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Spectral fingerprint and terahertz (THz) field-induced carrier dynamics demands the exploration of broadband
and intense THz signal sources. Spintronic THz emitters (STEs), with high stability, a low cost, and an ultrabroad
bandwidth, have been a hot topic in the field of THz sources. One of the main barriers to their practical ap-
plication is lack of an STE with strong radiation intensity. Here, through the combination of optical physics and
ultrafast photonics, the Tamm plasmon coupling (TPC) facilitating THz radiation is realized between spin THz
thin films and photonic crystal structures. Simulation results show that the spectral absorptance can be increased
from 36.8% to 94.3% for spin THz thin films with TPC. This coupling with narrowband resonance not only
improves the optical-to-spin conversion efficiency, but also guarantees THz transmission with a negligible loss
(∼4%) for the photonic crystal structure. According to the simulation, we prepared this structure successfully and
experimentally realized a 264% THz radiation enhancement. Furthermore, the spin THz thin films with TPC
exhibited invariant absorptivity under different polarization modes of the pump beam and weakening confine-
ment on an obliquely incident pump laser. This approach is easy to implement and offers possibilities to overcome
compatibility issues between the optical structure design and low energy consumption for ultrafast THz opto-
spintronics and other similar devices. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.487711

1. INTRODUCTION

Spintronic terahertz emitters (STEs), with high stability, a low
cost, an ultrabroad bandwidth, and controllable polarization,
have come a long way since the early days of this topic and
show promising applications in communications, medicine,
and imaging [1–6]. In terms of integration and miniaturization,
one of the limitations is the emission intensity in a practical
application. Especially for terahertz (THz) sources in informa-
tion technology and quantum devices [7–11], there is a neces-
sary requirement for highly efficient STEs: the low dissipation
of energy. Some improvements for spintronic THz radiation
enhancement have been surveyed; for example, searching for
the interface state, the spin Hall angle, the index of refraction,
and the absorption of layers. Luo et al. reported that the THz
radiation can be generated from Bi2Se3 and Cu-doped Bi2Se3
single crystals. Due to the contribution of the Dirac fermions of
the surface state, the THz amplitude is enhanced 50 times [12].
Compared to heavy metals, topological insulators have a large

spin Hall angle and higher spin to charge conversion efficiency
[13]. Using a topological insulator to replace traditional metals
has become one of possible approaches to enhance THz radi-
ation [14,15]. However, building a topological material is
extremely difficult not only because of the complicated tech-
nology but also because of the theoretical limitations. On the
other hand, the optical utilization rate is not very high due to
the thinness of the film, especially for topological materials,
meaning that most of the pump energy is wasted. Therefore,
trade-offs are necessary between the thickness of the film
and the light absorptivity. Using surface plasmonic polaritons
(SPPs) is a good way to enhance the localized pump laser in-
tensity [16–19]. Although nanoplasmonic technology for THz
radiation enhancement has a few limitations, the idea is a
good way forward that combines optical physics and ultrafast
spintronics.

Optical structures can be easily accomplished with a vast
choice of materials and manufacturing technology, as well as
greater expandability [20–22]. Recently, excellent optical gain
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properties have been explored, such as bound state in the con-
tinuum (BIC) resonances [23], epsilon-near-zero (ENZ) films
[24], and 1D photonic crystals [21,25–27]. Hybridizing a
metasurface with ENZ films has emerged as a promising alter-
native to promote THz radiation and shape the THz polariza-
tion [24]. Due to the weak compatibility and complicated
manufacture process, however, it is difficult to widely use in
other kinds of THz emitters. In terms of BIC resonances, it
can cause strong electromagnetic resonances in low ohmic loss
materials like lithium niobate but is difficult to use on metal
materials with high ohmic loss. Similarly, ENZ films are very
limited on materials that have weak THz radiation. Alternating
periodic multilayers via different refractive indexes can create a
photonic band gap along the propagation direction when it sat-
isfies the special optical confining condition [28]. Note that the
photonic band gap has an excellent filter property; i.e., an in-
creased sensitivity against an unwanted wavelength. Based on
Maxwell’s equations, the band of a photonic crystal can be
calculated and adjusted. As a result, photonic crystals have
emerged as excellent reflectors when designing an optical struc-
ture against a specific wavelength of incident light. Related
approaches that rely on planar metal and dielectric heterostruc-
tures have resulted in a few potentially viable strategies for light
absorptivity, such as Tamm plasmon coupling (TPC) [29–31].
In this state, most of the light radiation is trapped on the metal/
dielectric interface and is absorbed by the metal. Unlike the
SPP that has been found in spin-thin films and a dielectric layer
with a complicated structure (e.g., prisms [32]), TPC can be
excited directly between the metal/dielectric interface [33].
For TPC, most of the existing methods for strong absorptivity
of the incident light require a thick metal [34]. However, in
terms of spintronics THz emission, it has an optimal thickness
of the STE within several nanometers, resulting in a low ab-
sorptivity of the pump laser [35,36]. A method that offers

