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ABSTRACT

We investigate the modulation of near-field heat transfer between piezoelectric aluminum nitride thin plates and nanospheres.
Temperature-dependent infrared spectroscopic measurements showed soft phonon modes indicating a sharp change in the
atomic structures of defect complexes in aluminum nitride at a transition temperature. The analysis of the measured infrared
spectra showed a drastic change in the infrared dielectric properties upon switching between the observed defect complexes.
By using the dielectric properties obtained from measurements, we demonstrate theoretically that the radiative heat transfer
between aluminum nitride nanospheres can be dynamically modulated with a peak-to-peak value ranging from 0% to 40%
of the maximum net heat transfer upon switching between the atomic structures of defect complexes. The high piezoelectric
properties of aluminum nitride materials allow imitating the observed effect of thermal stresses by mechanical stresses resulting
from the application of an external electric field.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5067244

I. INTRODUCTION

The control of electric currents in solids is at the corner-
stone of modern electronics. The electronic components are
the fundamental building blocks of modern electronic technol-
ogies, enabling rectifying, switching, modulating, and amplify-
ing electric currents. However, the efficiency of the electronic
components in harsh environments such as elevated tempera-
tures is poor. The thermal analog of the electronic systems
would exhibit better performance and responses in harsh envi-
ronments, and consequently would pave the way for the new
generation of technologies for applications in environments,
where the use of the conventional electronic components is
very limited. Therefore, much attention has been directed
toward thermal structures permitting the control of heat
flux.1–5 Phononic crystals have been proposed as a potential
candidate for thermal technological devices.6–10 However, the
phonon heat transport is relatively slow as the acoustic
phonon’s speed is of the order of the speed of sound in solids,
and the phonon lifetime is extremely short in high temperature
environments. Another limitation is the presence of Kapitza

resistance between different solid elements in contact. All
these constraints would drastically reduce the heat flux trans-
ported across the phononic system.11 Therefore, an alternative
for phononic heat transfer is required to efficiently replace the
conventional electronic systems, especially in high tempera-
ture environments. Thermal radiation was not habitually
considered as an efficient means for thermal management
because of its low heat flux in comparison to other heat trans-
fer modes. Nevertheless, with the orders of magnitude
enhancement demonstrated in the near-field limit, the near-
field radiative heat transfer has shown great potential in the
energy transfer at the nanoscale. Hence, the control and mod-
ulation of the near-field radiative heat transfer can indeed help
realizing the desired photonic alternative to the electronic
systems.

Photonic systems operating via the near-field radiative
heat transfer (such as thermal transistors,12 thermal rectifi-
ers,13 photonic thermal logic gates,14 and thermal memory15)
have been theoretically proposed as analogs for the electronic
systems. In order to modulate radiative heat transfer and
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achieve the functions of the proposed thermal systems,
several approaches have been proposed.16–20 A major scheme
for modulating the near-field heat transfer is by tuning the
optical properties of materials in the infrared spectral range.
Classes of materials investigated for modulating the near-field
radiative heat transfer so far include phase-change materials
(PCMs), ferroelectric materials, and chiral materials. Modulating
the near-field radiative heat transfer was proposed for chiral
materials with magnetoelectric coupling via ultrafast optical
pulses21 and for ferroelectric materials via an external electric
field.22 Borrowing from research on modulating Casimir force,
PCMs such as silver indium antimony tellurite (also known as
AIST) and vanadium dioxide (VO2) have been proposed for
modulating the near-field radiative heat transfer.23,24 Both can
be switched between an amorphous and a crystalline phase
with a switching time of the order of a few nanoseconds by
changing the material’s temperature. Although these materials
showed efficient thermal modulation, they are limited to appli-
cations in which the temperature does not exceed the critical
temperature at which the phase change takes place.

