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ABSTRACT: Electromagnetic interactions in the microelec-
tronvolt (μeV) or microwave region have numerous important
applications in both civil and military fields, such as electronic
communications, signal protection, and antireflective coatings
on airplanes against microwave detection. Traditionally,
nonmagnetic wide-bandgap metal oxide semiconductors lack
these μeV electronic transitions and applications. Here, we
demonstrate that these metal oxides can be fabricated as good
microwave absorbers using a 2D electron gas plasma resonance
at the disorder/order interface generated by a hydrogenation
process. Using ZnO and TiO2 nanoparticles as examples, we show that large absorption with reflection loss values as large as
−49.0 dB (99.99999%) is obtained in the microwave region. The frequency of absorption can be tuned with the particle size and
hydrogenation condition. These results may pave the way for new applications for wide bandgap semiconductors, especially in
the μeV regime.
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■ INTRODUCTION

Microelectronvolt (μeV) electromagnetic radiation or micro-
waves play vital roles in our daily lives in providing for our
community welfare and homeland security.1−4 They are widely
used in telecommunication, spacecraft communication, wireless
communication, radar detection, and satellite navigation,
among others.1−4 Microwave coating materials with μeV
absorption properties have been applied on electronics and
devices to prevent signal leakage during communication and on
aircraft to reduce radar detection in battlefields. Traditional
coating materials include ferromagnetic nanoparticles1,2 or
conductive fillers in polymers.3 Typical mechanisms for
absorbing microwaves are electronic diffusive transport,4 dipole
rotations,3,5 or ferromagnetic resonances.1,2,6 Nonmagnetic
wide-bandgap semiconductors are usually not good microwave
absorbers. Blocked by the large energy bandgap in electron
volts, their electronic transitions are not in tune with
electromagnetic irradiation with energies much lower than
their bandgaps. However, if fabricated into nanoscale
heterostructures, their electronic states having quantized sub-
band energy levels have been proven active in absorbing low-
energy photons in the infrared,7 or even terahertz regions.8

Moreover, in response to electromagnetic radiation, low-energy
plasma oscillations can be aroused from two-dimensional
electron gas (2DEG) at the interfaces of semiconductor
heterostructures as the terahertz detectors.9,10 Unlike plasmons

of bulk metals that show optical frequencies, plasmons in
2DEG of semiconductors behave differently: their frequency
goes to zero as the wave vector goes zero and is tuned by the
shape and dielectric properties of the semiconductors.9,11

Therefore, in principle, 2DEG of semiconductors can also
interact with even lower frequency electromagnetic waves, such
as microwaves. In this study, we demonstrate that traditional
wide-bandgap semiconductors can be fabricated with good
microwave absorbing performance based on absorption by
2DEG plasmons at order/disorder’s interfaces. As 2DEG
plasmons have not been suggested for μeV microwave
absorption, this work may lead to a new family of microwave
absorbing materials.

■ RESULTS AND DISCUSSION

Theoretical Consideration. Historically, plasmons in
2DEG were first observed on the liquid helium surface,12 in
inversion layers of Si-SiO2 structures,11 and later on other
semiconductor interfaces, such as AlGaAs\GaAs.13 Due to the
charge imbalance at interfaces between semiconductors, the
bending of electronic bands may indeed form the quantum well
structures, with typical widths on the order of 10 nm,13 that
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effectively trap conductive electrons, forming a so-called 2DEG
there. Usually, the heterostructures for producing such 2DEG
are composed of two different semiconductors with alien
dopants for energy offset of electronic bands and imbalanced
charges. Recently, it was shown the heterostructure interfaces of
semiconductors can be produced by hydrogenation-induced
surface disorder.14−17 The concept of hydrogenating nano-
semiconductors with structural-disordered shells (i.e., “disor-
der-engineering”), was proposed for enhancing the photo-
catalytic activity of TiO2 nanocrystals under solar radiation.

