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1. INTRODUCTION
Terahertz (THz) radiation in the 0.1-30 THz 
range represents an effective means for 
spectroscopic analysis, opening new horizons 
in condensed matter physics research, 
including studies of  phonon and magnon 

modes, as well as electronic and spin dynamics 
[1-4]. Consequently, there is a growing 
demand for high-power and broadband 
terahertz emitters capable of  exciting a variety 
of  physical processes in solids. Among THz 
emitters, the most well-known and utilized 
in THz spectrometers are nonlinear optical 
crystals, such as LiNbO3, ZnTe, and GaP [5], 
organic crystals, photoconductive antennas 
(PCAs), and spintronic terahertz emitters 
(STEs) [5,6]. The first two types of  sources 
operate on the basis of  nonlinear optical 
rectification [5-7], while the latter two rely 
on ultrafast current generation [8,9]. Most 
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nonlinear optical crystals generate THz pulses 
with peak field strengths around 100 kV/cm 
[5,6]. An exception is LiNbO3, which, when 
pumped with a tilted-front pulse for phase 
matching and at cryogenic temperatures, 
generates THz pulses with peak field strengths 
exceeding 4 MV/cm [10]. Organic crystals, 
such as BNA, also facilitate the generation of  
THz pulses with high electric field strengths, 
approximately 1-10 MV/cm, across spectral 
widths from 1 to 10 THz [5,6]. However, 
their stability depends on the optical pumping 
conditions, often requiring the use of  IR 
lasers. For generating high field strengths in 
THz pulses, nonlinear optical and organic 
crystals are frequently used in combination 
with pumping lasers with powers of  several 
tens of  mJ. In contrast, PCAs do not require 
large energies, but their field strength rarely 
exceeds 100 kV/cm [5,6].

In recent years, special attention has been 
devoted to spintronic terahertz emitters, 
which operate on the principle of  spin-charge 
conversion [8]. According to the 2023 roadmap, 
THz spintronics introduces new functional 
capabilities for THz photonics in the generation, 
modulation, and detection of  THz radiation [11]. 
The classical design of  STEs consists of  a bilayer 
(or trilayer) structure based on ferromagnetic 
(FM) and non-magnetic metals (NM): FM/NM 
or NM(±γ)/FM/NM( γ), where γ signifies 
the sign of  the Spin Hall angle [12]. The film 
thickness within the structure does not exceed a 
few nanometers (~ 2 – 3 nm) [12]. The operating 
principle of  STEs includes four fundamental 
stages [13]:
1. Absorption of  the optical pulse from laser 

pumping.
2. Generation of  spin current in the magnetic 

layer and its transfer to the non-magnetic 
layer.

3. Conversion of  spin current into a transverse 
charge current.

4. Operation of  STE as a source of  THz 
electromagnetic pulses.
STE devices are characterized by their 

simple architecture, high manufacturability, and 
the generation of  THz pulses with significant 
amplitudes, spanning from 100 kV/cm to 1.5 
MV/cm. Additionally, these devices operate 
across a broad frequency range of  0.1 to 30 THz 
[6]. Another key benefit is the capacity for fine-
tuning parameters of  THz radiation, such as 
polarization, ellipticity, amplitude, and frequency 
range [14-18].

Despite the many advantages of  STEs, their 
low absorption of  optical and near-infrared (IR) 
pump radiation leads to inefficient optical-THz 
conversion. This issue primarily stems from the 
minimal thickness of  standard STEs. To date, 
considerable efforts have been directed toward 
enhancing these parameters, including modifying 
STEs' functional layers (material type, thickness, 
etc.) [12,19-21], adopting cascade amplification 
schemes for THz radiation [22], and amplifying 
THz radiation through the creation of  hybrid 
structures. These structures combine spin-charge 
conversion approaches with the development of  
antennas on the surface of  STE films [18,23]. 
Additionally, the application of  plasmonic 
approaches and the creation of  microstructured 
STEs [24-26], as well as the establishment of  
conditions for resonant absorption of  optical 
radiation in STEs' functional structure via 
the integration of  dielectric (Bragg) mirrors 
[27,28], have been explored. Among all these 
approaches, the last appears to be the simplest 
from a technological standpoint. Furthermore, 
alongside Bragg mirrors, the use of  anti-
reflection coatings (ARCs) operating in the IR 
range, which also serve a protective function, 
can reduce the loss of  exciting radiation upon 
reflection from the air/STE interface.