In this paper, we demonstrate experimentally that by
changing the lattice parameter of oxygen-contaminated alu-
minum nitride (AlN), one can tune the atomic configurations
of defect complexes, and consequently the material infrared
dielectric function, and modulate the near-field radiative heat
transfer between AlN nanomaterials. The key advantage of
AlN over the conventional PCMs is that it is characterized
by high piezoelectric properties, which allow controlling the
lattice parameter through the external electric field irrespec-
tive of the ambient temperature. In other words, AlN has the
advantage that it can be used for modulating the near-field
radiative heat transport at temperatures where the conven-
tional PCMs fail. Furthermore, it has been previously estab-
lished that the two-sphere geometry provides distinctive
properties for thermal rectification,25 and the orientation of
anisotropic particle system can have a remarkable effect on
the near-field interaction between the constituent particles.26

However, modulating the near-field radiative heat transfer by
harnessing the properties of phase-change materials has not
yet been applied to the two-sphere system. In this paper, we
also tackle this issue and demonstrate that the two-sphere
geometry has an additional length parameter for heat trans-
fer, thus leading to novel properties for the near-field radia-
tive heat transfer modulation such as controlling dynamically
the modulation amplitude.

This paper is structured as follows. After the introduc-
tion, we present in Sec. II the sample preparation and infrared
measurement procedures. In Sec. III, we present the low tem-
perature reflectivity measurements. We demonstrate that the
defect state change occurs in AlN upon varying the lattice
parameter. We also demonstrate that the change in the
defect state leads to drastic changes in the infrared dielectric
function. Using the fluctuational electrodynamics formulation
of thermal radiation,27 we investigate the near-field thermal
transfer between AlN plates and spheres harnessing the
defect state change in AlN for the near-field radiative heat
transfer modulation. In Sec. IV, we summarize the results and

conclude with the importance of piezoelectric materials in
modulating the near-field radiative heat transfer.

II. EXPERIMENTS

The AlN bulk material investigated in this work was
grown by sublimation of an AlN charge placed in the hot zone
of a tungsten crucible and subsequent condensation of vapor
species in a cooler region. Before the crystal growth, moisture
was removed from AlN commercial powder by heating under
a vacuum of 10−7 mbar. Then, AlN powder was resublimed in
the growth furnace in the atmosphere of high-purity nitro-
gen. The powder was kept at 2325 °C and the crucible lid
where the material condenses was kept at 2100 °C. Then, the
obtained bulk product was placed at the bottom of the tung-
sten crucible to initiate the growth process. The growth tem-
perature on the crucible lid was set at 2125 °C, and the source
temperature was set at 2200 °C. The furnace was operated in
high-purity nitrogen gas at a pressure of 900mbar. A poly-
crystalline boule of diameter of 2 in. and a height of 10mm
was produced. The sample investigated in this work was
obtained from the grown boule. It was formed of crystals of
about 1 mm size. Further details about the material growth
procedure can be found in Refs. 28 and 29.

Infrared reflectivity measurements were performed in
vacuum in the 60–6000 cm−1 frequency range. A 6 μm/
Germanium beam splitter and a bolometer were used in the
60–350 cm−1 frequency range, while a potassium bromide
(KBr) beam splitter and a nitrogen-cooled deuterated trigly-
cine sulfate (DTGS) detector were used in the 350–6000 cm−1

with a spectral resolution better than 1 cm−1. Energy-
dispersion X-ray spectroscopy measurements indicated that
oxygen is the dominant impurity in the sample, and glow dis-
charge mass spectroscopy (GDMS) on polycrystalline rods of
2 × 2 × 20mm3 size cut from the sample investigated indicated
that oxygen is present in this sample at a concentration of
approximately 1 at. %. High-quality surface was prepared by
polishing the sample surface in a non-aqueous medium con-
taining a mixture of hydrogen fluoride and ammonium fluo-
ride immediately prior to the infrared spectroscopic analysis
to avoid contribution from oxide layers formed on the sample
surface. The root mean square (rms) roughness of the sample
surface was too small to have any contribution to the mea-
sured spectra (about a few nanometers). The infrared reflec-
tivity spectra were recorded for near-normal incidence and
unpolarized light. An infrared cryostat was used to vary the
sample temperature from 10 K to room temperature.