strong absorptivity and optimal thickness of the STE, however,
remains elusive, despite several potential applications.

In this paper, we created a photonic nanostructure design for
TPC between the spin THz thin films and a 1D photonic crys-
tal using a simple manufacturing technology. The spin thin
films can act as both the THz emitter and planar metal for
the TPC structure. The simulation and experimental results
show that a 94.3% narrow absorptance spectrum at 780 nm
and a broad transmissivity (∼96%) in the THz range are ob-
tained. Compared to pure spin thin films, spin thin films with
TPC directly excited THz radiation with a 264% improvement
without polarization mode confinement. Our approach enables
modulation of the center of the incident laser wavelength for
diverse scenarios by adjusting the dielectric properties, such as
the refractive index of the dielectric and the insert layer’s
thickness.

2. RESULTS AND DISCUSSION

As shown in Fig. 1(a), the STE with TPC is composed of a 1D
photonic crystal (SiO2 and Si3N4) and spin thin films (Pt/Co/
MgO). When the pump beam is incident from the left of the
spin thin films, the reflection coefficient for the incident light
propagating to the spin thin films from the side of the 1D pho-
tonic crystal to the spin thin films is r1, the reflection coefficient
of a wave incident on the dielectric layers from just after the
spin thin films is r2, and these two reflection coefficients can
be calculated by the transfer matrix method. More details
can be found in Appendix A. In the simulations, the refractive
indexes of Co, Pt, and MgO are adopted from Refs. [37–39].
The refractive indexes of SiO2 and Si3N4 are 1.446 and 1.99,
respectively. The dielectric layers are composed of 20 groups of
alternately stacked Si3N4 and SiO2 with thicknesses of 92 nm
and 113 nm, respectively. Then the intrinsic mode field in the

Fig. 1. (a) Schematic illustration of the spin thin films without TPC and with TPC structure for THz radiation. (b) Phase of r1, r2, and
r1r2 exp�i�4πnSiO2

d insert�∕λ� as a function of wavelength, when the thickness of the optical cavity is 57 nm. (c) Simulated reflectance spectra
of the dielectric layers as a function of incidence angle and wavelength for TM polarization.
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insert cavity layer can be represented by the transfer matrix
[40,41]

A
�

1
r1

�
�

�
exp�iδ� 0

0 exp�−iδ�
��

r2
1

�
, (1)

where A is a constant and δ is the phase change between the
interfaces, which is equal to 4πnSiO2

d insert∕λ. After some calcu-
lations and simplicities, the excitation condition can be ob-
tained as

r1r2 exp�2iδ� ≈ 1. (2)

