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Broadband phase modulator based on a multimode channel waveguide

in thin-film lithium niobate
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Experimental samples of integrated optical microwave modulators on thin-film lithium niobate were developed

and fabricated. An approach was chosen in which optical waveguide was fabricated with larger width than required

for its single-mode operation and arising high-order modes were suppressed with help of modulator electrodes

placed close to the waveguide. Characteristics of the fabricated samples were measured, the correspondence

between results of direct electrooptic bandwidth measurement and its theoretical estimate based on S-parameters

measurement was demonstrated. Effective microwave modulation of optical radiation within the bandwidth of more

than 30GHz at UπL parameter value of 4V · cm was demonstrated.
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The use of waveguides with a high numerical aperture

(i.e., strong refractive index contrast) is one of the bur-

geoning research trends in integrated optics [1–3]. Lithium
niobate, which has proven itself well in the production

of integrated optical microwave modulators [4,5], is being

studied extensively as a material platform for the fabrication

of thin-film lithium niobate (TFLN) waveguide modula-

tors [1,6]. The strong refraction index contrast of TFLN

waveguides allows one to reduce the transverse size of

the optical waveguide mode from ∼ 10µm [7] (a value

typical of standard gradient waveguides) to ∼ 1−2 µm [1]
at telecommunication wavelength λ = 1.55 µm. Strong

localization of light allows for a significant reduction of the

interelectrode gap width of a modulator and, consequently,

the length of traveling-wave electrodes without increase of

the control voltage. In turn, the reduction in length of

the electrodes decreases the requirements for matching the

velocities of optical and microwave waves, thus expanding

the modulation frequency band and extending the operation

frequency band of TFLN-based modulators to 100GHz and

above [1].

However, one significant obstacle to the development of

integrated optical devices based on high numerical aperture

waveguides (specifically, TFLN-based modulators) is the

stringent accuracy requirements imposed on resolution of

the lithography used for their fabrication [7–9]. To ensure

single-mode operation of waveguides in such devices at

wavelength λ = 1.55 µm, their transverse dimensions need

to remain at the level 6 1µm [10]; the resolution of

standard contact photolithography used for fabrication of

waveguide devices on bulk lithium niobate substrates is

insufficient for such topological dimensions. In view of

this, the search for an approach suitable for production of

TFLN-based waveguide devices without need of a complex

lithographic technology is of current concern. We have

already proposed a relevant solution, which consisted in

forming a waveguide with a width suitable for production by

standard contact photolithography, but larger than required

to achieve single-mode propagation of optical radiation. It

was demonstrated [11] that such an initially multimode

waveguide may be used as a quasi-single-mode one (in
terms of suppression of high-order modes and unwanted

intermodal interference at the waveguide output) in a

modulator if its metal electrodes are positioned close to

the edges of the waveguide ridge. As was found in [11],
the difference in localization of intensity of optical modes

in a thin film of lithium niobate (Fig. 1) makes it so that

less localized high-order modes are absorbed several orders

of magnitude stronger by the metal of electrodes positioned

on the film, ensuring effective suppression of these modes.

However, microwave modulation in such a modulator has

not been demonstrated yet. The present study was aimed

at investigating the applicability of the chosen approach

to fabrication of an efficient integrated optical microwave

modulator with a topology adapted to the resolution of

standard contact photolithography.

The optical waveguide configuration and the interelec-

trode gap width (5 µm) used in the low-frequency prototype

were taken as a basis for microwave topology of the

designed modulator [11]. The optical waveguide was

fabricated based on a ridge with width W = 2µm formed by

etching a thin (H = 700 nm) film of lithium niobate to depth

h = 300 nm (Fig. 1). A dielectric buffer layer of silicon

dioxide between the single-crystal lithium niobate film and
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Figure 1. Microwave modulator design. The optical waveguide is formed by an etched ridge in a thin film of lithium niobate (W = 2 µm,

h = 300 nm, H = 700 nm, hSiO2
= 2µm, he = 2 µm, G = 5 µm, We = 10 µm, and L = 10 and 4.9mm). The graphic insets show the

distributions of the electric field magnitude of the fundamental (TE00) and first higher-order (TE10) modes of the optical waveguide.

the substrate with thickness hSiO2
= 2µm, ensured a strong

refractive index contrast and localization of light in the

region of the etched ridge without leakage into the substrate.

TFLN in the x -cut orientation (with crystallographic axis

x of the single-crystal film oriented perpendicular to its

surface) was used. It was assumed that the horizontally

polarized TE mode of the optical waveguide, which has the

most pronounced Pockels effect (the electrooptic coefficient

is r33 ≈ 30 pm/V) [1], would be used for modulation in

this orientation. For the fabrication of the modulator the

commercial thin-film lithium niobate substrate produced by

NanoLN was used. The waveguides were etched using

an NQII CAIBE (Intelvac) ion-beam etching system with

collimated argon ions through a photoresist mask.

Microwave coplanar traveling-wave electrodes were

formed along the optical waveguide (Fig. 1) to establish

electrooptic modulation. They were fabricated in a galvanic

process from silver and have thickness he = 2µm, interelec-

trode gap G = 5µm, and central strip width We = 10 µm.