III. RESULTS AND DISCUSSION

Oxygen-related defect complexes have always been
considered as the most important native defects in AlN
ceramics. Their local atomic structure has been intensively
investigated.30–33 Theories have shown that oxygen acts as
a deep center in the wide electronic bandgap of AlN and
substitutes for the nitrogen atom in several charge states.
Experiments demonstrated that a change in the nature of
oxygen-related defect complexes occurs above a critical
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value of oxygen concentration.34,35 It has been suggested that
at concentrations below 0.75%, oxygen substitutes for nitro-
gen in the lattice with one aluminum vacancy occurring for
every three substituted oxygen atoms, and for a concentra-
tion greater than 0.75%, a new type of defect is stable in
which an aluminum atom octahedrally bounds to an increas-
ing number of oxygen atoms. However, no effect of stress on
defect complexes has been reported.

Despite the substantial uncertainty about the exact
atomic configurations of oxygen-related defect complexes in
AlN, the contribution of their vibrational modes to the rest-
strahlen infrared band can somehow be predicted. In fact, the
wurtzite structure of AlN belongs to the space group C4

6v with
two Al atoms and two N atoms occupying C3v sites in one unit
cell. The phonon dispersion curves of such a structure are
characterized by an extremely small energy gap between the
acoustic and optical phonon bands.36,37 Hence, any impurity
with an atomic mass larger than that of nitrogen substituting
for nitrogen would give rise to an in-band resonance mode
and distort significantly the reststrahlen band of the AlN
lattice.32 Therefore, we have traced the effect of thermal
stress on defect complexes in AlN through their vibrational
modes using temperature-dependent infrared spectroscopy.
We have applied a compressive thermal stress by lowering the
temperature of the measured sample. We found that between
300 and 90 K, all the infrared reflectivity spectra exhibit the
same features, indicating stable defect complexes in this tem-
perature range. However, we observed a clear transference in
the atomic structures of defect complexes when the temper-
atures go below 90 K. The reflectivity measurements revealed
localized phonon resonance modes at 390 and 445 cm−1

and an in-optical-band resonance mode at 660 cm−1. On the
other hand, below 90 K, the resonance mode at 390 cm−1 van-
ishes and the resonance modes at 445 cm−1 and 660 cm−1

enhance significantly. We illustrate the results of the infrared
reflectivity measurements in Fig. 1. We show infrared reflec-
tivity spectra recorded at 300 K and 70 K. These spectra
clearly demonstrate different atomic configurations of defect
complexes. The inset figure shows a clear atomic configuration
transition occurring when the temperature goes below 90K.
We refer to the defect state occurring at high temperatures as
“High-T-State” and that occurring below 90K as “Low-T-State.”
Since for oxygen concentration greater than 0.75% a stable
defect complex forms, we expect that the change in the defect
state observed in the sample investigated upon the application
of a compressive stress would occur in any AlN crystal of
oxygen concentration greater than 0.75%.

We have used the Kramers-Kronig theorem to convert
the measured reflectivity data into dielectric properties. It is
worth noting here that the measurement of the reflectivity
spectra from a very low frequency up to a frequency at which
the derivative of the infrared reflectivity with respect to fre-
quency vanishes allows highly accurate Kramers-Kronig con-
version. In Fig. 2, we illustrate the real and imaginary parts of
the dielectric function as derived from the reflectivity spectra
measured at 300 K and at 70 K. We find that upon atomic con-
figuration transition below 90 K, both the real and imaginary

parts of the infrared dielectric function enhance dramatically
in the spectral region of the reststrahlen infrared band, i.e., in
the region of the existence of the surface phonon polariton
modes, which are the principal determinants of the heat
transfer in the near-field limit.38–41 A multi-Lorentzian-peak
function of the form

