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Abstract. This paper presents the results of a new approach to the analysis of interference 
patterns in the modulator output waveguide in a Mach-Zehnder interferometer configuration 
based on lithium niobate thin films. Interference patterns that occur in the output waveguide 
have been demonstrated. An approach of analysis of the patterns has been described. The 
method allows us to obtain information about the value of voltage applied to the arm of the 
interferometer and to double upper limit of measuring electric field strength using MZI based 
electro-optic modulator.
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Аннотация. В данной работе представлен новый подход к анализу интерференционных 
картин в выходном волноводе интегрального интерферометра Маха-Цендера, 
сформированного из гребенчатых волноводов на основе тонкой пленки ниобата лития. 
Использование представленного подхода может двухкратно увеличить динамический 
диапазон электрооптических сенсоров электрического поля.
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Introduction

Currently, integrated optoelectronic devices are widely used. They are characterized by com-
pact size, high noise immunity and wide bandwidth due to the use of light as a carrier wave.

Due to its low cost and wide transparency window, lithium niobate remains one of the main 
materials in optoelectronics. It is possible to manufacture integrated optical circuits by the method 
of titanium diffusion into a lithium niobate crystal [1]. The advantage of this method is the possi-
bility of providing a single-mode waveguide due to the small physical dimensions of the resulting 
waveguides and the small difference between the refractive indices of the waveguide core and its 
cladding, which can be important for use in telecommunication systems. The disadvantage of this 
method is the need to use centimeter-sized lithium niobate crystals, which does not meet modern 
trends in miniaturization of devices. Also the use of the titanium diffusion method is associated 
with the risk of cracking in the lithium niobate crystal, since the technology involves heating the 
crystal to temperatures above 1000 °C.

The compact dimensions of the optoelectronic device can be achieved by using thin films 
of lithium niobate. The method of applying thin films of lithium niobate by Radio frequency 
magnetron sputtering (RFMS) is promising. RFMS makes it possible to deposit thin films of 
lithium niobate up to 100 nm thick on semiconductor substrates at a temperature of 500 °C [2]. 
The ability to deposit a thin film on a semiconductor substrate at such temperatures makes it 
possible to implement potentially a device that has an optical and electronic integrated circuit on 
the same chip. The disadvantage of RFMS is that the deposited thin films have a polycrystalline 
structure. Such a structure can cause high optical losses during light propagation through the film. 
Controlling of the crystallites orientations of the RFMS thin film is also a problem.

Thin films made using the Lithium Niobate on Insulator (LNOI) method are more wide-
spread. LNOI also allows one to deposit a thin film with a thickness of less than one micron. It is 
possible to choose the orientation of the film. The disadvantage of LNOI is the technological need 
to heat the film sample to temperatures above 900 °C, which can cause cracking and destruction 
of a thin film [3].

The Mach-Zehnder interferometer (MZI) is one of the basic components of integrated opto-
electronics. It is possible to create electric field sensors, electro-optical switches, optical radiation 
intensity modulators and other optoelectronic devices based on MZI [1, 4–9].

One of the promising applications of the MZI is the electric field sensor systems. Various con-
figurations of MZI based electric field sensors are known [1, 10]. Their upper limits of the range 
of measuring electric field strength are different depending on electrodes length. However, the 
presented sensors use the same method of analyzing output optical signal: calculating modulator 
transmission coefficient. This method limits upper range of the measuring electric field strength 
to the strength corresponding to the half-wave voltage of the modulator.

Hence, the purpose of this work is to study a new approach of analyzing output optic signal 
of an electro-optical modulator in the configuration of a Mach-Zehnder interferometer based on 
ridge waveguides made of a thin film of lithium niobate, using FFT BPM.

To perform the study, a simulation of the operation of an electro-optical intensity modulator 
based on MZI based on FFT BPM was carried [11–14].

FFT-BPM

The beam propagation method (BPM) is a method for approximating the solution of the 
Helmholtz equation. As part of this work, a program has been implemented that realizes an FFT 
based on the fast Fourier transform (FFT) [11, 13].

