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A mid-infrared free electron laser (MIR-FEL) (5 – 20 µm) facility (KU-FEL: Kyoto University
Free Electron Laser) was constructed to aid various energy science researchers at the Institute
of Advanced Energy, Kyoto University. In May 2008, the first power saturation at 13.2 µm was
achieved. A pilot application to evaluate selective phonon excitation processes in solid materials by
irradiating with MIR-FEL was implemented, and a preliminary experiment without FEL irradiation
was conducted. N-doped silicon carbide (SiC) was selected as a sample material due to its unique
electrical property where the lattice vibration and the electronic structure are coupled. Two peaks,
1.8 – 2.2 eV and 2.4 – 2.8 eV, which showed strong temperature dependences in both their intensities
and peak energies, were observed. These tendencies could be explained by using a donor-acceptor
pair luminescence (DAP) model with impurity and defects in the SiC sample. The results imply
that we can verify selective phonon excitation by investigating the change in the PL spectrum
introduced by MIR-FEL irradiation.
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I. INTRODUCTION
A mid-infrared free electron laser (MIR-FEL) (5 – 20
µm) facility has been constructed at the Institute of
Advanced Energy, Kyoto University, and the first laser
power saturation at 13.2 µm was observed in May 2008
[1]. After successful laser saturation, application stations
in the field of energy and materials sciences in KU-FEL
have been developed. The FEL is well know to have
attractive features including tunable wavelength, short
pulse duration, and high power [1].
Recently, wide-gap semiconductors such as SiC, TiO2 ,
and ZnO have received increased interest as photocatalytic materials and next generation materials for power
devices. These materials show unique electrical and optical properties through coupling of phonons and electronic structures [2-4]. However, the relationship between a specific phonon mode and the physical properties
of the materials has yet to be clarified. Therefore, a new
method to selectively excite a specific phonon mode is
indispensible for a deep understanding of phonon and
electronic structure and for the development of innovative functional materials.
The MIR region light has a matched resonance with
phonons in some solid compounds. Due to the special
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features of the FEL, it is possible for MIR-FEL irradiation to induce changes in the physical and the electronic
properties by exciting a specific phonon mode. In this
study, we chose SiC as a sample material because its
vibration spectrum is in the MIR range and it is an attractive material for various applications such as next
generation power devices and optoelectronic devices.
To investigate the relationship between phonons and
electronic structures, we are developing an evaluation
system consisting of photoluminescence (PL) and directcurrent (DC) electronic-resistivity measurement systems
and FEL optics. Herein, we present our preliminary findings without FEL irradiation and discuss the anticipated
impact of FEL irradiation.

II. METHODS
1. Experiments

Table 1 shows the beam properties of the FEL. The
FEL delivery system from the accelerator to the application stations is reported in our previous paper [5]. To
measure the transient property of a material’s electronic
states during FEL irradiation, we installed a PL system
with FEL transport line. The electrical resistivity in
materials is introduced by electron scattering via lattice
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Table 1. Beam properties of KU-FEL.
Beam properties
Micro pulse
Macro pulse
Pulse width
1 ps
1 µs
Pulse energy
1.7 µJ
5 mJ
Power
1.7 MW
5 kW
Tunable wavelength
12 µm – 14 µm

Fig. 3. Schematic of an indirect transition semiconductor.

Fig. 1. Schematic of the physical property measurement
system.

of the FEL and the He-Cd laser, a trigger from the FEL
driver accelerator is used to initiate the PL measurement
system. Figure 2 shows the optics of the measurement
system. The transported FEL beam is focused by using
parabolic and elliptical mirrors. A beam splitter is placed
between the parabolic and elliptical mirrors to monitor
the FEL beam properties during PL measurements. For
PL analysis, a CCD detector is used to receive the material’s responses, which are then collected by using a PC.
The preliminary experiment monitored the change in the
PL spectrum over 5 s at temperatures between 10 K and
210 K without FEL irradiation.

