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This paper presents a significant effect of manganese ferrite nanoparticles (MnFe,O, NPs) on the
increase of the surface photoconductivity of semiconductors. Herein, the optical characterization

of photo-excited carriers of silicon coated with MnFe,0, NPs was studied by using THz time-domain
spectroscopy (THz-TDs). We observed that silicon coated with MnFe,O, NPs provided a significantly
enhanced attenuation of THz radiation in comparison with bare silicon substrates under laser
irradiation. The experimental results were assessed in the context of a surface band structure model

of semiconductors. In addition, photoconductive antennas coated with MnFe,O, NPs significantly
improved the efficiency of THz radiation generation and signal to noise ratio of the THz signal. This work
demonstrates that coating with MnFe, O, NPs could improve the overall performance of THz systems,
and MnFe,0, NPs could be further used for the implementation of novel optical devices.

Since nanoscale materials started to routinely appear in the literature almost two decades ago’, nanotechnology
based on nanoparticles (NPs) has attracted interest by many researchers from very diverse areas, such as biology,
physics, chemistry, engineering, materials science, and medicine. Recent developments based on nanomaterials
have found a variety of uses in industry and life science, such as waste treatment, solar cells?, optoelectronics,
light generation®, biomedicine*®, in-vitro diagnostic reagents®, and biological labeling’, amongst others. These
multifaceted applications mainly originate from specific size-related physicochemical properties present in many
nanomaterials. When the size of bulk materials is reduced down to the nanoscale, the relative number of sur-
face atoms to the total number of atoms in the material drastically increases®. Compared to bulk materials with
ordered crystalline structure, the surface atoms of nanomaterials present weak and unsaturated bonding states,
which drastically influence their surface properties. For instance, surface atoms of NPs present in general high
chemical reactivity for catalytic processes. Besides the high surface-to-volume ratio which is present in all NPs,
some NP materials also possess particular size-related properties when scaled down to the nanoscale. This is for
example true for the case of localized surface plasmons (e.g., plasmonic NPs?), fluorescence (e.g., quantum dots,
QDs!?), superparamagnetism (e.g., magnetic NPs!!), photocatalysis (e.g., titanium dioxide NPs!?), etc.
Recently, nanotechnology has extended into the field of terahertz (THz) technology. THz technology has
become increasingly attractive because of its potential applications'*~'¢. For the application of THz technology,
. a THz system requires two main components: an emitter and a detector'®-'?. THz emitters can be produced by
© various techniques, such as photoconductive (PC) antennas'”'#2%, superconductor?! and nonlinear crystals?.
. However, in comparison with other techniques*~?%, PC antennas are key players due to their high efficiency. In
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Figure 1. (a) TEM bright field image of MnFe,O, NPs (scale bar: 200 nm). The insert shows a HRTEM image
of one individual NP (scale bar: 15nm). (b) The corresponding histogram for the distribution frequency of
the core diameter f(d,), as produced by analysis of the TEM image with the free software Image] is based on
analyzing >300 NPs. The mean diameter of the inorganic cores was determined to be d.=15.06 £ 1.2 nm.

(c) UV-Vis absorption spectra A(X\) of MnFe,O, NPs in chloroform. (d) Magnetization versus magnetic field
M(H) curve of MnFe,0, NPs, measured at 300 K using a SQUID magnetometer. The saturation magnetization
was found to be about My =72 emu/g.

general, PC antennas are fabricated on semiconductor substrates, such as low-temperature-grown GaAs'>?>. In
order to improve their performance, a significant body of work has been focused on optimizing the structures
and substrates for PC antennas?-2%. However, most of these PC antennas have complex structures, which rely
on sophisticated fabrication techniques. Therefore, one key scientific challenge is to improve the performance
of PC antennas by cost-effective simple methods?*?-32. In this work, the effect of coating a silicon substrate with
MnFe,0, NPs on its PC properties was investigated. Based on this an approach to improve the performance of
PC antennas by utilizing a coating based on MnFe,O, NPs is presented. MnFe,O, NPs are low-cost materials,
present high-stability and environmental compatibility, which makes this type of coatings a potential candidate
for industrial applications.

