degrees of freedom, respectively. The large stages in
combination with the use of rigid substrates allow the gap
between the mask and the substrate to approach zero distance
without the adverse snap-in effect until a separation distance of
about 1 nm (see below).

An important aspect in our near-field measurement is the
control of the nanometer level gap size using an ISPI system.
This method was also employed in our previous works for
near-field nanolithography”®™** and near-field nanomaterials

growth.29 To explain briefly, the ISPI method uses
interferometric marks consisting of reversely chirped grating
pairs (Figure 1c). Illuminated by a laser beam, the grating pairs
diffract and reflect the laser beam, forming counter propagating
interference patterns that are sensitive to the gap. The phase
information of the propagating fringes allows extraction of the
gap with a sensitivity of 0.2 nm.”® A total of eight grating pairs
are fabricated on the mask, allowing for leveling the mask with
respect to the substrate within 0.03 mrad. Details of the ISPI
system are given in Supporting Information 1.

A protrusion, or island, is fabricated on the mask which has
an area of about 100 ym X 100 ym and height of about 10 #m
(Figure 1b), and near-field radiation is achieved between the
surface of this island and the substrate. The use of the relatively
small area helps to minimize contaminations during experi-
ments. To induce a temperature difference between the mask
and the substrate, a heater is placed underneath the substrate,
which heats the substrate through a copper spreader. To detect
the temperature variation due to near-field radiation, two
identical resistive sensors, called the sensing sensor and
reference sensor, are fabricated on the substrate. The sensing
sensor, located at the center of the substrate (yellow rectangle
in Figure la and Figure 1b) and directly underneath the island,
undergoes temperature variation with the manipulation of gap
distance in the near-field regime. Meanwhile, the reference
sensor, which is not underneath the island, provides a reference
temperature reading. The mask and the substrate are both
made using commercially available bulk substrates, with the
mask specially flattened to better than ~80 nm flatness over its
length of 12.7 mm. Within the near-field interaction area of
100 pm X 100 pm, it is estimated that the variation of height in
this area is less than 1 nm for the mask and ~2 nm for the
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substrate (see Supporting Information 2). A critical feature of
the sensors is that they are embedded in the substrate, as
shown in Figure 1b and Figure 1d. A recessed area
approximately the size of the sensors (36 gm X 45 ym) and
the depth of the height of the sensor (30 nm) is made in the
substrate first, followed by microfabrication of the sensors (see
Supporting Information 2 for fabrication of the mask and the
sensors along with the details of the sensors, and see
Supporting Information 3 for calibration). The design of the
sensors allows the gap between the quartz surface of the mask
(island) and the quartz surface of the substrate to approach
zero.

Near-field radiation is obtained from differential temperature
measurement’’ with the sensing and reference sensors. We
raise the substrate temperature to T} by a constant heat supply
from the heater and denote the temperature of the mask as T
and the difference between the substrate and the mask as AT
(= Ty — T¢). Before the gap between the mask and the
substrate approaches the near-field region, the temperature of
the sensing sensor (Ts) and the temperature of the reference
sensor (Tg) are both at Ty. When the gap approaches the
near-field regime, the temperature of the reference sensor
remains unchanged (Ty = Ty), whereas that of the sensing
sensor experiences a variation denoted as ATy (= Tg — Tg).
The differential circuit scheme enables a measurement
sensitivity of ~2 mK (see Supporting Information 3 for
calibration of temperature sensors and sensitivity analysis of
temperature measurement). We measure this temperature
variation arising from the near-field enhancement at different
separation gap distances. We then employ a heat transfer
model to compute near-field radiative heat flux, gyp, from the
substrate (qupy) to the mask (qugc) that will give this
temperature variation. Details of the heat transfer model is
given in Supporting Information 4.

Experiments start with coarse alignment. First, the island is
laterally aligned coarsely with respect to the sensing sensor in
the camera view. Then, the mask is lowered to a ~150 ym
separation gap from ISPI reading, and optical interferometry is
used to adjust the parallelism to about 0.1 mrad.®" Then, fine
ISPI alignment is employed by taking ISPI readings from
multiple grating pairs to guarantee a parallelism within 0.03
mrad, which corresponds to a 3 nm height difference over the
100 pm length of the island on the mask (see Supporting
Information 1). We then provide a fine adjustment of the
relative position between the sensor and the island with a
precision of a few micrometers, where both are visible in the
ISPI camera. We then confirm the parallel alignment between
the two plates by observing the sensing temperature variation
in response to tip-tilt adjustment (see Supporting Information
1). Once the fine parallel alignment is done to the best of the
system’s capability, the substrate is retracted and then the gap
is gradually reduced to take the temperature readings. Figures
2a—c show ATy in the region of the gap d less than 80 nm,
for AT (the temperature difference between the substrate and
the mask away from the island) of 4.8, 7.1, and 9.8 K,
respectively. The experimental measurements show a rapid
increase in ATy with the decreasing gap separation. This is
particularly notable when the gap is reduced to below ~25 nm.