ε ¼ y0 þ
X

j

2Aj

π

σj

4(ω� ωcj)
2 þ σ2

j

(1)

is fitted to the obtained real and imaginary parts of the dielec-
tric functions of both High-T-State and Low-T-State. In Eq. (1),
ω denotes the measured wavenumbers. The other parameters
of the multi-peak fitting that generate the real and imaginary
parts of the measured dielectric functions are given in Tables I
and II, respectively. In what follows, we investigate the implica-
tion of the experimentally observed drastic change in the infra-
red complex dielectric function on the near-field radiative heat
transfer between oxygen-contaminated AlN nanomaterials
by using dyadic Green’s functions within the fluctuational elec-
trodynamics formulation of thermal radiation and stochastic
Maxwell equations.42–47 Because of the high piezoelectric
properties of AlN, the change in the defect state observed
upon introducing thermal stress can occur at room tempera-
ture upon introducing mechanical stress through the applica-
tion of an external electric field. In fact, upon lowering the
temperature from 300K to 70K, the AlN lattice contracts in
the c-axis direction by Δc=c ¼ αc(T)� ΔT, where ΔT is the dif-
ference between the final temperature and initial temperature

FIG. 1. Temperature-dependent infrared reflectivity spectra. The full reflectivity
spectra are shown only for temperatures of 300 and 70 K. The inset figure
shows low frequency reflectivity spectra measured at different temperatures. The
reflectivity measurements reveal the localized phonon resonance modes at 390
and 445 cm−1 and an in-optical-band resonance mode at 660 cm−1. At 70 K
and below, the low-frequency reflectivity spectrum changes dramatically indicat-
ing a change in the defect state when the temperature goes below 90 K.
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and αc(T) is the temperature dependent linear thermal expan-
sion of AlN in the c-axis direction.48 Such a contraction cor-
responds to a compressive thermal stress of S ¼ Y � Δc=c,
where Y is AlN Young’s modulus, which is equal to 308GPa,49

and c is the temperature dependent AlN axial lattice cons-
tant.48 On the other hand, the e33 piezoelectric constant of
AlN is as large as 1.55 Cm−2.50 This means that an electric
field of the magnitude of Y � Δc=c � e33 ¼ Y � α(T) � ΔT=e33 ¼
3� 105 N=C (which is three orders of magnitude smaller
than the breakdown field of AlN) directed along the c-axis
may produce the same amount of stress on the AlN lattice
and tune between the defect states observed in temperature-
dependent infrared reflectivity measurements. Therefore, we
carry out calculations at room temperature assuming switch-
ing between defects states at room temperature by means of
mechanical stresses. We explore the parallel-plate and two-
sphere geometries.

A. Parallel-plate geometry

For the parallel-plate geometry, we considered plates
separated by a vacuum gap of width d. We calculated the
spectral and net heat transfer for this geometry using dyadic
Green’s function in Refs. 51 and 52. In Fig. 3, we illustrate the
calculated spectral and net heat transfer at 300 K spanning
gaps of several orders of magnitude for both experimentally
detected defect states (i.e., using the dielectric functions cor-
responding to the two detected defect states in AlN). It is
clear from the spectral heat transfer plots that in the near
field limit, conduction is dominated by surface phonon polari-
ton, which is manifested by maximal radiation at their

resonance frequencies.20 Another interesting phenomenon
manifesting itself in the gap-dependent spectral heat transfer
plots is that the defect state occurring at low temperatures
leads to a more coherent near-field radiative heat transfer.
The slope of the curve describing the net heat transfer as a
function of the separation gap in a logarithmic plot demon-
strates the expected d�2 dependence in the near-field regime
(i.e., in the region where the separation gap is smaller than
the 10 μm thermal wavelength). Yet, these results also demon-
strate that by tuning between these two experimentally
observed defect states, the near-field radiative heat transfer
changes by 40% irrespective to the separation gap. Hence,
the variation of the separation gap in the two-plate geometry
allows controlling the net heat transfer but not the amplitude
of the modulation resulting from tuning between the two
defect states observed in AlN. Geometries including addi-
tional length parameters are therefore required to control
the amplitude of the modulation of the near-field radiative
heat transfer. The two-sphere geometry includes the two
length parameters needed to control the modulation ampli-
tude. These length parameters are the separation gap and the
radius of the spheres. Thus, the two-sphere geometry may
provide opportunities to control both the magnitude of the
net heat transfer and the modulation amplitude upon tuning
between the defect states observed in AlN.