3. Sample Materials

Fig. 2. Optics of the physical measurement system.

vibrations. Hence, if MIR-FEL irradiation introduces a
selective phonon excitation, the electrical resistivity is altered. Consequently, a DC electrical resistivity measurement system has been installed. A schematic diagram for
the whole measurement system in the application station
is shown in Fig. 1.

2. PL Measurement System

The PL measurement system consists of a He-Cd laser
(wavelength: 325 nm, power: 10 mW, beam diameter:
1.0 mm; Kimmon IK5451R-E), a monochromator (Zolix
Omni-λ, 300), and a CCD detector (INTEVAC Mosir
350). To evaluate the temperature dependency of the PL
spectrum, a closed cycle He refrigerator is used to achieve
temperatures as low as 10 K. For synchronous irradiation

Silicon carbide (N-doped 6H-SiC single-crystal, Fairfield Crystal Technology, LLC, 1.5 × 1.5 × 0.26 mm3 ;
SiC) was selected to be the sample material for our experiment. SiC is commercially available as an indirect
semiconductor exhibiting an intense Raman shift at 12.5
µm (800 cm−1 ), which corresponds to the MIR-FEL irradiation region [6]. Figure 3 shows the mechanism for an
indirect transition and briefly explains the importance
of the kinetic (k) and the photon (hν) energies to excite
electrons from the valance band to the conduction band.
Typically, kinetic energy is supplied by thermal energy,
but in this scenario, the excitation energy of the phonon
cannot be specified. Hence, instead of thermal excitation, MIR-FEL will be used as a light source to supply
kinetic energy. For verification of the selective excitation
of a specific phonon mode by using MIR-FEL, SiC will
be used as the sample material.

III. RESULTS AND DISCUSSION
Figure 4 shows the results of the PL measurements on
SiC without FEL irradiation. Two energy bands were
observed, around 1.8 – 2.2 eV (low energy band) and
2.4 – 2.8 eV (high energy band). As the temperature
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Fig. 4. PL spectrum of 6H-SiC (N-doped) for different
sample temperatures.
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Fig. 6. Plausible mechanism for the low energy band (yellow luminescence) and the high energy band: (a) deep level
DAP (shallow donor – deep acceptor) of the low energy band,
(b) FA transition (Free electron – deep acceptor) of the low
energy band, and (c) shallow level DAP (shallow donor- shallow acceptor) of the high energy band.

Fig. 5. Temperature dependence of the PL intensity at
1.90 eV and 2.62 eV.

Fig. 7. (Color online) (a) Expanded spectrum of PL peaks
from 2.9 eV to 2.4 eV at 10 K. The line is smoothed. (b)
Fitting curve. Dotted lines depict each peak included in the
fitting curve.

increases, the peak energy of the low energy band shifts
toward a high energy (blue shift) until a maximum is
reached at approximately 1.9 eV. For the low and the
high energy bands, after the peaks reach in maxima, the
intensities of the PL peaks decrease as the temperature
increases. Figure 5 shows the temperature dependence
of the PL where the squares and the triangles represent
the intensities of the low and the high energy bands at
1.90 eV and 2.62 eV respectively. The PL changes for
the two bands are complementary.
Each energy band at temperatures below 90 K is
considered to exhibit donor-accepter pair luminescence
(DAP) by doped nitrogen and acceptors such as defects
[7-9]. The low energy band is the deep level DAP [7,8]
and occurs when the donor or acceptor is at a deep level.
In SiC, the band from 1.8 eV to 2.2 eV is known as
yellow luminescence. Lee et al. have reported that nitrogen is the donor and that the defects are the acceptors [8]. Figure 6(a) shows the electron transition model
for yellow luminescence. Using this model, the mechanism for the blue shift in the low energy band can be
explained by a change in the electron transition process.
Figure 6(b) shows the electron transition model at high