This study focuses on optimizing STE with 
Co/Pt layers to enhance optical absorption in the 
ferromagnetic cobalt layer. Employing numerical 
simulations within the COMSOL Multiphysics 
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software package, two strategies were examined 
to maximize the absorption of  pump radiation in 
the functional layer of  STE: 1) the construction 
of  Bragg mirrors, serving as analogues to optical 
resonators between the STE and the substrate; 
and 2) the application of  anti-reflective coatings 
on the surface of  STEs.

2. MODEL OF A THZ GENERATOR 
WITH A BRAGG MIRROR AND ANTI-
REFLECTIVE COATING
The concept of  developing a STE with a Bragg 
mirror hinges on the fundamental processes 
of  THz radiation generation. Among these, 
a crucial step is the absorption of  the optical 
pulse by the ferromagnetic layer within the STE 
heterostructure. According to formula (1), the 
amplitude of  the generated THz wave is directly 
proportional to the energy absorbed from the 
optical excitation beam [13,29]:
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where Pabs is the laser radiation power absorbed 
by the emitter, dCo is the thickness of  the 
ferromagnetic cobalt layer, dPt is the thickness of  
the non-magnetic platinum layer, d0 is the critical 
value of  the thickness of  the ferromagnetic 
layer, below which the ferromagnetic layer loses 
its magnetic properties, λpol is the characteristic 
spin polarization constant that appears in case 
when d > d0, nair, nsub and Z0 – are the refractive 
index of  air, the refractive index of  the substrate 
at THz frequencies and the vacuum impedance, 
respectively, σCo and σPt – denote the electrical 
conductivity of  the two materials, respectively, 
STHz is the effective inverse attenuation coefficient 
of  THz radiation in both metal layers. Note that 
the simplified formula does not take into account 
the spin and charge components [13,29].

Addressing the issue of  optimizing the 
absorption capacity of  the Spintronic Terahertz 
Emitter (STE) structure, we delve into the 

operational principles and characteristics 
of  the Bragg mirror. This mirror features a 
periodic structure composed of  two materials 
with differing refractive indices. The optimal 
number of  periods in a Bragg mirror for 
achieving maximum reflection is dictated by 
the difference in the refractive indices of  two 
dielectric materials: ∆n∕n = (nH − nL)∕nH, where 
H and L  denote the materials with high and 
low refractive indices, respectively. The Bragg 
mirror achieves 100% reflection of  incident 
radiation at the central wavelength λp = 2(nHdH 
+ nLdL), with d representing the layer thickness. 
Optimal reflection efficiency occurs when the 
thicknesses of  the individual layers are equal 
to a quarter wavelength, nHdH  = nLdL = λp ∕4. 
The quality factor of  the resonator is defined 
as Q = f∕∆f, where f and ∆f  are the frequency 
and the frequency peak width, respectively 
[30]. In the STE context, an experimental 
deployment of  a Bragg mirror is documented 
in [27]. In this study, a Bragg structure [TiO2 
(113 nm, n = 2.265)|SiO2 (185 nm, n = 
1.455)]5 optimized for a pump wavelength of  
approximately 1030 nm was incorporated into 
a three-layer W/CoFeB/Pt spintronic emitter. 
This integration resulted in the electric 
field in the THz range being doubled and a 
fourfold increase in power. Another study [28] 
demonstrated a performance enhancement 
of  SSCs optically pumped at 800 nm by up 
to sixfold, attributable to the [SiO2 (165 nm)
TiO2 (94 nm)]5 structure. Hence, the creation 
of  an optical resonator can significantly boost 
the absorption within the STE structure, 
which, in turn, facilitates an increase in THz 
power output.

Optimizing the properties of  the Bragg mirror 
is critical to improve optical pump absorption. 
However, to ensure optimal transmission of  
optical pumping through the STE, creating 
conditions for complete "anti-reflection" at 
the air/STE interface using ARCs is equally 
important. Two primary criteria must be satisfied 
to achieve this condition [31]. First, the waves 
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reflected from the structure's surface and from 
the interface should have a phase difference of  
δ = nπ/2, where n is the refractive index of  the 
film. Second, the film thickness (d) must be an 
odd multiple of  iλ/4, where λ is the wavelength 
of  the incident beam and i is an odd positive 
integer. ARCs can be either homogeneous, 
consisting of  one uniform layer with refractive 
index n, or inhomogeneous, comprising layers 
with a gradient of  n in each layer.