Results and Discussion

Synthesis and characterization of manganese ferrite nanoparticles (MnFe,O, NPs).
Monodisperse MnFe,O, NPs were synthesized via thermal decomposition as described in the Methods Section,
based on a previously published protocol!!. The resulting MnFe,O, NPs were well dispersed in organic solvents,
having long-time colloidal stability. The elemental components in the MnFe,O, NPs were determined by induc-
tively coupled plasma mass spectrometry (ICP-MS), confirming that the Mn:Fe ratio was approximately 1:2 (cf.
Table S1 in the Supporting Information).The transmission electron microscopy (TEM) and high-resolution TEM
images (HRTEM) in Fig. 1a demonstrate that the MnFe,O, NPs present an uniform size and spherical structure.
The size distribution of the NPs was analyzed by using the software Image], yielding a diameter of inorganic core
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Figure 2. Schematic representation of a THz pulse transmitted through a NPOS substrate (a) and a bare silicon
substrate (b) under CW laser irradiation. (c) Waveforms of THz pulses I(t) transmitted through silicon and
NPOS substrates. (d) Amplitude transmissions T(P) of the THz pulses transmitted through the silicon and
NPOS substrates under laser irradiation with different lased powers P. The dotted lines represent fits to the
experimental data.

(d.) of 15 nm with variation ¢ < 5% (Fig. 1b). The hydrodynamic diameter of the MnFe,O, NPs dispersed in chlo-
roform was measured by dynamic light scattering (DLS), indicating a narrow size distribution (c¢f. Figure S1 in
the Supporting Information). The absorption spectrum of the MnFe,O, NPs was measured by UV-Vis absorption
spectrophotometry (Fig. 1¢). The spectra indicate that the NPs have no specific absorption in the NIR spectral
region. The magnetic properties of the MnFe,O, NPs were measured by a superconducting quantum interference
device (SQUID), and the resulting magnetization versus magnetic field curve M(H) is shown in Fig. 1d. This
curve exhibits a smooth loop without hysteresis loss, with a saturated magnetization value (M) of 72 emu/g. Thus,
the MnFe,O, NPs exhibit excellent superparamagnetic behavior.

Optical characterization of MnFe,O, NPs on silicon (NPOS) under laser irradiation. NPOS sub-
strates were fabricated by spin-coating of the MnFe,O, NPs on high resistivity silicon as substrate (details are
described in Methods Section, SEM images are shown in Figure S2). A bare silicon substrate without NPs was
used as control. To study the optical properties of NPOS substrate under laser irradiation (continuous wave (CW)
excitation at 808 nm), THz time-domain spectroscopy (THz-TDS) in transmission mode was simultaneously
performed, as shown in Fig. 2. The spot diameter of the CW laser was about 4 mm, fully overlapping with the THz
beam on the surface of the samples. The THz beam was directed to the sample at normal incidence by a focusing
lens, as shown in Fig. 2. The frequency bandwidth in the THz system was limited to 2.5 THz, since outside this
frequency range the signal was too weak to obtain an acceptable signal-to-noise ratio. The optical properties of
the NPOS substrate were investigated by changing the irradiation power of the CW laser. In addition, in order
to understand the THz response of NPs under laser irradiation, a bare quartz substrate and a NPs-coated quartz
substrate were used as control group.

For THz transmission measurements under laser irradiation, the THz signals transmitted through the
samples consisted of pulsed waveforms. The waveforms of THz pulses transmitted through the silicon and
NPOS substrates under the laser irradiation with different powers are shown in Figure S9 (cf. Figure S9 in the
Supporting Information). The amplitudes of the THz pulses transmitted through the NPOS substrates, as well
as the amplitudes of the THz pulses transmitted through bare silicon substrates, decreased as expected upon
increasing the power of the laser irradiation. Furthermore, under no laser irradiation, the waveform of THz pulse
transmitted through the NPOS substrate was almost identical to the one of the bare silicon substrate, as shown in
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Figure 3. (a) Waveforms of THz pulses transmitted through quartz and MnFe,O, NPs on quartz (NPOQ)
substrates. (b) Amplitude of the transmissions of the THz pulses transmitted through quartz and NPOQ
substrates under laser irradiation with different laser powers, demonstrating that the NPs do not absorb THz
excitation.

Fig. 2. This demonstrates that the absorption of MnFe,O, NPs in the THz frequency range is negligible. Moreover,
under no laser irradiation (P = 0), the waveform of THz pulses transmitted through NPOQ substrates was almost
identical to the one through bare quartz substrates, as shown in Fig. 3a. The coeflicients of the transmissions of
THz pulses transmitted through NPOQ substrates, as well as the one transmitted through bare quartz substrates,
was almost identical and constant (T= 1) upon increasing the power of the laser irradiation, as shown in Fig. 3b.
This demonstrates that the absorption of MnFe,O, NPs at 808 nm wavelength of CW laser excitation is negligible.