Thus, the phase match condition for the excitation of the
TPC is

Arg�r1r2ei�4πnSiO2
d insert�∕λ� ≈ 2πN ,N � 0, 1, 2…, (3)

where λ is the incident wavelength; d insert is the thickness of the
SiO2 insert layer, and its refractive index and thickness are nSiO2

and 57 nm, respectively. The THz signal increases with an in-
crease in the thickness of the nonferromagnetic metal layers and
then reaches saturation, no longer increasing with a further in-
crease in the thickness. However, with an increase in the ferro-
magnetic layer thickness, there is a trend of first increasing and
then decreasing after a peak. With an increase in the total thick-
ness of the spin thin films, the absorptance for the pump laser
increases but the spin to charge conversion efficiency decreases
sharply after a peak [36,42]. Therefore, the thicknesses of Pt
and Co are both selected as 4 nm, respectively. Future research
can still reference this method to further improve the THz sig-
nal by adjusting the parameters of the dielectric layers when
stronger THz signal materials appear. For the sake of THz

emission, the thickness of MgO film is 4 nm. Figure 1(b) shows
the relationship between the phase of r1, r2, and

r1r2e�i�
4πnSiO2

d insert
λ �� under different wavelengths. It can be seen

that the phase is satisfied in Eq. (3) at the wavelength of

780 nm, and that Argfr1r2e�i�
4πnSiO2

d insert
λ ��g is approximated to

0. As shown in Fig. 1(c), the dielectric layers have a band
gap against an unwilling pump laser from 750 nm to
850 nm. Notably, the reflectance from any incident angles
for the wavelength of a 780 nm laser can be up to 98%, result-
ing in the product of jr1j and jr2j being approximately 1. Thus,
the perfect absorptance generated by the excitation of the TPC
has been verified. In addition, the simulated transmittance for
the THz wave on the dielectric layers obtains 95% and 96.35%
within 2 THz (see Fig. 6 in Appendix B). This result indicates
that the structure can be an excellent filter against a pump laser
but not for a THz wave, as illustrated in Fig. 1(a).

From the analysis above, it is easy to find that the thickness
of the insert layer can affect the resonance wavelength of the
TPC. By varying the thickness of the insert layer from 0 nm
to 600 nm, the optical absorptance from 750 nm to 950 nm
can be adjusted, as shown in Fig. 2(a). With the continuous
increase of d insert, the optical absorptance caused by TPC
has a periodic change that is related to the resonant mode
of the insert layer, as expressed by [43]

d insert �
N λ

2nSiO2

, (4)

where N is the const in Eq. (3). In Fig. 2(a), three TPC modes
can be found. When no insert exists (d insert � 0), the initial

Fig. 2. (a) Simulated absorptance varying with SiO2 cavity thickness d insert and optical wavelength. (b) Absorptance spectra with different d insert

(d insert � 0 nm, 57 nm, 327 nm). (c)–(e) Normalized electric field profile distributions of point A (d insert � 0 nm, λ � 743 nm), point B
(d insert � 57 nm, λ � 780 nm), and point C (d insert � 327 nm, λ � 780 nm), respectively.
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mode of the TPC is excited at the wavelength of 750 nm
(point A). As the thickness of the insert is increased from zero
to 57 nm, the phase shift induced by the insert generates a red
shift of the resonance wavelength to 780 nm (point B). If the
thickness of the insert is increased unceasingly, the higher order
mode of the TPC can be excited sufficiently, as shown by the
point C in Fig. 2(a). Thus, by tuning the thickness of the in-
sert, the resonance wavelength of the TPC can be adjusted.

After adding the proper insert layer, a narrow and high res-
onance absorption can be generated at 780 nm corresponding
to the wavelength of the pump beam. Figure 2(b) shows the
absorptance spectra with different d insert. As Fig. 2(b) shows,
a weak resonance absorption at the wavelength of 750 nm can
be found when the thickness of the insert is 0. Moreover,
the absorptance can be as high as 94.38% at 780 nm, when
the thickness of the insert is increased to d insert � 57 nm.
Figures 2(c)–2(e) illustrate the normalized profile electric field
distributions of points A, B, and C . Note that the normalized
electric field distributions are up to four times greater at point B
than at point A, indicating the energy is well trapped at point B.
This is because point A lies at the edge of the band gap of the
1D photonic crystal. Figures 2(d) and 2(e), show that point C
is comparable to point B in its ability to generate TPC, and
they correspond to the odd mode and even mode of the TPC,
respectively. Considering the economical fabrication accessibil-
ity, a SiO2 insert layer with a thickness of 57 nm is finally
chosen. To investigate the optimal groups of alternating layers,
we simulated the electric field distribution under different
groups, as shown in Fig. 7 in Appendix C. With the increment
of alternating layers, the electric field intensity increases before
20 groups, but approaches saturation after that number of
groups. Thus, 20 groups of alternating layers are selected as
a balanced consideration between the optical performance
and simple preparation are discussed below.