14,15

Because a band offset as large as 2.18 eV has been observed
between the disordered surface and the crystalline core of TiO2
nanocrystals,14 2DEG will naturally exist at their order/disorder
interfaces, which in this case produces a spherical 2DEG.
Unlike conventionally making 2DEG with semiconductor
processing techniques, producing 2DEG with “disorder-
engineering” here suggests a new way to chemically produce
2DEG electronics or plasmonics. Using TiO2 and ZnO
nanocrystals as examples, we show wide-bandgap semi-
conductors can be disorder-engineered into highly efficient
microwave absorbers with 2DEG plasmons.
We have proposed a collective movement of interfacial

dipole (CMID) mechanism with the core/shell TiO2 nano-
particles in our previous study.5 Here, the mechanism is further
expanded to include the 2DEG-plasmon enhanced microwave
absorption. It is well-known that the plasma frequency18 of the
free electron gas can be calculated by ωp = (nee

2/ε0m*)
1/2,

where ne and m* are the electron density and effective mass,
respectively. For TiO2 and ZnO, we set m* = 0.8me and 0.29me
respectively,19,20 and calculated their plasma frequency in bulk
phase as shown in Figure 1A. As expected, Figure 1A
demonstrates that if with an electron density of about 1013/
cm3, the plasma frequency of both semiconductors falls in the
microwave region. To examine the plasmon behavior of a
spherical 2DEG, we employed a 2DEG shell model where the

spherical semiconductor inclusions are ingrained into a
pyroelectric matrix.21 While a conductive sphere can support
Mie plasmon modes, each of these modes splits into a doublet
of spherelike and voidlike modes in a conductive shell.22 Figure
1B,C presents the calculated electric-field distributions at the
resonances of sphere-like and void-like modes for 2DEG
constrained in spherical shell. Figure 1D presents the resonance
plasmon frequency of sphere-like and void-like modes versus
the ratio of inner and outer radii of the spherical shell, a1/a2. It
is reasonable to approximate a1/a2 = 0.9 (the thickness of
2DEG is ∼10 nm and the radius of TiO2 and ZnO is ∼100
nm); we then find the resonance plasmon frequency of 2DEG
is about 0.1ωp and 0.4ωp for TiO2 and ZnO nanocrystals,
respectively. While ωp scales monotonically on the electron
density, in principle, the frequency of 2DEG plasmon in these
disordered nanocrystals can be tuned to microwave region
upon hydrogenation that donates electrons.

Structural Properties. The 2DEG plasmon was exper-
imentally produced on ZnO nanoparticles by heating under a
high-pressure hydrogen atmosphere at high temperature. It
directly induced a disordered lattice (Figure 2A) from the well-
crystallized lattice in the pristine ZnO nanoparticle (Figure 2B),
as seen in those high-resolution transmission electron
microscopy (HRTEM) images. The hydrogenated nanoparticle
did not reveal clear lattice fringes, while the pristine
nanoparticle showed well-resolved lattice fringes and single
crystalline nature. In contrast, heating pristine nanoparticles in
air without hydrogen caused high crystallinity (Figure S1A, SI).
In addition to the amorphization, particle growth to 150 nm
(Figure 2C) was observed after hydrogenation from the small
size of 15 nm of the pristine nanoparticles (Figure 2D), based
on the low-resolution transmission electron microscopy (TEM)
images. This growth was mainly due to the heating effect which
was also observed on pristine ZnO nanoparticles heated in air
(Figure S1B, SI).
The disordered lattice was confirmed with the weakened

lattice vibrational features at around 115 and 459 cm−1 and
increased defect-like luminescent background in their Raman
spectrum (Figure 2E), in comparison to the strong peaks of
pristine ZnO nanoparticles at around 115, 228, 350, 459, 697,
969, 1136, and 1479 cm−1, attributed to the E2

low, 2TA (A1)
(2E2

low), A1 (E2, E1), E2
high, A1 (2TO), A1 (TO + LO), A1(LO)

and 2E1(LO) vibrational modes.23 X-ray diffraction (XRD)
examination revealed both nanoparticles had similar strong
diffraction peaks (Figure 2F). The average crystalline grain size
calculated using the Scherrer equation14,24 showed 18.8 and
14.3 nm for hydrogenated and pristine ZnO nanoparticles,
respectively. Heating pristine ZnO nanoparticles in air under
the same condition gave a crystalline size of 19.1 nm (Figure
S2, SI). Apparently, heating was responsible for such growth of
crystalline grains as well. As the size of the nanoparticles was
much larger than the crystalline grains after heating, aggregation
apparently occurred during the heating. Because Raman is more
surface sensitive than XRD, the aforementioned results
suggested that the hydrogenated ZnO nanoparticles likely
had a crystalline/amorphous core/shell structure, consistent
with our previous findings in hydrogenated black TiO2
nanoparticles.14,16

Dielectric Properties. The microwave absorption of
hydrogenated ZnO nanoparticles was studied by examining
their complex permittivity and permeability in the frequency
range of 1−18 GHz. The real part ε′ and μ′ are related to the
stored electrical and magnetic energy within the medium; the