B. Two-spheres geometry

We have investigated the near-field radiative heat trans-
fer between identical spheres. For spheres separated by small
gaps compared to the spheres radii, an asymptotic expression

FIG. 2. Real and imaginary parts of the AlN infrared dielectric function for the two observed defect states.
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can be derived from the results of near-field radiative transfer
in the two-plate geometry. Such a method, which has been
widely used for the calculation of Casimir and Van der Waals
forces, is known as the proximity limit theory.53 The proximity
limit theory predicts near-field conductance varying linearly
with d/r for spheres smaller than the radiation wavelength
and separated by small gaps (d � r , λ).27 On the other hand,
very small spheres of radii much smaller than the thermal
wavelength can be treated as point dipoles. In that case, the

conductance between the spheres is given by the dipole
approximation,54 which predicts a near-field conductance
varying as 1/d6. In order to investigate wide ranges of both
length parameters characterizing the two-sphere geometry,
we have calculated the spectral and total conductance
between two identical AlN nanospheres using dyadic Green’s
functions of the vector Helmholtz equation in spherical coor-
dinates within the fluctuational electrodynamics framework.27

This calculation method is applicable to any spheres radius

TABLE I. Parameters to generate from [Eq. (1)] the real part of the dielectric
function for both High-T-State and Low-T-State.

Defect
state

Spectral
range
(cm−1) y0 ωc (cm

−1) σ (cm−1) A (cm−1)

High-T-State 60–600 0.41105 136.41464 114.50503 −78.63228
217.38867 307.50057 −668.1532
380.14928 14.74224 −160.10697
381.66021 12.68679 63.48265
474.69669 290.58989 −1089.70547
378.06933 15.61153 84.47437
585.65531 578.3991 3257.62372

600–1000 −31.03822 673.54904 20.81377 −1649.39161
597.09679 317.20378 11858.32428
672.90602 22.68604 1573.41601
686.78846 18.75486 −118.63595
705.78413 73.06202 −397.92287
826.17485 199.84513 679.25045
1009.91578 587.76496 25926.50991

1000–4000 1.78443 940.95974 527.99322 −852.87487
1304.77869 643.74305 −309.67299
2277.3375 1387.01553 703.36826
2796.51324 981.62821 407.73074
3212.90522 578.91177 148.32177
3601.5232 1335.52631 1123.23347
4118.65803 906.4253 788.43616

Low-T-State 60–600 −1.02177 65.11674 127.48052 154.32857
412.3652 410.37687 −757.26662
358.70194 199.78197 552.46372
436.33311 14.0136 85.0035
437.73951 15.56946 −87.03353
424.82038 39.87706 34.17956
679.05417 182.79167 6303.82926

600–674 6.18473 675.1403 3.05186 10580.50775
683.24434 39.38168 4830.32356

674–700 −15.21469 677.12876 3.28266 −5639.70045
683.48557 5.29912 84.53779

700–1000 −19.95777 711.17813 43.64062 −1210.43098
2018.6089 5.65052 3211917.3741
1019.10579 241.55338 5064.27439
902.97143 201.65401 2656.72639
832.2211 125.37403 888.31419
792.41631 71.7069 273.82187
764.25502 42.36033 74.66619

1000–4000 5.1496 1994.4721 2208.36178 −2964.99141
930.74038 762.47501 −4741.34579
1370.39507 505.15246 −913.96464
1519.14625 137.90288 −88.17053
1902.65953 168.87332 578.59788
1788.36835 1503.65562 1627.86373
1905.13573 201.0595 −767.28524

TABLE II. Parameters to generate from [Eq. (1)] the imaginary part of the dielectric
function for both High-T-State and Low-T-State.