After making a trade-off between spin to charge conversion
efficiency and optical cavity performance, the well-defined

alternating layers were prepared. To prepare the Tamm plas-
mon-enhanced STE, the 1D photonic crystal dielectric multi-
layer consisting of an insert layer (SiO2) and 20 groups of
alternating layers (SiO2 and Si3N4) was first fabricated by
plasma-enhanced chemical vapor deposition (PECVD).
Then, the spin thin films (Pt/Co/MgO) for THz emission were
deposited on the top of the dielectric layers using magnetron
sputtering. At the same time, for comparison, pure spin thin
films Pt/Co/MgO without TPC were prepared by magnetron
sputtering. Figure 3(a) shows the cross-sectional SEM image
of the spin thin films with a TPC structure. It is clear that
a good homogeneity in the layer thicknesses and no layer
interpenetration exist, which assures that the TPC structure
will have an excellent optical gain property. The average thick-
nesses of SiO2 and Si3N4 are, respectively, about 120 nm
and 93 nm. For the sake of THz emission, a 4 nm MgO film
was deposited between the Pt/Co and dielectric layers. It
can buffer the roughness of dielectric layers from PECVD.
Figures 3(b)–3(d) show the average roughness of different sam-
ples using an AFM. The average roughnesses of the spin thin
films with a TPC structure, the pure spin thin films, and the
pure dielectric layers surface are, respectively, 4.29 nm,
0.16 nm, and 4.85 nm. It is easy to see that the roughness
of pure dielectric layers is obviously smoothened by the buffer
layer.

Next, the performance of all samples was tested on a home-
built THz time-domain spectroscopy system. A femtosecond
pump laser (Spectra-Physics) with a repetition rate of 1 kHz,
a central wavelength of 780 nm, and a pulse duration of 50 fs
was used to pump the spintronic THz emission. A couple of
permanent magnets used for in-plane magnetization along the
x axis acted on the spintronic samples, as illustrated in Fig. 1(a),
and provided 20 mT of the centric magnetic field. Using a
1 mm thick ZnTe electrooptic crystal, the spintronics THz
radiation can be detected by a balanced detector. All the
experiments were performed at room temperature and in a

Fig. 3. (a) Cross-sectional SEM image of the spin thin films with a TPC structure. The average roughness of (b) spin thin films with TPC, (c) pure
spin thin films, and (d) pure dielectric layers surface.
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N2 environment. In our THz experiments, four comparison
experiments were considered. Their illustrations are exhibited
in Fig. 4(a), where the pump laser is located on the side of spin
thin films and the THz radiation is detected after all samples
and substrates. To ensure the accuracy of the results, all THz
TDS measurements were repeatedly tested. In Fig. 4(a), two of
THz waveforms were generated by the pure spin thin films
without TPC, and the spin thin films with TPC, respectively.
The other two THz waveforms were generated by the pure spin
thin films and then passed through one SiO2 substrate (without
TPC� SiO2) or dielectric layers deposited on a SiO2 substrate
(without TPC � dielectric layers), respectively. There are two
reasons why one SiO2 substrate was used for comparison after
the pure spin thin films: i) the dielectric layers are deposited at
the SiO2 substrate and ii) the SiO2 substrate has an absorptance
of 12.7% for the THz signal, as shown in Fig. 4(b). Excluding
these irrelevant variables, the SiO2 substrate was used to verify
that the pure dielectric layers had no negative effects on the
THz radiation. In Fig. 4(b), we found that the dielectric layers
have little influence on the transmission of the generated THz
wave, and it conformed to the simulation, as shown in Fig. 6 in
Appendix B. As illustrated in Fig. 4(b), the pure dielectric layers
also cannot enhance the THz radiation. Hence, it confirms that
spin thin films with TPC structures play a crucial role in THz
radiation enhancement.