Figure 2d shows real-time data of gap manipulation (top),
ISPI gap reading (middle), and temperature reading (bottom)
versus time for the case with AT = 7.1 K. As the mask is
approaching the substrate using the piezoelectric nano-
positioner, the ISPI reading shows the corresponding decrease
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Figure 2. Comparison of measured and computed temperature
variation for AT (the temperature difference between the substrate
and the mask at locations far from the near-field interaction regions)
of (a) 4.8 K, (b) 7.1 K, and (c) 9.8 K. Experimental results agree with
computations from near-field radiation theory. For the computational
results in (a—c), the uncertainty ranges from approximately +12% at
d = 25 nm to approximately +6% at d = 7 nm (see Supporting
Information 4). (d) Real-time approaching data of stage manipulation
(top, green), the corresponding ISPI gap reading (middle, blue), and
the temperature reading (bottom, red) for AT = 7.1 K. The stage
reading (top, green) is not absolute. The red dashed vertical line
indicates contact. Right before the contact, the ISPI gap reading
shows a sudden drop. At the contact, the temperature jumps as well.

in the gap. The decrease in the gap results in temperature
change due to near-field radiation (cooling of the surface
underneath the island). There is a sudden jump in the ISPI
reading and temperature reading at contact in Figure 2d, which
lasts over a distance of 1—2 nm. After that, the readings do not
change in the time window shown in Figure 2d. The contact
point is assigned as O gap in the ISPI reading as the ISPI
reading is relative (see Supporting Information 1). The red
dashed line indicates the time of the contact. We notice that
when these sudden changes happen, they cannot be easily
reversed even when we try to retract the distance as seen in the
top green line in Figure 2d. Larger manipulation (using more
than 10 nm input in the piezoelectric nanomanipulator) does
break the contact (not shown in figure).

The experimental data ATy in Figures 2a—c are plotted
starting from the smallest gap of ~7 nm, which match with the
computational results (see below). The reasons for this 7 nm
gap can be the combination of the peak-to-peak roughness of
the sample surfaces (~2 nm above the surface level of substrate
sensing area and <2 nm above that of the island, the RMS
roughness is about 1 nm, see Supporting Information 2), the
flatness of the samples (<1 nm for the mask and 2 nm for the
substrate, see Supporting Information 2), the parallelism
achieved between the substrate and the mask (0.02 mrad or
2 nm, as discussed previously), and possibly a jump due to
attractive forces at 1—2 nm separation distance (Figure 2d).
The last point is also consistent with experimental observation
of strong attraction between the mask and the substrate. The
collect effects of all the above contribute to the smallest
distance of about 7 nm that we can measure the near-field
radiation.
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The computed ATy in Figures 2a—c are obtained based on
the theoretical heat flux of near-field radiation (see Supporting
Information 4 for the computation model). We also show this
theoretical near-field heat flux, gy computed using fluctua-
tional electrodynamics,” in Figure 3a. The experimental heat
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Figure 3. (a) Experimental vs theoretical near-field heat flux vs
separation gap for AT = 7.1 K. Uncertainty in gy is approximately
+2% at d = 25 nm and increases with a decreasing gap up to
approximately +9% at d = 7 nm (see Supporting Information 4). (b)
Experimental gy, the normalized heat flux with respect to
blackbody, for all AT used. (c) Temperature change over the
distance between the two surfaces. Ty, ng and Tcyqnr represent the
temperature of the surface around the sensor on the substrate (hot
surface) and the temperature of the island (cold surface), respectively.
(d) Near-field radiative heat flux with respect to the temperature
difference of the hot and cold surfaces when AT = 7.1 K.

flux is the heat flux that produces the measured temperature
variations shown in Figures 2a—c. The drastic increase in the
near-field heat flux is well documented,***** due to enhance-
ment in energy transport by surface phonon polaritons excited
at near resonance frequencies (see Supporting Information $
for the theoretical calculation).

To further analyze near-field radiation enhancement, we
define a normalized radiative heat flux, gy, expressed as ratio
of gy to the far-field radiative heat transfer, ggg, for the same
temperature difference. Figure 3b shows gy, for AT = 4.8,
7.1, and 9.8 K. We find that the normalized radiative heat flux
overlaps for the three AT, indicating the reliability of the
experimental results. We calculate a standard deviation of
~460, ~700, and ~90 for a mean of ~14500, ~5400, and
~1530 at 7, 10, and 20 nm gap separations, respectively. The
experimental results also agree with theoretical computations
down to 7 nm, showing a more than four orders of magnitude
enhancement in near-field thermal radiation (quom ~ 18000).

Figure 3c shows the change in temperatures of the hot and
cold surfaces exposed to near-field thermal radiation over the
distance between the surfaces. The temperature of the hot
surface, Tyonp cools with the decreasing gap, and the
temperature of the cold surface, Tcygnp heats with the
decreasing gap due to near-field heat transfer. We note that,
similar to the observation of the notable variation in ATy in
Figure 2b, Ty, N and Tcqqnr also change significantly below
25 nm. We also notice that the rate of temperature change for
the hot surface over the distance is less than that for the cold

surface. This arises from the difference in thermal conductivity,
where the thermal conductivity of the substrate of the hot
surface is greater than that of the mask of the cold surface (see
Supporting Information 4 for thermal conductivity). We also
show the near-field heat flux as a function of the temperature
difference between the hot and cold surfaces (Tyone —
Tcognr) in Figure 3d when AT = 7.1 K. Despite the decrease
in the temperature difference, the heat flux, qyp grows
approximately linearly with the temperature difference.
Lastly, we anticipate that the experimental technique
presented in this work can be used to probe near-field heat
transfer between two surfaces at even closer distances. The
experiments can be further optimized, for example, by reducing
the roughness of the surfaces from processing and using
substrates with better flatness. The method can also be
extended to study radiative heat transfer between other types
of materials such as metasurfaces.
In conclusion, we have developed an experimental technique
to measure near-field thermal radiation between two quartz
plates separated by a vacuum gap less than 10 nm.
Experimental results agree with the theoretical framework
and have shown enhancement in near-field radiation between
two quartz plates. We have observed more than four orders of
magnitude enhancement in thermal radiation at a separation
distance of 7 nm. We foresee that this experiment technique is
a viable candidate to explore extreme near-field radiation
between parallel plates.
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