Defect
state

Spectral
range
(cm−1) y0 ωc (cm

−1) σ (cm−1) A (cm−1)

High-T-State 60–600 0.8627 52.90643 140.21803 −314.68366
386.7189 306.53986 793.30085
377.46216 14.16984 57.74765
355.24059 110.5036 179.62324
381.19041 20.28132 −59.33619
436.48334 11.18043 6.24315
660.14328 179.17556 2334.05005

600–1000 −0.35372 670.27744 17.21027 264.36632
660.10282 101.8138 1638.19783
693.25371 8.11926 −266.88946
489.30258 27.91272 10124.15423
697.83607 61.25787 −277.7128
931.56917 47.23299 −31.33739
692.85816 8.39322 272.53166

1000–4000 0.51123 845.105 38.9942 −2241.98294
1020.30545 285.37107 −144.02617
2056.48059 1871.34709 557.21422
1617.65326 1614.00419 841.20666
3428.5823 545.09871 46.38744
232.99842 2578.26697 1271.92713
2667.45088 1167.47149 159.75397

Low-T-State 60–600 −0.18614 5320.12779 736.39107 −83974.84399
174.77699 351.57706 706.08528
396.01414 266.23379 969.84087
346.69381 180.07628 413.67682

−927.73547 1240.51898 −11308.81534
436.16576 9.68852 23.83184
761.70959 289.29994 8067.91887

600–674 4.96669 674.96378 0.00009 6.1023
672.69407 4.80985 3165.41704

674–700 2.46509 676.23979 1.30452 6931.41934
693.39961 29.01365 1362.80156

700–1000 −0.23787 702.53716 5.38013 29.72994
702.54476 12.62494 398.73959
721.20568 34.44735 −132.05469
691.02386 152.34391 487.6538
703.61202 4.93016 −75.22767
960.3418 0.0012 −459.31568
711.45579 40.17191 817.53499

1000–4000 −0.38651 2361.38685 1043.63846 856.25783
1413.50046 288.26741 311.31577
1832.53675 645.93335 801.80455
2030.19769 61.26976 −7.33328
2913.25856 2266.05145 2382.14158
1233.86242 248.24566 270.06665
1113.02713 134.2458 63.69811
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and separation gap. We spanned gaps and radii of several
orders of magnitude for both defect states observed in AlN.
Similar to the two-plate geometry, the spectral conductance
for all the investigated combinations of radius and separation
gap show that the conduction is dominant by surface phonon
polariton, and the coherence of the near-field radiation
enhances when tuning the defect state from “High-T-State”
to “Low-T-State.” In Fig. 4, we illustrate the spectral and total
conductance calculated for different radii and gaps and for
both defect states observed in AlN. Here, the spectral con-
ductance values are calculated with involving different radii
and gaps, while maintaining a constant radius to gap ratio.
The spectral conductance calculation results show for larger
radii a well-pronounced contribution of propagating non-
resonant modes to the total heat transfer, which can poten-
tially swamp the resonant near-field radiative transfer.27

Furthermore, the total conductance calculated as a function
of spheres radius and separation gap clearly shows the transi-
tion between the 1/d6 dependence predicted by the dipole
approximation and the d/r dependence predicted by the
proximity limit theory.

FIG. 3. Spectral and net heat transfer between AlN parallel plates as a function of the separation gap for the two observed defect states. Red solid lines and symbols
correspond to the defect state occurring at high temperatures. Black solid lines and symbols correspond to the defect state occurring at low temperatures.

FIG. 4. Spectral and net heat transfer between two identical spheres of AlN as
functions of the separation gap and spheres radius. Dashed and solid red lines
correspond to the defect state occurring at high temperatures. Dashed and solid
black lines correspond to the defect state observed at low temperatures.
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The question that comes up here is whether it is possible
to use the additional length parameter of the two-sphere
geometry to control the modulation amplitude upon tuning
between the two defect states observed in AlN. In order to
answer this question, we have calculated the total conduc-
tance between two identical nanospheres in wide ranges of
radius and separation gap for different radius to gap ratios
and for both defect states of AlN. The results are shown in
Fig. 5. The total conductance as a function of radius to gap
ratio for both High-T-State and Low-T-State is shown in Fig. 6.
The results illustrated in Figs. 5 and 6 demonstrate that in the
near-field limit, the total conductance is determined by only
the radius to gap ratio and increases as the radius to gap ratio
increases due to propagating non-resonant modes whose con-
tribution to the heat transfer increases as the spheres radius
increases, which agrees with previous calculations.27 However,
the key development presented in these results is that the
change in total conductance upon tuning between the defect
states observed in AlN increases consistently with increasing
the radius to gap ratio. They show a negligible change for a
radius to gap ratio of one, and a change of 40% for a radius to
gap ratio of 17, for which the two-sphere geometry approaches
the limit of the two-plate geometry. These results therefore
strongly suggest the use of AlN nanospheres for modulating
the near-field radiative heat transfer and controlling dynami-
cally the modulation amplitude between 0% and 40% for con-
trolling the power of thermal loads on the thermal analog of
the electronic systems as well as for many applications involv-
ing efficient nanoscale energy transfer.