Figures 4(b) and 4(c) display the THz time-domain wave-
forms and the respective magnitude in frequency domain from
the four samples. As shown in Fig. 4(c), our samples can obtain
a 3 THz bandwidth. By contrast, the THz waveforms and
bandwidth remain unchanged between the spin thin films with
TPC or not, except for a stronger THz amplitude from the spin
thin films with TPC. It means the dielectric layers have little

influence on the frequency of the THz waves, which is sup-
ported by the simulation results in Fig. 6 in Appendix B.
To survey the properties of the samples quantificationally,
the value of the peak-to-peak THz electric field is defined as
the maximum amplitude (MAX). Here, the maximum ampli-
tudes of the spin thin films with TPC and without TPC are
MAXw∕T and MAXw∕oT, respectively. MAXw∕oT is 406 at
the pump fluence of 12.7 μJ∕cm2, as shown in Fig. 4(b), while
MAXw∕T can achieve 1072 with TPC enhancement at the same
pump fluence. Strikingly, we observed a predictable 264% en-
hancement in the spin thin films samples by comparing their
maximum amplitude and frequency domain spectra. The nor-
malized THz amplitudes of 0.5 mm ZnTe, spin thin films
without TPC and with TPC are compared in Fig. 8 in
Appendix D. Note that spin thin films with TPC have an
approximate value compared to the 0.5 mm thick ZnTe
THz emitter. The enhancement of the THz electric field is
caused by the absorption dependence of incident pump laser
according to [36]

ETHz � Ze
Z

dzγjs�d FM�, (5)

where 1
Z is the effective conductance of a parallel connection of

all metal layers shunted by the adjacent substrate and air half-
spaces, e is the elementary charge, γ is spin Hall angle, and
js�d FM� is the spin current density directly after the ferromag-
netic layer. Here, js�dFM� ∝ Pabs where Pabs is the absorptance
of the incident pump power [36]. Theoretical optical simula-
tion confirms that our approach with TPC results in an absorp-
tance enhancement for pump laser on the spin thin films. As
shown in Fig. 4(d), an obvious absorption peak reaches 0.943
at 780 nm on the simulation absorptance spectra of the spin

Fig. 4. (a) Illustration of four comparison experiments of pure spin thin films without TPC, spin thin films with TPC, spin thin films with SiO2

substrate (without TPC� SiO2), spin thin films with pure dielectric layers (without TPC � dielectric layers). (b) THz waveforms and (c) the
frequency-domain THz signals from the spin thin films without TPC (blue line, MAX is 406), the spin thin films with TPC (red line, MAX is
1072), without TPC� SiO2 (black line, MAX is 354), and without TPC � dielectric layers (green line, MAX is 356) at the pump fluence of
12.7 μJ∕cm2. (d) Simulation absorptance spectra of the spin thin films with TPC and without TPC. (e) Maximum amplitude of generated THz
electric field as a function of the pump laser power when its spot diameter is 1 cm.
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thin films with TPC, while the absorptance is only 0.368 with-
out TPC. To further confirm the absorptance of the samples,
the reflectance and transmittance spectra of the different sam-
ples are measured by using a spectrometer system, as shown in
Fig. 9 in Appendix E. The absorptance spectra were obtained
by subtracting the reflectance and transmittance spectra from 1.
The measured data are in keeping with the simulation that the
TPC brings about a 2.5 times absorptance enhancement com-
pared to the pure spin thin films. Crucially, the pure dielectric
layers have total reflectivity at a 780 nm pump laser. In addi-
tion, the value of MAX is proportional to the fluence deposited
by pump laser, as shown in Fig. 4(e), indicating the
linear energy density dependence of the THz electric field in
this power section. The tested THz waveforms under different
pump power can be found in Fig. 10 in Appendix F. During
these tests, the spot diameter of the pump laser is constant
at 1 cm.