temperatures above 90 K. The electron of the nitrogen
level is excited by a thermal effect as the temperature
increases. The excited electron enters the conduction
band, and recombination occurs between an electron in
the conduction band and a hole of the acceptor. This
luminescence model is called the free to acceptor transition (FA transition) [7]. As the temperature increases,
radiation becomes dominant [7]. Therefore, the peak in
the high energy band is blue shifted.
Figure 7(a) shows the expanded PL spectrum from 2.4
to 2.9 eV while Fig. 7(b) shows the fitting curve. The
dotted lines are the peak curves used in the fitting. The
PL spectra of the 6H-SiC-doped donor, such as nitrogen, and of the acceptor such as boron, gallium, and
aluminum, have been previously reported [7,10-12]. The
spectrum from 2.4 to 2.9 eV is quite similar to the DAP
spectrum of 6H-SiC doped with nitrogen and aluminum
[7,10,11]. Because we defined peaks as A1 , B1 , A2 , B2 ,
A3 , B3 , A4 , and B4, and the energy differences from A to
the next A(∆A) and those from B to the next B(∆B) are
almost the same as the reported values [11]. In our experiment, ∆A is around 90 – 117 meV while ∆B is around
90 – 116 meV. A previous report considered these peaks
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to be phonon replicas of DAP with ∆A = 104 meV and
∆B = 106 meV [11]. Both ∆A and ∆B in our experiment
coincide with the reported values of 104 meV ± 16 meV
and 106 meV ± 16 meV, respectively, where 16 meV is
the experimental error. Therefore, the spectrum between
2.4 eV and 2.9 eV is considered to be DAP by the shallow
level donor and acceptor (shallow level DAP) [7,10,11].
Figure 6(c) shows the radiation model. The estimated
nitrogen level is 0.1 eV, and the acceptor level is 0.24
eV [7,11]. As the temperature increases, the electron,
which is excited from the donor level to the conduction
band, and the hole, which is excited from the acceptor
band to the valence band, increase. Therefore, the PL
intensity of the shallow level DAP decreases with temperature, and many electrons of the donor level enter the
conduction band. Then, the electrons are used in the FA
transition of the low energy band, leading to complementary changes in the PL spectra of the high and the low
energy bands.
However, we used the sample as received from the company, and we confirmed that our sample was only doped
with nitrogen. Therefore, nitrogen and aluminum are
unlikely to be factor causing the high energy band. Consequently, we tentatively conclude that the PL spectra
of 6H-SiC doped with nitrogen and aluminum are due to
nitrogen and defects and that the high energy band originates from the DAP by nitrogen and defects. However,
further studies are necessary to confirm our conclusions.
If we irradiate at a particular energy using a MIR-FEL
at low temperatures (∼10 K) where thermal excitation is
suppressed, then the corresponding phonon mode might
be excited selectively. Then, when selective phonon excitation occurs due to MIR-FEL irradiation, the PL spectrum will be changed. For example, the peak of the low
energy band will be shifted to high energy or the intensity of the low energy band will decrease, similar to the
observations in the preliminary experiment, because this
change in the PL spectrum is introduced by excitation
of phonon modes. Therefore, changes in the PL spectrum induced by MIR-FEL irradiation will prove that
MIR-FEL irradiation introduces selective phonon excitation, and the change in the PL spectrum will show the
changes in the electronic structure introduced by selective phonon excitation.

IV. CONCLUSION
We developed a new station to measure the physical
properties of solid compounds using selective phonon excitation by irradiating with MIR-FEL. SiC was the test
sample because it has a vibration mode near 12.5 µm and
is an indirect semiconductor, which means the phonons
and the electrons are closely related. The preliminary

experiment without FEL irradiation demonstrated that
the PL spectrum strongly depended on temperature due
to the thermal effect. In other words, this phenomenon
is introduced by phonon excitation. Therefore, when the
MIR-FEL irradiation introduces a change in the PL spectrum in SiC, the selective phonon excitation by MIRFEL irradiation will be proved. In addition, the change
in the PL spectrum introduced by MIR-FEL irradiation
will show the change in the electronic structure that the
selective phonon excitation introduces, and we will get
precious information about the phonon and electronic
structure coupling.
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