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Abstract: In nondestructive evaluation of concrete structures, the far-infrared region, in-
cluding terahertz waves, which can penetrate concrete and measure the amount of corro-
sion in the internal steel, has attracted much attention. Magnetite has the potential to be
used as a far-infrared detection device that meets the requirements for nondestructive
evaluation devices, such as room temperature operation and portability, while also hav-
ing a low environmental impact. In this study, the sensitivity of magnetite thin films with
different concentrations of Pt to electromagnetic waves at a wavelength of 10.6 um was
evaluated and compared: nanocomposite with Pt nanocrystals despersed in magnetite
thin films were prepared by radio-frequency sputtering, electrodes were prepared by a
photoresist process, and the resistance variation was recorded after irradiation with 10.6
um pulse electromagnetic waves. As a result, it was experimentally confirmed that the
peak of response was the maximum at the amount of Pt added where the electrical resis-
tivity reached 12,000 pQcm, and the S/N ratio was the maximum at the amount of Pt
added where the electrical resistivity reached 14,000 puQcm. This indicates that Pt-doped
magnetite with a Pt content of 14,000 puQcm electrical resistivity is suitable as a far-infra-
red detector element material.

Keywords: Magnetite; Integration; Photodetector; Terahertz wave; Nondestructive eval-
uation

1. Introduction

Electromagnetic waves in the far-infrared region, including terahertz waves, can pen-
etrate concrete and measure reflected waves from internal reinforcing steel. In addition,
the frequency range of this region is less harmful to the human body because the energy
is close to room temperature [1]. Because of these characteristics, nondestructive evalua-
tion of concrete structures using electromagnetic waves in the far-infrared region, in-
cluding terahertz waves, has attracted much attention. However, the challenge for prac-
tical use is that few detectors have practical features such as stable operation in environ-
ments above room temperature, high sensitivity to detect faint scattered light, and port-
ability to work in high places. Although the development of detector arrays in the te-
rahertz wave range has also been studied, they have not yet been implemented in soci-
ety [2]. Table 1 ranks the major single element infrared detectors from 1 to 5 in terms of
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nondestructive evaluation , including device size, device weight, operating environ-
ment, power supply size, detection sensitivity, and broadband response. The closer the
level is to 1, the more suitable it is for nondestructive evaluation, and the closer to 5, the
less suitable. There is a trade-off between sensitivity and items related to portability, in-
cluding size, weight, and operating environment; the higher the sensitivity, the less port-
able the device. Currently, the detectors in practical use that have performance similar to
the practical functions described above are narrow bandgap semiconductor detectors.
These semiconductors use rare and highly toxic materials to the human body, such as
mercury (Hg) and cadmium (Cd). The future widespread use of nondestructive evalua-
tion applications in the far-infrared region, including terahertz waves, will require detec-
tors made of materials that are practical, yet safe and have a low environmental impact.
Therefore, we focused on magnetite (FesOs), which has a band gap of 0.1 eV [3], and
evaluated the photoresponse of magnetite. Magnetite is a type of iron oxide, which is
abundant in the earth and can be reused by refining, thus having a low environmental
impact. Furthermore, it is highly biodegradable and has low toxicity to the human body
[4]. Another advantage of magnetite, an iron oxide, is that the band gap can be tuned. It
has been reported that when Zn is added to a-Fe2O3, which is an iron oxide like mag-
netite, the band gap decreases at Zn concentrations up to 4% [5], and by changing the
structure by introducing defects, etc., a response in the low-frequency range can be ex-
pected.In our previous study, magnetite thin films with an area of approximately 10 x 10
mm? deposited by radio-frequency (RF)sputtering were irradiated with pulsed electro-
magnetic waves of 10.6 um wavelength (=28 THz = 0.12 eV) in a room temperature envi-
ronment to evaliate their response to electromagnetic waves [6]. This result indicates the
applicability of magnetite as a detector with portability and room temperature opera-
tion. The addition of 9.4 at.% platinum (Pt) reduced the resistance by two orders of mag-
nitude compared to no addition, but there was no significant difference in sensitivity [6].
Since the work function of Pt is larger than the electron affinity of magnetite [7], Pt nano-
crystals dispersed in a magnetite film are expected to capture the electrons generated in
magnetite before their lifetime expires. Therefore, the sensitivity of the detector is ex-
pected to be improved compared to magnetite without Pt, but in the previous study, the
relatively large number of Pt nanocrystals reduced the volume fraction of magnetite in
the thin film, which did not contribute to improved sensitivity [6]. In other words, detec-
tor sensitivity is a trade-off between the volume ratio of Pt nanocrystals and magnetite,
and the optimal Pt addition concentration needs to be clarified. In this study, magnetite
thin films with different Pt adding concentrations were irradiated with pulsed electro-
magnetic waves, and the sensitivity was evaluated.