Figure 1. (A) Plasma frequency of the free electron gas in bulk TiO2
(solid line) and ZnO (dashed line), respectively; Calculated electric-
field distributions at the resonances of sphere-like (B) and void-like
modes (C) for 2DEG constrained in spherical shell, with inner and
outer radius of a1 = 90 nm, a2 = 100 nm; (D) The resonance
frequency of sphere-like (solid line for TiO2 and dashed line for ZnO)
and void-like (dash-dotted line for TiO2 and dotted line for ZnO)
modes versus the ratio of inner and outer radius of the spherical shell,
a1/a2.
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imaginary part ε″ and μ″ are related to the dissipation (or loss)
of electrical and magnetic energy; their ratios and the dielectric
and magnetic dissipation factors, tgδε = ε″/ε′ and tgδμ = μ″/μ′,
provide a measure of how much power is lost in a material
versus how much is stored.25−28

Much higher ε′ and ε″ values were achieved after
hydrogenation disorder perturbation (Figure 3A). This was
consistent with the proposed 2DEG in the theoretical section
that large changes of dielectric constants were expected at the
interfaces of the crystalline/amorphous core/shell structure of
hydrogenated ZnO nanoparticles. The average ε′ was around
13.0 (decreasing gradually from 15.4 at 1.0 GHz to 10.4 at 18.0
GHz), compared to 3.1 of the pristine ZnO nanoparticles/
epoxy composites. A 21.5-fold increase was obtained after
taking out the contribution of the epoxy (2.5 at X-band
frequency28). The average ε″ value of hydrogenated ZnO
nanoparticles/epoxy composites increased to 3.5 (gradually
from 2.8 at 1.0 GHz to 4.4 at 18.0 GHz), from 0.03−0.1
(except 0.4 near 1 and 16 GHz) of the ZnO nanoparticles/
epoxy composites (Figure 3B). A 44-fold increase was obtained
after taking out the contribution of the epoxy (0−0.02 at X-
band frequency28). These results suggested that the hydro-

genated disorder perturbation caused large increases in both
storing and dissipating the electrical energy of the μeV
electromagnetic field. Meanwhile, only small changes were
observed on μ′ and μ″ upon hydrogenation. The μ′ increased
slowly from 0.92 at 1.0 GHz to 1.01 at 6.0 Hz and then
decreased to 0.92 at 18.0 GHz, compared to the slight increase
from 0.95 at 1.0 GHz to 1.02 at 18.0 GHz of pristine ZnO
nanoparticles (Figure 3C). The μ″ values for both samples
decreased as the frequency increased from about 0.45−0.50 at
1.0 GHz to 0.10 at 18.0 GHz (Figure 3D).
While disorder-hydrogenation mainly affected the permittiv-

ity rather than the permeability, the measurements of
dissipation factors confirmed its dominant role in enhancing
the dielectric performance of ZnO nanoparticles. The average
tgδε value was around 0.31 (0.11 at 1.0 GHz to 0.43 at 18.0
GHz), 10 times of that (0.03) of the pristine ZnO nanoparticles
(Figure 3E). The tgδμ value decreased slowly from 0.55 at 1.0
GHz to 0.10 at 18.0 GHz, slightly lower in the frequency region
of 4.7−16.0 GHz but higher in other regions than that of
pristine ZnO nanoparticles (Figure 3F). In contrast, heating
ZnO nanoparticles in air did not bring large changes in the

Figure 2. HRTEM images of (A) hydrogenated and (B) pristine ZnO nanoparticles, TEM images of (C) hydrogenated and (D) pristine ZnO
nanoparticles, (E) Raman spectra and (F) XRD patterns of (a) pristine and (b) hydrogenated ZnO nanoparticles.
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complex permittivity, permeability or the efficiency values
across the same microwave frequency region (Figure S3, SI).
Microwave Absorption Performance. The electromag-

netic reflection loss (RL) curves were calculated according to
the following equations:29

με π με=Z Z fd c( ) tan h [j(2 / )( ) ]r r r rin 0
1/2 1/2

(1)

= | − + |Z Z Z ZRL (dB) 20 log ( )/( )in 0 in 0 (2)