To ensure total reflection conditions when 
using an ARC source, the refractive index must 
equal ,air sn n n=  where ns is the refractive index 
of  the substrate, and the thickness of  the ARC 
(hARC) should be a quarter of  the wavelength. 
Single-layer homogeneous ARCs are utilized 
to suppress reflectance down to 2.5% across a 
broad spectral range (450–1100 nm) at normal 
incidence. Examples of  single-layer ARCs for the 
visible and IR ranges include MgF2, SiO2, Si3N4, 
Al2O3, TiO2, etc. To further reduce reflectance, 
two-layer ARCs can be employed. A necessary 
condition for achieving zero reflectance with a 
two-layer coating, where both layers have the 
same optical thickness (n1d1 = n2d2 = λ/4), is that 
the product of  their refractive indices meets the 
relationship n1n2 = n0ns [31].

This work introduces a model of  a classical 
Spintronic Terahertz Emitter (STE), comprising 
a two-layer structure (Fig. 1a). Both layers, made 
of  Co and Pt, share the same thickness of  2 nm. 
The selection of  these thickness values, dCo = dPt, 
was determined by the optimal balance between 
the critical thickness of  the ferromagnetic layer, 
d0, and the effective attenuation coefficient 
for THz radiation, STHz, in both metal layers. 
A consensus among most experimental and 
theoretical studies suggests that maximal 
THz generation is attained in a two-layer STE 
structure with an overall thickness of  4 nm 
[12,29]. Subsequently, a Bragg mirror, forming 
a superlattice of  the [SiO2|TiO2]N type where 
N varies as 1, 3, 5, and 10, is inserted between 
the STE and the high-resistivity silicon substrate 
(illustrated in Fig. 1b). This high-resistivity silicon 

substrate was selected for its superior THz 
radiation transmission capability (nSiTHz ≈ 3.4, 
significantly greater than nair ≈ 1). Fig. 1a depicts 
the configuration of  the STE without a Bragg 
mirror, whereas Fig. 1b displays the schematic 
with a Bragg mirror. An anti-reflection coating 
(ARC) was applied to shield the surface of  
the STE from external factors and to enhance 
radiation transmission.

The COMSOL Multiphysics software 
platform was utilized for calculating the 
absorption in a STE based on a Co/Pt bilayer 
structure. Through the physical interface 
"Optics" > "Wave Optics" > "Electromagnetic 
Waves, Frequency Domain", it is possible to 
ascertain the distribution of  the electromagnetic 
field within the medium by solving Maxwell's 
equation for an electromagnetic wave:

NANOSYSTEMSANASTASIYA V. GORBATOVA, ARSENY M. BURYAKOV

Fig. 1. (a) STE structure fabricated on a silicon 
substrate. (b) STE design incorporating a Bragg mirror, 
constructed on a silicon substrate, and equipped with an 

anti-reflection coating.
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where μr and εr are the magnetic and dielectric 
constants of  the material, respectively, σ is 
its conductivity, ε0 is the vacuum permittivity, 
k0 is the wave number, λ is the wavelength of  
the pump radiation, c is the speed of  light in a 
vacuum, and E



 is the complex vector of  the 
electric field.

The simulation of  the electromagnetic 
wave was executed with the "Port" boundary 
condition, where the electric field strength vector 
is oriented along the X-axis, and its amplitude 
was set at 1 V/m. To the side boundaries of  
the model, the "Perfect Electric Conductor" 
boundary condition was applied, enforcing the 
condition 0.n E× =





3. RESULTS AND DISCUSSION
In the initial stage, the most basic version of  
the structure depicted in Fig. 1a is examined, 
absent both a Bragg mirror and ARC. It is 
important to highlight that silicon substrates 
are invariably characterized by a thin layer 
of  natural oxide, SiO2, on their surface. The 
absorption of  optical radiation at a wavelength 
of  800 nm in the SiO2 layer is relatively low 
(extinction coefficient kSiO2 = 0.000687 [32]). 
However, considering that the refractive index 
of  the oxide is nSiO2 = 1.4574 [32], and the SiO2 
layer is situated between the STE structure 
and the silicon substrate, which exhibits high 
refractive indices in the IR range (nCo = 4.56, 
nPt = 6.57 [33], and nSi = 3.6690) [34]), this 
configuration leads to multipath interference. 
This structure acts as the simplest form of  
an optical resonator and can circumvent the 
need for more complex designs to moderately 
suppress back reflection. By adjusting the 
thickness of  the oxide layer, an enhancement 
in optical absorption can be achieved, which 
may also contribute to an increase in the THz 
signal.