We note here that the results presented in this section
for the parallel-plate and two-sphere geometries are obtained
under the assumption that the surfaces of the plates and

spheres are perfectly smooth. In the case of the presence of
surface roughness, experiments demonstrated that the near-
field radiative heat transfer is significantly different from that
between two perfectly smooth surfaces.55–58 The numerical
approach employed in the present work is not suitable for
predicting the effect of surface roughness on near-field radi-
ative heat transport. However, theoretical investigations using
the proximity approximation demonstrated that for parallel
plates satisfying the proximity conditions, scattering of
surface modes on only one rough plate surface leads to an
appreciable decrease in the heat flux,59 whereas scattering of
surface modes on both surfaces by roughness causes a larger
heat flux.60 On the other hand, the finite-difference time-
domain (FDTD) method with the Weiner Chaos Expansion
method showed that the near-field radiative heat transfer
might be decreased by very small surface roughness.61 For the
case of curved surfaces such as spheres, it was demonstrated
that the surface roughness leads to an appreciable modifica-
tion in the well-established scaling law,62 which is illustrated
here in Fig. 4.

IV. CONCLUSION

Temperature-dependent infrared reflectivity measure-
ments in the far- and mid-infrared demonstrated that upon
the application of a thermal strain, changes in the defect
states occur in oxygen contaminated aluminum nitride. The
analysis of the measured spectra using the Kramers-Kronig
theorem showed that the observed changes in the defect
states lead to strong changes in the material complex infrared
dielectric function. These observations motivated us to inves-
tigate the implications of the alteration in the infrared dielec-
tric properties on the near-field radiative heat transfer
between parallel plates and identical nanospheres of oxygen

FIG. 5. Variation of the total conductance with sphere radius and separation
gap. Each symbol corresponds to a constant radius to gap ratio. Open symbols
correspond to the defect state occurring at high temperatures. Closed symbols
correspond to the defect state occurring at low temperatures. The difference
between the open and closed symbols indicates the amplitude of the modulation
of the near-field radiative heat transfer. Calculations were done until conver-
gence to the limit of parallel plates was observed.

FIG. 6. Total thermal conductance between two identical spheres of AlN as a
function of radius to gap ratio for both experimentally detected defect states.
Red symbols correspond to the defect state occurring at high temperatures. Red
symbols correspond to the defect state occurring at low temperatures.
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contaminated aluminum nitride. We demonstrated theoreti-
cally the possibility of significantly modulating the near-field
radiative heat transfer and controlling the modulation ampli-
tude in the two-sphere system via harnessing the drastic
changes in the infrared complex dielectric function of the
emitters. In our calculation, we adopted the fluctuational
electrodynamics formulation of thermal radiation and sto-
chastic Maxwell equations. We showed that the two-sphere
configuration allows modulating the near-field radiative heat
transfer through tuning between the experimentally observed
defect states in aluminum nitride and offers the opportunity
of dynamically controlling the modulation amplitude from
0% to 40% through tuning the radius to gap ratio. The high
piezoelectric properties of aluminum nitride render the possi-
bility of applying mechanical strains on the aluminum nitride
lattice by the application of an external electric field, and con-
sequently imitating the effect of thermal strain and modulating
the near-field radiative heat transfer at any temperature.
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