= P PRL (dB) 10 log ( / )i r10 (3)

where f is the frequency of the electromagnetic wave, d is the
thickness of the absorber, c is the velocity of light, Z0 tis he
impedance of free space, Zin is the input impedance of the

absorber, RL (dB) is the reflection loss, Pi is the incident power,
and Pr is the reflected power. A material with a RL value of less
than −30 is regarded as an excellent absorber, as this
corresponds to 99.999% reflection loss or absorption.
Ultimately, an ideal absorber would absorb 100% of the
irradiation. Hydrogenated ZnO nanoparticles (with a thickness
of 3.0 mm) showed very negative RL (dB) values in the range
of 1.0−18.0 GHz with a valley value of −37.8 at around 15.3
GHz (Figure 4A), compared to a RL (dB) value of −0.5 (with a
peak −4.0) at around 15.9 GHz of pristine ZnO nanoparticles.
A RL (dB) value of −37.8 suggested a 99.9999% absorption,
and a −4.0 responded to a 60% absorption. As expected,
hydrogenated disorder largely improved the μeV absorption of
ZnO nanoparticles. On the other hand, heating ZnO

Figure 3. (A) Real part (ε′) and (B) imaginary part (ε″) of the complex permittivity, (C) real part (μ′) and (D) imaginary part (μ″) of the complex
permeability, and (E) electrical (tgδε) and (F) magnetic (tgδμ) dissipation factors in the microwave/μeV region of pristine and hydrogenated ZnO
nanoparticles.
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nanoparticles in air barely increased the absorption (Figure S4,
SI).
To test the flexibility of this method, we fabricated a series of

hydrogenated ZnO nanoparticles under different hydrogena-
tion conditions and sizes. All hydrogenated ZnO nanoparticles
displayed RL peak values more negative than −30 (Figure 4B),
that is, they had excellent microwave absorbing performance.
Upon size and hydrogenation variation, the frequency regions
of the RL peaks of the hydrogenated ZnO nanoparticles can be
tuned from 12.7 to 17.0 GHz, and the RL (dB) peak values can
be tuned from −38.0 to −49.0. All the hydrogenated ZnO
nanoparticles achieved 99.9999% reflection loss at particular
frequencies in the microwave range. We further examined the
same concept on TiO2 nanoparticles. Similar enhancement in
absorption has also been achieved in the microwave region for a
series of hydrogenated TiO2 nanoparticles (Figure 4C,D). The
changes of frequency of microwave absorption of hydrogenated
ZnO and TiO2 nanoparticles prepared under various conditions
demonstrate that the microwave absorption can be tuned with
the particle size and hydrogenation condition. As these
hydrogenated ZnO and TiO2 nanoparticles were prepared by
hydrogenation for various reaction times, their particle sizes
changed correspondingly, resulting in variable structural
properties, that is, the different parameters of the disordered/
crystalline core/shell structures and, thus, different influences of
the 2DEG on the dielectric constants and microwave
absorption performance. In addition, based on previous
studies,3,27,28 the microwave absorption can be further tuned

with the weight percentage of hydrogenated ZnO and TiO2
nanoparticles within the paraffin wax.

Possibility of Other Mechanisms. Traditional mecha-
nisms such as dipole rotation or ferromagnetic resonance do
not seem to be valid here because neither permeability values
nor dissipation factors of these nanoparticles show sensitive
change after hydrogenation, and dipole rotation from polar
groups did not induce good microwave absorption either. The
lack of ferromagnetic resonance can be seen from the similar
permeability values between the pristine and hydrogenated
ZnO nanoparticles as shown in Figure 3. Fourier transform
infrared measurements showed the disappearance of the OH
vibrations after hydrogenation, compared to the obvious OH
vibration centered at 3370 cm−1 (O−H stretching of strongly
adsorbed H2O

30,31 of pristine ZnO nanoparticles (Figure S5,
SI). Instead, an increasing background absorption was observed
with decreasing wavenumber, and the characteristic peaks at
around 879, and 676 cm−1 of the Zn−O network became weak.
These changes could be attributed to defects (e.g., oxygen
vacancy or free electrons, hydrogen dopant) in the hydro-
genated ZnO nanoparticles for increased charge concentration.
Pristine ZnO nanoparticles had additional peaks from polar
groups at around 1564 and 1430 cm−1 from CO and C−O
stretching, and peaks at 1338 and 1022 cm−1 separately label
the C−O vibrations and the vibrations in the carboxylic ionic
COO− complex derived from the acetate precursor.32 Although
pristine ZnO nanoparticles had more polar groups, they display
much poorer absorption in the microwave region.