Pads for interfacing the examined modulator with electrical

probes were formed at the beginning and end of these copla-

nar electrodes in order to introduce microwave radiation.

Experimental samples of modulators of this design were

fabricated in two different lengths: L = 10 and 4.9mm.

Electrical probes were used to measure the S parameters of

electrodes, and the frequency dependences of propagation

losses α and effective refraction index nmw for the modulator

samples of two different lengths were then extracted from
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Figure 2. Frequency characteristics of the fabricated modulators. a — Effective microwave index nmw); b — microwave propagation losses

(α); and c, d — electrooptic response (Hcalc — calculated based on the linear microwave parameters; Hexp — measured experimentally)
and back reflection level (S11 parameter) of modulators with length L = 10 and 4.9mm, respectively.

these data by matrix methods [12] (Figs. 2, a, b). These de-

pendences were used to assess the electrooptic response of

the fabricated modulators in accordance with the following

well-known formula [13]:

Hcalc( f ) =

=

√

√

√

√

(

1− k( f )
)1− 2e−α( f )L cos

(

ξ( f )L
)

+ e−2α( f )L

(

α( f )L
)2

+
(

ξ( f )L
)2

,

(1)
where

ξ =
2π f |nopt − nmw |

c
,

c is the speed of light in vacuum, f is the modulation

frequency, α are the losses per unit length of a coplanar

waveguide, L is the length of the electrooptic interaction

section, k is the coefficient of reflection from the modulator

input, and ξ is the parameter characterizing the propagation

mismatch of microwave and optical waves with refraction

indices nmw and nopt , respectively. It was assumed that

nopt is equal to the group refraction index, which was

determined from the wavelength dependence of effective

refraction index ne f f . This dependence was calculated

by the finite element method near λ = 1.55 µm for the

fundamental waveguide mode using the formula

nopt =
c
vgr

= ne f f − λ
dne f f

dλ
,

where c is the speed of light and vgr is the group velocity

of an optical wave. Calculations were carried out with

refraction indices of lithium niobate (LiNbO3) ∼ 2.14 and

silica (SiO2) 1.44 at wavelength λ = 1.55 µm under the

assumption that the angle at the base of walls of the etched

ridge is 25◦ . The calculated group optical index value was

nopt ≈ 2.2. The results of evaluation of the electrooptic

response based on the obtained data are presented in

Figs. 2, c,d.

After probe measurements and initial theoretical evalu-

ation of the modulation band the fabricated samples were
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Figure 3. Diagram of the experimental setup for measuring the

characteristics of the obtained modulator samples (1 — laser, 2 —
fiber splitter, 3 — attenuator, 4 — polarization controller, 5 —
piezo-translation stage, 6 — modulator, 7 — photodetector, and

8 — vector network analyzer). The inset shows a photographic

image of the manufactured chip coupled to optical fibers.

coupled to optical fibers. End-to-end input and output of

radiation was implemented using lensed optical fibers with a

modal field diameter of 2µm. Coupling was performed with

the use of specially assembled modules (substrates with cut

grooves into which lensed fibers were inserted and glued).
With the fibers glued in, the module substrates were glued

to the end of the chips to fix the position of lensed fibers

relative to the ridge optical waveguide.

The experimental setup shown in Fig. 3 was used to

perform electrooptic measurements for the assembled mod-

ulator samples. This setup consisted of an interferometer

with the phase modulator sample and an attenuator for

optical power balancing mounted in its two arms. Since

standard single mode lensed fibers were used to input

(output) optical radiation into (from) the produced chips,

two polarization controllers were used in the interferometer.

The first one provided polarization adjustment at the input

of the chip under study to ensure efficient radiation input

into the TE waveguide mode, which, thank to the highest

electrooptic coefficient, corresponds to the minimum control

voltage in waveguide operation. The second polarization

controller provided tuning to the maximum contrast of the

interference pattern at the interferometer output. Electrical

probes were mounted on the modulator electrodes. An

R&S ZNB 40 vector network analyzer was used to

measure the electrooptic microwave characteristics of the

modulator. The obtained results are presented in Fig. 2

together with the calculated data. It can be seen that the

nature of the electrooptic response and its slope match the

calculated curves obtained earlier. The determined back

reflection level is below −10 dB (represented by the S11

parameter in Figs. 2, c,d), which is sufficient for modulator

application in microwave transmission lines and corresponds

to the characteristics of commercial modulators fabricated

on bulk lithium niobate substrates. The product of half-

wave voltage and electrode length (parameter UπL) was

measured separately at low frequencies. The obtained

value is ∼ 4V · cm (equivalent to 2V · cm for an intensity

modulator in the form of a Mach−Zehnder interferometer),

which corresponds to the parameters of TFLN modulators

known from literature [1].
Thus, a phase microwave modulator based on thin-film

lithium niobate, which is suitable for mass production by

standard contact photolithography, was designed. The pos-

sibility to provide light modulation with bandwidth in excess

of 30GHz was demonstrated experimentally. No parasitic

effects associated with the conversion of optical modes,

such as parasitic amplitude modulation and polarization

fading, were observed in measurements. This verifies the

applicability of the approach with suppression of high-order

modes of an optical waveguide in fabrication of microwave

TFLN-based modulators.
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