Another character of TPC is that it can be flexibly excited in
both TM and TE polarizations. Figures 5(a) and 5(b) present
the simulated absorptance spectra of the spin thin film with
TPC under different incident angles and wavelengths for
TM and TE pump beams. With the incident angle increase
from 20° to 40°, the responding pump wavelength of TPC ap-
pears to have a slight blue shift. Note that the absorptance for
the 780 nm wavelength from 0° to 40° is still higher than that of
the pure spin thin films since the TPC state excites a stronger
resonance coupling. The incident angle, especially from 0° to
20°, continues to have a high absorptance tolerance.
Significantly, the simulation absorptances in both the TM
polarization and TE polarization are almost invariant at
the same incident angle. In Fig. 5(c), the THz radiation

experiments under both TM and TE polarization states are pre-
sented at a 0° incident pump laser beam, where the maximum
amplitudes under TM and TE polarization states are MAXTM

andMAXTE, respectively. Obviously,MAXTM andMAXTE are
with no noticeable differences in Fig. 5(c), which are 1072 and
1056, respectively. Figure 5 shows the normalized maximum
amplitude of THz waveforms from the spin thin films with
TPC for TM and TE pump beams at different incident angles.
In Fig. 5(d), the variation in the normalized MAX value under
TE polarization is related to the incident angle of the pump
laser from 0° to 40°. For the TM polarization, there is an
acceptable reduction by varying the incident angle. All THz
waveforms by varying incident angles are exhibited in
Fig. 11 in Appendix G. Therefore, it can be seen that the ex-
periments of the oblique incidence for the spin thin films with
TPC are almost consistent with the simulation trend.

3. CONCLUSION

By combining spin thin films with a photonic crystal, a TPC
state is established between them by theoretical simulation and
experimental fabrication, significantly reducing the pump en-
ergy consumption. By adjusting the optical parameters, the
designed structure possesses a significant photonic resonance
absorption peak at the pump laser wavelength of 780 nm.
Compared to the 36.8% absorptance of the pure spin thin
films, 94.3% of the energy of the pump laser is trapped within
the microcavity and absorbed by the spin thin films with TPC.
Experimental results show that the THz electric field is en-
hanced nearly three times for the spin thin films with TPC.
The dielectric layers as a photonic band gap offer a 98%

Fig. 5. Absorptance spectra of the spin thin film with TPC under different incident angles and wavelengths for (a) a TM pump beam and (b) a TE
pump beam. (c) THz waveforms from the spin thin films with TPC under different polarization states at the pump fluence of 12.7 μJ∕cm2.
(d) Normalized maximum amplitude of THz waveforms from the spin thin films with TPC for a TM pump beam and a TE pump beam at
different incident angles.
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reflectivity for the pump laser and a 95% transmission for the
generated THz wave. Moreover, our design can provide a TPC
polarization independent state and remain at a high absorp-
tance under a multidirectional incident pump laser. Using a
TPC to reduce the THz radiation consumption can also be
easily adapted to other STE designs, greatly expanding the
new avenues for THz radiation enhancement.

APPENDIX A: TRANSFER MATRIX METHOD FOR
THE 1D PHOTONIC CRYSTAL AND THE SPIN
THIN FILMS

To demonstrate the TPC between the spin thin films and the
1D photonic crystal, we modeled the optical reflectance and
absorptance of the system based on the transfer matrix method.
Derived from Maxwell’s equations and boundary conditions,
the amplitudes of the electrical and magnetic field of the wave
in the front and back interfaces of the m-th layer can be ex-
pressed as [44,45]�

Em
Hm

�
� Mm

�
Em−1
Hm−1

�
, (A1)

where M is a transfer matrix with

Mm �
�

cos�kmdm� −iηm sin�kmdm�
−i∕ηm sin�kmdm� cos�kmdm�

�
: (A2)