The results depicted in Fig. 2a and b illustrate 
a map of  optical absorption in the ferromagnetic 
cobalt layer (ACo) as a function of  the SiO2 
thickness and the wavelength of  the exciting 
radiation (500-800 nm). As shown in the figures, 
for cases with a minimum natural oxide thickness 
of  ~ 1-2 nm, the absorption at these wavelengths 
is approximately 4.3%. However, as the oxide 
thickness increases, the maximum absorption 
shifts towards the 500 nm region, potentially 
reaching up to 24% of  the total exciting 
radiation. When considering a wavelength of  
800 nm (Fig. 2b) – the operational range for 
most available femtosecond laser systems used 
to pump THz STEs – the absorption does not 
exceed 21.6% for an oxide thickness of  ~ 160 
nm. In this scenario, the resultant total absorption 
ratio for Co(2 nm)/Pt(2 nm) is approximately 
52.5%, with the proportion of  reflected light 
being around 7.6%. The remaining excitation 
radiation, 39.3%, passes through the STE and is 
absorbed by the SiO2/Si substrate.

This example underscores the 
ineffectiveness of  a SiO2 film alone, situated 
between the STE's functional structure and 
the silicon substrate, in achieving maximum 
absorption. Consequently, in the subsequent 
stage, the focus shifted to an STE structure 
enhanced by a Bragg mirror, utilizing the 
[SiO2|TiO2]N superlattice configuration. The 
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Fig. 2. Impact of  SiO2 layer thickness on optical 
absorption in STE based on the Pt (2 nm)/Co (2 nm) 
structure. (a) Distribution map of  absorption in STE 
across optical and near-IR pump wavelength ranges. (b) 
Relationship between absorption in the ferromagnetic 
layer and SiO2 thickness at a wavelength of  800 nm.
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pairing of  SiO2 layers with TiO2 layers, which 
have markedly distinct refractive indices at a 
wavelength of  800 nm (nTiO2 = 2.0951, nSiO2 
= 1.4608) [32,35], facilitates a reduction in 
the fraction of  radiation transmitted into the 
substrate. The primary goal for achieving 
maximum absorption in STE involves 
determining the optimal period N for the 
[SiO2|TiO2]N structure, along with the optimal 
thicknesses for each dielectric layer. Fig. 3a-d 
showcase the results from calculating the 
absorption efficiency in the cobalt layer for 
various N values (1, 3, 5, 10), considering 
SiO2 layer thicknesses in the range of  1-300 
nm and TiO2 layer thicknesses also within 
1-300 nm.

From the analysis of  the data presented, it 
is clear that the structure with a single period 
[SiO2|TiO2] does not offer a significant 
enhancement in absorption compared to the 
previously considered Pt/Co/SiO2(160nm)/
Si configuration. The maximum absorption 
in the Co layer is capped at 21.6% (Fig. 3a). 
However, as the periodicity of  the Bragg 
mirror increases, so does the absorption in 

the STE. For N = 3 (Fig. 3b), the absorption 
maximum increases to 27.5%. Considering 
the structure [SiO2(145 нм)|TiO2(105 нм)]5 
(Fig. 3c), similar to the one studied in [28], 
the peak absorption in the ferromagnetic 
layer achieves approximately 35%. With 
an increment in the number of  periods to 
10 in the [SiO2(160 нм)|TiO2(95 нм)]10 
configuration, the absorption in the Co layer 
rises to approximately 39% (Fig. 3d). Further 
increases in the number of  superlattice periods 
become impractical, as the total absorption 
in the STE (accounting for both the cobalt 
and platinum layers) at 10 superlattice periods 
approaches approximately 97%.

To achieve maximum absorption efficiency 
in the cobalt ACo layer, further calculations 
were conducted for the optimized structure 
[SiO2(160 нм)|TiO2(95 нм)]10. These 
calculations incorporated the application of  an 
anti-reflection coating to the STE structure, as 
depicted in Fig. 1b. The selection of  a material 
for such a coating is pivotal, necessitating the 
right refractive index and optimal thickness 
for efficient performance at a wavelength 
of  800 nm. Our research evaluated a broad 
spectrum of  materials commonly utilized as 
anti-reflection coatings in the near-infrared 
region. The materials considered, along with 
their characteristic refractive indices n at 
a wavelength of  800 nm and references to 
literature sources, are listed in Table 1.
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Fig. 3. Dependence of  absorption in the cobalt layer of  
an STE with a Bragg mirror [SiO2|TiO2]N on the 
thicknesses of  the dielectric layers hSiO2 and hTiO2 and the 
structure period N: N = 1 (a), N = 3 (b), N = 5 (c), 

N = 10 (d).