To account for the differences of THz transmissions between NPOS and bare silicon substrates under laser
irradiation, we further compared the amplitudes of the THz pulses transmitted through NPOS substrates with the
ones transmitted through bare silicon substrates. The amplitudes of both pulses were normalized with respect to
the amplitude of the THz pulse transmitted through bare silicon under no laser irradiation. We found that in both
cases, the amplitudes of the transmissions slowly decreased by increasing the power of the laser irradiation, as
shown in Fig. 2d. The transmission-dropping in the case of the NPOS substrate was significantly higher than in
the bare silicon substrate. When the power of laser irradiation was about P ~0.41 W, the transmission change
(AT ypos/ TS| - 100% = 90%) in NPOS substrate was significantly higher than the transmission change
(ATg/Tg| - 100% ~ 28%) of the bare silicon substrate, as shown in Fig. 2d. On the other hand, the amplitude
transmissions through NPOS were in a good agreement with that predicted by simulations obtained by a theoret-
ical model based on band theory, which is described in the Supporting Information. The proposed modeling and
the experiments on bare silicon substrates yielded similar results, except for low irradiation powers (P < 0.2 W).
We speculate that this discrepancy may arise from partial beam blocking by the NPOS substrates, resulting in a
less efficient production of photo-excited carriers. Yet for laser irradiation above P = 0.2 W; the effect of the afore-
mentioned phenomenon is negligible. Since the amplitude of the THz pulse transmitted through a sample is
inherently correlated with the conductivity of the conducting layer of the sample, for the same irradiation power,
the conductivity in a NPOS substrate is significantly higher than in a bare silicon substrate. This explains the
higher density of photo-excited carriers in NPOS as compared to bare silicon substrates. In parallel, we also inves-
tigated THz transmission amplitudes through different NPOS substrates based on a series of different NPs under
laser irradiation with different powers P (cf. Figures S3, S4 and S5 in the Supporting Information), and we com-
pared different magnetic NPs with similar size to exclude the effect of magnetic response of NPs on the photocon-
ductivity of the semiconductors (cf. Figures S7 and S8 in the Supporting Information). We found that all
NP-coated silicon substrates slightly decreased the transmissions as compared to bare silicon substrates with
increasing the laser power. However, the NPOS substrates based on MnFe,0, NPs exhibited the biggest effect of
all tested NPs, which could be explained by the properties of materials tested here in the Supporting Information.
Hence, our experiments demonstrate that coating with MnFe,O, NPs significantly provides an enhanced attenu-
ation of THz radiation in comparison with bare silicon substrates under laser irradiation.

Performance of MnFe,0, NP coated PCantennas. PC antennas were used to verify the potential appli-
cation of MnFe,O, NPs in the THz region. The PC antenna used herein consisted of a simple stripline structure
of metal film and a low-temperature-grown GaAs substrate. A schematic of the PC antenna used herein is shown
in Fig. 4. A femtosecond (fs) pulsed laser (central wavelength of 780 nm, 155 fs pulse duration) was used to pump
the PC antenna to generate THz radiation. The PC antenna was biased with an AC voltage of frequency. First, the
fs laser was focused on the uncoated PC antenna to generate THz radiation as reference signal. Equivalently, the
NPs-coated antenna was used to generate THz radiation as sample signal. These measurements were performed
6 times, to ensure the reproducibility of the experimental results.

From this experiment, it is observable that, under equal pumping conditions, the amplitude of the THz signal
from the NP-coated PC antenna (sample signal) was significantly higher than that of the reference signal
(uncoated antenna), as illustrated in Fig. 4c. Likewise, in the time-frequency transformation, the signal-to-noise
ratio of the NP-coated antenna was improved as compared to the uncoated antenna, as shown in Fig. 4d. The
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Figure 4. Experimental schematic of THz pulses generated from (a) an uncoated PC antenna and (b) from a
PC antenna coated with MnFe,O, NPs under fs laser pumping. (c) Waveforms of THz pulses generated from the
uncoated PC antenna and the PC antenna coated with MnFe,O, NPs. (d) The emission spectra of THz pulses
generated from the uncoated PC antenna and the PC antenna coated with MnFe,O, NPs.

electric field Epy;, of THz radiation as generated from a PC antenna'*?>?° is expressed as
ETHZ(t, 7) = % P X|T x @ . Here, 7 is the vector in the direction of the observation and 7(t)is the
4megcr t

time-dependent photocurrent density. According to this equation, the correlation between the electric field of
THz radiation and the photocurrent density can be described by Ey;, (£) o %14. Therefore, the electric field of

THz radiation is enhanced by increasing the photocurrent density in the PC antenna. The coating of MnFe,0,
NPs on the PC antenna can increase the carrier density, so that the photocurrent density also increases in the PC
antenna. The experimental results of the here used PC antennas demonstrate that addition of MnFe,O, NPs can
increase the THz radiation generation efficiency of PC antennas. In addition, the MnFe,O, NPs improve the
signal-to-noise ratio of the THz signal generated from the PC antenna, which plays an important role in the per-
formance of THz systems. Therefore, the usage of MnFe,O, NPOS substrates can improve the performance of
THz systems.