Here, km, ηm and dm are the wave vector, the impedance, and
the thickness of the m-th layer, respectively. Thus, the transfer
matrix of the N -layer’s 1D photonic crystal can be expressed as

M �
YN
m�1

Mm �
�
m11 m12

m21 m22

�
: (A3)

The field amplitudes of the input and output waves in the
one-dimensional photonic crystal can be characterized by the

transfer matrix
�

Eo
Ho

�
� M

�
Ei
Hi

�
. Then the transmission

and reflection coefficients of the system can be calculated as

r � m11η0 − m22η0 � m12 − m21η
2
0

m11η0 � m22η0 � m12 � m21η
2
0

, (A4)

t � 2η0
m11η0 � m22η0 � m12 � m21η

2
0

: (A5)

On the other hand, because the spin thin films are com-
posed of a Pt(4 nm)/Co(4 nm)/MgO(4 nm) multilayer heter-
ostructure, the transfer matrix of this system is M � MMgo ⋅
MCo⋅M Pt, where MMgo, MCo, and M Pt are the transfer matrix
of the MgO layer, Co layer, and Pt layer, and they can be cal-
culated by the Eq. (A3), respectively. Then, based on Eqs. (A4)
and (A5), the transmission and reflection coefficients of the
spin thin films also can be calculated.

APPENDIX B: SIMULATED TRANSMITTANCE OF
THz WAVE ON THE DIELECTRIC LAYERS

The simulated transmittance for the THz wave on the dielectric
layers obtains 95%, and 96.35% within 2 THz in Fig. 6. It can
be seen that the dielectric layers have little influence on the
transmission and frequency of THz wave.

Fig. 6. Simulated transmittance of THz wave on the dielectric
layers.

Fig. 7. Normalized electric field profile distributions of (a) five groups, (b) 10 groups, (c) 20 groups, and (d) 25 groups of alternating layers.

Research Article Vol. 11, No. 6 / June 2023 / Photonics Research 1063



APPENDIX C: NORMALIZED ELECTRIC FIELD
PROFILE DISTRIBUTIONS

With the increment of alternating layers, the electric field in-
tensity increases before 20 groups, but approaches saturation
after that number of groups. Thus, 20 groups of alternating
layers are selected as a balanced consideration between the op-
tical performance and simple preparation.

APPENDIX D: COMPARISON WITH ZnTe
CRYSTAL

The normalized THz amplitudes of 0.5 mm ZnTe, spin thin
films without TPC and with TPC are compared in Fig. 8. Note
that spin thin films with TPC have an approximate value com-
pared to the 0.5 mm thick ZnTe THz emitter.

APPENDIX E: REFLECTANCE,
TRANSMITTANCE, AND ABSORPTANCE

To further confirm the absorptance of the samples, the reflec-
tance and transmittance spectra of the different samples are
measured by using a spectrometer system, as shown in Fig. 9.
The TPC brings about a 2.5 times absorptance enhancement
compared to the pure spin thin films.

APPENDIX F: THz WAVEFORMS UNDER
DIFFERENT LASER POWERS

All of tested THz time domain waveforms under different
pump power can be found in Fig. 10, which shows that the
value of MAX is proportional to the fluence deposited by
pump laser.

APPENDIX G: THz WAVEFORMS AT DIFFERENT
INCIDENT ANGLES

All THz waveforms by varying incident angles are exhibited
in Fig. 11, which shows that the experiments of the oblique

Fig. 8. THz waveforms from 0.5 mm thick h110i cut ZnTe (black
line), the spin thin films without TPC (blue line), the spin thin films
with TPC (red line) at the pump fluence of 5 μJ∕cm2. All the samples
were tested in air.

Fig. 9. (a) Reflectance, (b) transmittance, and (c) absorptance spectra of pure spin thin films (spin thin films without TPC, blue line), spin thin
films with TPC (red line), and pure dielectric layers (black line).

Fig. 10. THz waveforms from the spin thin films: (a) without TPC and (b) with TPC as a function of laser power when the spot diameter is 1 cm.
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incidence for the spin thin films with TPC are almost consis-
tent with the simulation trend.
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