Table 1
Materials for Anti-Reflection Coatings in the Visible 

and IR Wavelength Ranges

Material n Source

MgF2 1.4194 [36]

SiO2 1.4574 [32]

MgO 1.7276 [37]

Al2O3 1.6710
1.75

[38]
[39]

HfO2 1.9809 [40]

Si3N4 1.9962 [41]

Ta2O5 2.0719
2.1594

[32]
[42]

TiO2 2.0951 [35]
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Fig. 4 presents the results of  a comprehensive 
analysis of  reflection and absorption of  800 
nm wavelength radiation in the STE Pt(2 nm)/
Co(2 nm), conducted based on the type of  anti-
reflection coating material (see Table 1) and the 
thickness of  this coating.

Based on our calculations, we concluded 
that employing an anti-reflection coating does 
not result in a significant increase in absorption 
within the cobalt layer. This outcome aligns with 
previous findings indicating that the absorption 
efficiency in an STE, when using a Bragg mirror 
with N = 10, approaches 100%. At the minimum 
thickness of  the ARC for all considered materials, 
a peak absorption in the cobalt layer is observed 
(see Fig. 4). This corroborates the efficiency of  
the optimized Bragg mirror design in effectively 
absorbing radiation traversing the structure.

Although various types of  ARCs are 
ineffective in enhancing absorption and cannot 
fulfill their primary function in this context, their 
high resistance to external factors allows them 
to serve as conventional protective coatings. 
The thickness of  the protective layer can be 

optimized so as not to detrimentally impact the 
optical properties or reduce the efficiency of  
pump laser radiation absorption. From the data 
presented in Fig. 4, three key groups of  materials 
used in the simulations emerge: 1) TiO2, Ta2O5, 
Si3N4, and HfO2; 2) MgO and Al2O3; and 3) SiO2 
and MgF2. Materials in the first group exhibit 
the most pronounced absorption minima at 
a characteristic thickness of  90 nm, achieving 
absorption up to ~ 20% and reflection ~ 50%. 
Conversely, materials in the second group 
display more gradual absorption minima, with 
absorption reaching ~ 25% at a characteristic 
layer thickness of  ~ 115 nm. The third group’s 
materials are the least sensitive to thickness 
changes, showing a minimum absorption of  ~ 
32% at a characteristic thickness of  ~ 137 nm. 
Therefore, different ARC materials possess 
distinct characteristics that must be considered 
when selecting the most appropriate protective 
coating for a specific optical application.

4. CONCLUSION
The study developed a model of  a spintronic 
terahertz emitter integrated with Bragg mirrors, 
structured as a [SiO2(160 nm)|TiO2(95 nm)]N 
superlattice, where N denotes the number of  
periods. The investigation revealed that with 
N equal to 10, the developed model achieves 
maximum optical absorption in the cobalt layer, 
reaching approximately 39%. Simultaneously, the 
total absorption in the STE structure approaches 
100%. This marks a significant increase, over 
ninefold, compared to the absorption in the 
non-optimized Co(2 nm)/Pt(2 nm) structure 
on a high-resistivity silicon substrate, initially 
at only 4.3%. These findings are crucial as they 
underscore the potential of  employing optical 
resonators, such as Bragg mirrors, to significantly 
enhance optical-terahertz conversion in STE 
structures and optimize laser pump powers. 
Additionally, it was discovered that even a 
relatively simple STE/SiO2/Si system with an 
optimized oxide layer thickness of  160 nm can 
enhance absorption by approximately fivefold. 
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Fig. 4. Absorption and reflection characteristics for 
an STE based on Pt(2 nm)/Co(2 nm) with a Bragg 
grating [SiO2(160 nm)|TiO2(95 nm)]10 and with an 

anti-reflection coating.
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Further analysis indicated that the application 
of  anti-reflection coatings does not result in 
an additional increase in absorption within 
the ferromagnetic layer of  the optimized 
structure incorporating a Bragg mirror 
[SiO2(160 nm)|TiO2(95 nm)]. Nonetheless, it 
is essential to acknowledge that the inclusion 
of  reflective coatings, such as MgF2 and SiO2, 
does not impair the absorption and reflectance 
characteristics of  the structure, thereby allowing 
their consideration as protective layers based on 
specific requirements.

In conclusion, the significance of  an 
integrated approach in designing STE 
structures is emphasized, encompassing not 
only the optimization of  the ferromagnetic 
layer but also the incorporation of  additional 
optical elements, such as dielectric superlattices 
and protective coatings. This comprehensive 
strategy enhances the understanding of  light 
interaction processes with these structures 
and paves the way for the development 
of  highly efficient devices in the realms of  
terahertz electronics and spintronics.
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