BPM considers the propagation of an electromagnetic field on a plane as a function of two 
coordinates u(x, z), where x is a coordinate of a point along the axis of the transverse axis of light 
propagation, z is coordinate along the axis of light propagation. If the value of the field at the 
point (x, z0), is known then the value of the field at the point (x, z0+Δz) can be found as:

0 0( , ) ( , ) exp( ),u x z z x z z i+ ∆ = Ψ + ∆ Γ (1)

where Ψ is the wave function, Γ is phase factor, calculated as:
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where k is the wavenumber, β is the propagation constant. We apply the discrete Fourier trans-
form to the wave function and get:
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Hence, the problem of calculating the propagation of light is solved by the following algorithm:
1. Perform the discrete Fourier transform to the wave function Ψ(x,z0), to get Ψn(z0).
2. Calculate Ψn(x, z0+Δz) from (1.1).
3. Perform the inverse discrete Fourier transform to the Ψn(z0 + Δz), to get Ψ(x, z0 + Δz).
4. If the coordinate (z0 + Δz) does not correspond to the point at which the calculation should 

stop, then, then z0 = z0 + Δz and return to the point 1.

MZI Configuration

In this paper, we will consider a modulator based on a Mach–Zehnder interferometer, made 
of ridge waveguides made of Z-cut lithium niobate thin film. The geometric parameters of the 
interferometer are shown in Fig. 1.

Half wave voltage of a MZI modulator is determined by:

3
332

,
e

dU
n r Lλ

λ
= (4)

where λ = 633 nm is the wavelength of the light, d = 10 μm is the width of the waveguides, 
ne = 2.2139 is the extraordinary refractive index of the lithium niobate thin film, L is length of 
the electrodes. Thus, half-wave voltage of represented modulator is 1.93 V.

This simulation was performed using 2D model. Some parameters including waveguide high-
ness and film thickness were not taken into account. However, we note that modern integrated 
ridge waveguides have highness in range of hundreds of nanometers [15, 16].

Fig. 1. MZI configuration and orientation of the thin film
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Simulation parameters and results

The wavelength of light was taken to be 633 nanometers, the light was extraordinary polarized, 
the refractive index of the core of the waveguides was 2.2139, the refractive index of the environ-
ment was taken to be 1, the electro-optical coefficient r33 was taken to be 30.8 pm∙V‒1 [17-19]. 
The geometric parameters of the interferometer are shown in Fig. 1.

As a result of simulation, interference was observed in the output waveguide. Images of parts 
of the interference patterns (top view) at various values of the applied voltage are shown in Fig. 
2, where the white dots indicate the interference maxima.

As can be seen from Fig. 2, at applied voltages of 0.5 V and 4.36 V, the distribution of inter-
ference maxima has an identical character. Also, in the interference patterns corresponding to 
applied voltages of 0.5 V and 2.43 V, there is a change in places of the maxima and minima of 
the interference relative to each other. Thus, patterns corresponding to voltages differing by 1.93 
V are in antiphase, and patterns corresponding to voltages differing by 3.86 V are in the same 
phase. This confirms the above calculation of the half-wave voltage for the given configuration 
of the interferometer.

Also the presence of this cycle is confirmed by the dependence of the distance between the 
maxima of the interference pattern on the applied voltage, presented graphically in Fig. 3.

As can be seen from Fig. 3, the same distance between the interference maxima is repeated 
with a frequency of 3.86 V. This also confirms that the interference patterns spaced 3.86 V apart 
are in the same phase, and the half-wave voltage is 1.93 V.

Fig. 2. Interference patterns at various applied voltages: 
0.5 V (a); 1.5 V (b); 2.43 V (c); 4.36 V (d)

a)

b)

c)

d)

Fig. 3. Dependence of distance between 
interference maxima on applied voltage
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To analyze such interference patterns, in order to extract information about the magnitude 
of the applied electric field, it is possible to use detectors that determine the distances between 
adjacent maxima and their position relative to each other. This approach makes it possible to 
double the measurement range of the electric field strength compared to the measurement of the 
modulator transmission coefficient.

Conclusion

Thus, the FFT BPM method was used to study a new approach to the analysis of interfer-
ence patterns of output waveguide of an electro-optical modulator based on a Mach–Zehnder 
interferometer made based on ridge waveguides made of thin films of lithium niobate. The 
simulation of the modulator with a given configuration was carried out. According to the 
results of the simulation, the considered configuration has a half-wave voltage equal to 1.93 V. 
Interference patterns arising in the output waveguide of the modulator were presented and 
considered, and an approach for their analysis was also proposed, based on determining the 
distance between the interference maxima. Determined that the proposed approach allows 
to double upper limit of measuring electric field strength in case of MZI-based electric 
field sensor.
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