Table 1. Ranks of major infrared detectors in nondestructive detection

Detector Size Weight | Environ- | Power Sensitivity Broad- | Average
ment supply band
HgCdTe(MCT) 2 2 5 2 2 4 2.8
InSb, PbSe 2 2 2 1 3 5 2.5
Si bolometer 5 5 5 5 1 1 3.7
DTGS 2 2 3 2 4 2 2.5
Golay cell 3 3 4 5 3 3 35
Photoconductive antenna | 5 5 5 2 3 2 3.7
Schottky barrier diode 1 1 1 2 3 3 1.8

2. Methods
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Nanocomposite thin films with Pt nanocrystals despersed in magnetite was deposited
on a glass substrate of approximately 10 x 10 mm? by RF sputtering, and the concentra-
tion of Pt addition was controlled by the number of Pt chips attached to the magnetite
target. Table 2 shows the Pt concentration, electrical resistivity, and number of Pt chips
used for each sample. The platinum concentration was measured by Energy Dispersive
X-ray Spectroscopy (EDS). Although the platinum addition concentrations of samples #4
and #5 are the same, the electrical resistivity (Four-terminal measurement) and the num-
ber of platinum chips are different, so the concentrations are considered to vary below
the resolution of EDS. Electrodes were prepared by photolithography using a maskless
exposure system (DL-1000GS/SS, NanoSystem). Resist (OFPR-800, Tokyo Ohka Kogyo
Co., Ltd.) was applied to the substrate and exposed with g-line (wavelength 436 nm).
The electrode was made of platinum and prepared by RF sputtering: RF power was 400
W, sputtered for 6 min, and an electrode of approximately 120 nm was deposited. The
irradiated electromagnetic wave was a CO: laser with a wavelength of 10.6 um and a
power density of 0.04 W/cm?, adjusted to a pulsed wave by a chopper. Pulse widths
were adjusted to 0.5 s, 0.25 s, 0.1 s, 0.0625 s, and 0.05 s. Measurements were made by
probing the padded portion of the electrode and measuring the resistance. Differentiated
time waveforms of resistance values were used in the analysis.

Table 2. Pt concentration, electrical resistivity and number of Pt chips in Pt-added FesOs samples

HgSample number Pt concentration (at.%) Electrical resistivity (z Qcm) Pt chips
#1 6.9 4.1X108 8
#2 6.3 4.6 X103 6
#3 3.8 6.6 X103 4
#4 1.6 1.2X10* 2
#5 1.6 1.4 X104 1
3. Results

The average peak intensity was calculated based on 10 response peaks. Figure 1(a)
plots the electrical resistivity on the horizontal axis and the average peak intensity on the
vertical axis. The response peaks of samples #4 and #5 with similar platinum addition
concentrations tended to be larger in sample #4. The signal-to-noise ratio was calculated
by dividing this peak intensity by the rms value of noise during 30 s. Figure 1(b) plots
electrical resistivity on the horizontal axis and signal-to-noise ratio on the vertical axis;
sample #5 has the highest signal-to-noise ratio, and this result experimentally confirmed
that the highest sensitivity is obtained at a platinum concentration of 1.6 at.%, which
results in electrical resistivity near 1.4 x 10* uQcm. Sample #4 has the highest peak
intensity, but the signal-to-noise ratio is low because the noise level is also large,
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Figure 1. (a) Graph fsiottirigetéetiteal resistivity on the Héseizoritaltsi§dmd average
peak intensity on the vertical axis. (b) Graph plotting electrical resistivity on the hori-
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confirming that the photoresponses of samples #4 and #5 with different Pt-doping
concentrations differ greatly below the resolution of EDS.The change in responsivity
with pulse width of the electromagnetic wave was confirmed. This result indicate that
sample #5 is suitable as a far-infrared detector element material.

4. Conclusions

In this study, we searched for the optimal amount of Pt added to magnetite, which is
expected to have potential application as a detector with low environmental impact,
portability, and room temperature operation, in order to improve sensitivity. When irra-
diated with a pulse of 10.6 um wavelength, the response peaked at a peak of 1.6 at.% Pt
at a resistivity of 12,000 uQcm, which is the maximum for sample #4. However, sample
#4 had a large noise level, and the sensitivity as a signal-to-noise ratio was experimen-
tally confirmed to be maximum in sample #5 with a Pt content of 1.6 at.%, where the
electrical resistivity was 14,000 uQcm. This indicates that nanocomposite thin films with
Pt nanocrystals despersed in magnetite that results in an electrical resistivity of 14,000
puQcm is suitable for far-infrared detectors.
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