Conclusion

In conclusion, we demonstrated that coating with MnFe,O, NPs can be used to improve the performance of PC
antennas in the THz region. Our experiments demonstrate that coatings with MnFe,O, NPs provided a new
approach to increase the photocurrent density on silicon under CW illumination. In order to understand the
effect of MnFe,O, NPs on photo-excited silicon, a semiconductor model was proposed to describe this phenom-
enon. We used this model to calculate the transmission amplitudes of THz pulses transmitted through NPOS
and bare silicon substrates under laser irradiation with different powers. Because the effect of MnFe,O, NPs on
silicon significantly provides an enhanced attenuation of terahertz wave, NPOS has the potential to be used as an
optical modulator in the THz region. This may lead to a cost-efficient component for THz-TDS systems operating
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in transmission mode. Hence, MnFe,O, NPs have the potential application to increase the overall performance
of THz-TDS systems. Furthermore, MnFe,0, NPs could be used for the implementation of novel optical devices.

Methods

Synthesis of monodisperse MnFe,O, NPs. The synthesis method for monodisperse MnFe,O, NPs (core
diameter ~15nm) is based on the previously published protocols from Sun and Zhang'"**. In order to acquire
the desired size, the synthesis was separated into a seed synthesis process and a seed-mediated growth process.

Briefly, iron(III) acetylacetonate (Fe(acac); 2 mmol), manganese(II) acetylacetonate (Mn(acac),, 1 mmol)
and 1,2-hexadecanediol (10 mmol) were placed in a 100 mL three-neck flask in the presence of oleic acid (OLA,
6 mmol), oleylamine (OLAM, 6 mmol), and 10 mL of benzyl ether. Under magnetic stirring, the mixture was
firstly degassed at 100 °C with vacuum for 30 min. Under the protection of nitrogen flow, the mixture was slowly
heated up to 200 °C and aged for 2 h, and then heated again to 300 °C with keeping this temperature for 1h. The
reaction was stopped by removing the heating mantle, followed by the addition of ethanol (~40 mL) to precipitate
black-colored seeds with centrifugation (3000 rpm, 10 min). After removing the supernatant, the precipitate was
dissolved in hexane in the presence of 10 pL mixture of OLA and OLAM, which served for stabilizing the NPs.
Centrifugation (3000 rpm, 10 min) was applied again in order to remove aggregates. The product, i.e. the super-
natant with MnFe,O, NPs of around 10 nm core diameter, was harvested by centrifugation (3000 rpm, 10 min)
under the addition of sufficient ethanol. The NP precipitate was then redispersed in chloroform at a concentration
of 20mg/mL.

In order to produce MnFe,O, NPs of 15nm core diameter, a seed-mediated growth process was used by grow-
ing a shell on the previously described 10 nm diameter MnFe,O, NPs seeds. Specifically, 2 mmol of Fe(acac)s,
1 mmol of Mn(acac),, 10 mmol of 1,2-hexadecanediol were mixed with 50 mg MnFe,O, seeds (dissolved in 2.5 mL
CHCl;), 2mmol of OLA, 2 mmol of OLAM and 20 mL of benzyl ether. The mixture was magnetically stirred at
100°C for 20 min under vacuum to remove CHCl;. Under the protection of nitrogen flow, the temperature was
raised slowly to 200 °C, and the solution was left for 1 h at this temperature. Then the temperature was again
increased with the same heating speed up to reflux (~300°C) for 30 min. The black-colored mixture was cooled
down to room temperature (R.T.) by removing the heating mantle. The NPs were washed by repeated precipita-
tion and redissolution as described above. Finally, the resulting 15nm diameter MnFe,O, NPs were dissolved in
20mL of CHCl,.

Fabrication of manganese ferrite nanoparticles on a silicon (NPOS). The monodisperse manga-
nese ferrite NPs were immobilized on a silicon substrate to fabricate a NPOS system via a spin coating process®.
Typically, a silicon substrate (resistivity >2000 Q- cm, cut from a 0.5-mm thick wafer), was firstly cleaned 3 times
with acetone solution. Then 50 uL of manganese ferrite NPs (dispersed in chloroform at a NP concentration of
2mg/mL) was casted on the surface of the silicon substrate with a rotating speed of 100 rpm for 10s.
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