Figure 4. Reflection loss (RL) in the microwave/μeV region of pristine and hydrogenated (A) ZnO and (C) TiO2 nanoparticles, hydrogenated (B)
ZnO and (D) TiO2 nanoparticles obtained under various hydrogenation conditions.
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■ CONCLUSIONS
In summary, we have demonstrated that hydrogenated wide
bandgap metal oxides (e.g., ZnO) can be fabricated with
excellent microwave absorbing performance utilizing plasma
resonance absorption at the disorder/order interface developed
through a hydrogenation process. Large reflection loss or
absorption (−49.0 dB RL, 99.99999% absorption) has been
obtained in the microwave region. Moreover, the absorption
frequency can be tuned with particle size and hydrogenation
condition. These results may pave the way for new applications
for wide-bandgap semiconductors, especially in the micro-
electronvolt regime, for numerous civil and military applica-
tions.

■ METHODS
Calculation Details. According to Mie scattering theory,22 the

polarizability of 2DEG confined in a spherical shell can be taken as

α π
ε ε ε ε ε ε ε ε

ε ε ε ε ε ε ε ε
=

− + + − +
+ + + − −

a
f
f

4
( )( 2 ) ( )( 2 )

( 2 )( 2 ) (2 2 )( )2
3 2 m 1 2 1 2 m 2

2 m 1 m 2 m 1 2

where f = (a1/a2)
3; a1 and a2 are the inner and outer radius the

spherical shell, respectively; and ε1, ε2, and εm are the permittivity in
the core, the shell, and the surrounding medium, respectively. Here,
according to the free electron model, the dielectric function of the free
electron gas18 can be written as ε(ω) = ε∞ − ωp

2/(ω2 + iγω), where γ
is the collision frequency. The resonance condition of spherical 2DEG
can be calculated by solving the equation:

ε ε ε ε ε ε ε ε+ + + − − =f( 2 )( 2 ) 2 ( )( ) 02 m 1 m 2 m 1 2

where the permittivity of the shell ε2 can be substituted as ε2 = ε∞ −
ωp

2/ω2 in the case that γ is small. Here, ε1 = ε∞ = 2.6 is set for TiO2,
and ε1 = ε∞ = 2.0 for ZnO. We assume the surrounding medium is air,
and thus, εm = 1.
Nanoparticle Synthesis. Pristine ZnO nanoparticles were

prepared from a precursor solution consisting of sodium hydroxide,
zinc acetate, ethanol, and water. The solution was stirred for 15 min,
and the white precipitates were filtered, washed with deionized water,
and dried to obtain ZnO nanoparticles. The TiO2 nanoparticles were
prepared following a previous method.5 Hydrogenated and calcined
nanoparticles were obtained by heating pristine nanoparticles under
hydrogen and air atmospheres at 600 °C for 5 h. The pristine ZnO and
TiO2 nanoparticles were used as control groups to study the changes
brought by the hydrogenation. Two series of hydrogenated ZnO and
TiO2 nanoparticles were prepared by heating ZnO and TiO2
nanoparticles under hydrogen atmospheres for 1−4 h to demonstrate
that the frequency of absorption can be tuned with the particle size
and hydrogenation conditions. The samples were labeled as hydro-
genated ZnO-1, -2, -3, -4 and hydrogenated TiO2-1, -2, -3, -4,
respectively.
Property Characterization. TEM was performed on an FEI

Tecnai F200 transmission electron microscope. The electron
accelerating voltage was at 200 kV. The Raman spectra were collected
on an EZRaman-N benchtop Raman spectrometer with an excitation
wavelength of 785 nm. XRD was performed using a Rigaku Miniflex
XRD automated diffractometer using Cu Kα radiation and a Ni filter.
The FTIR spectra were collected using a Thermo-Nicolet iS10 FT-IR
spectrometer with an attenuated total reflectance (ATR) unit. ZnO
nanoparticles were pressed onto the ZnSe crystal of the ATR unit, and
the measurements were performed in air at room temperature.
The complex permittivity and permeability were measured using the

waveguide technique at the frequency range of 1−18 GHz with a
HP8722ES network analyzer.5,28 The nanoparticles were dispersed in
melted paraffin wax, and the mixture was cast into a ring mold with
thickness of 2.0 mm, inner diameter of 3 mm, and outer diameter of 7
mm. The content of nanoparticles was 60 wt % in mass, and the
testing was performed at room temperature. The microwave

absorption performance curves were calculated with eqs 1 and 2
with the values of complex permittivity and permeability.
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