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Abstract—We develop a periodically-poled LiNbO3 (PPLN)
device for highly-efficient third-harmonic generation (THG), where
the THG efficiency is enhanced with a cavity. THG can usually be
produced via χ(3)-nonlinear materials by optical pumping with very
high pump-power. Instead, we here propose THG by moderate-power
pumping through a specially-designed PPLN device containing
only χ(2)-nonlinearity, where sum-frequency generation in the χ(2)

process is employed for the mixing of a pump beam and a
second-harmonic-generation (SHG) beam produced from the pump
beam. The cavity is designed to increase the SHG power with dichroic
mirrors attached to both ends of the device that perfectly reflect
the SHG beam back to the device and yet let the pump and THG
beams pass through the mirrors. This brings about a THG-power
enhancement because of THG power proportional to the enhanced
SHG power. We examine the THG-efficiency dependence on the
mirror reflectance and show that very high THG-efficiency is obtained
at moderate pump-power when compared with that of a cavity-free
PPLN device.

Keywords—Cavity, periodically-poled LiNbO3, sum-frequency
generation, third-harmonic generation.

I. INTRODUCTION

MUCH focus is now being placed on highly-efficient

third-harmonic generation (THG) in scientific and

technological studies, including studies on the determination

of absolute frequencies in an optical comb (i.e., ultra-precisely

arranged spectral lines with an equal spacing). This

optical comb has photonic high-tech applications, such as

precise measurements of atomic absorption spectral lines

[1] and wavelength-division-multiplexing (WDM) optical

communications [2]. Two researchers who developed the

optical-comb generation (together with a self-referencing

technique [3], [4] by use of second-harmonic generation

(SHG)) were awarded Nobel prize in physics in 2005

[5], and the research in this field has been propelled

worldwide. In the application to WDM communications,

the optical comb is used as optical broadband frequencies

that enable huge data-throughput in our optical networks

and thus enrich our daily lives with smooth digital optical

communications. In addition, the development of high-power,

compact green lasers (e.g., at 520 nm) with THG is now

drawing much attention towards various laser applications,

including full-color, high-resolution laser projectors. Thus,

highly-efficient THG is in great demand.
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Fig. 1 Optical frequencies in the optical comb. If f0 is measured very
precisely, then all the frequencies are perfectly determined

II. USAGE OF THG

As an example of the usage of THG, we show how

to use it to determine the absolute frequencies of a beam

generated from a mode-locked laser (i.e., a pulse laser) and a

photonic-crystal fiber [6]. In this case, the n-th mode f(n) of

the frequencies is given by

f(n) = f0 + nfrep, (1)

where f0 is an offset frequency (0 ≤ f0 < frep), which

is unknown when the beam is generated, n is an integer

(including 0), and frep is a repetition frequency of the optical

pulses, which is known in advance with a very high precision

of Δf/frep < 3 × 10−17 [7], where Δf is a frequency shift

from frep in the mode spacing of the optical comb.

If the unknown f0 is determined with very high accuracy,

all the frequencies are perfectly determined, and the optical

comb can be used as a precise frequency scale.

To obtain f0, we use THG in the following way: First, we

produce THG of frequency 3f(n) through a χ(3) material (e.g.,

Si [8]) and SHG of frequency 2f(m) through a χ(2) material

(e.g., LiNbO3 [9]) from a beam of frequency f(n). In this

case, 3f(n) and 2f(m) are of the form:

3f(n) = 3f0 + 3nfrep, (2)

2f(m) = 2f0 + 2mfrep. (3)

We then extract a beat frequency fbeat via optical

heterodyne detection from a beat between the 3f(n)- and

2f(m)-beams for the modes that suffice 3n = 2m, i.e.,

fbeat = 3f(n)− 2f(m) = f0. (4)

Here, the issue on THG in the above scheme is that the

THG power (obtained with Si) is rather small compared with

the SHG power (obtained with LiNbO3). The enhancement
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Fig. 2 Outside quantum efficiency vs wavelength in semiconductor LDs.
There is a region called a green gap at around 550 nm, where the outside

quantum efficiency is very low

of THG power makes the beat-frequency measurement much

easier.

The second example is a green-laser application. So

far, high-power red and blue laser diodes (LDs) have

been successfully developed along with their good

semiconductor-crystal growth by metal organic chemical

vapor deposition (MOCVD). But, green LDs are still

developing because a quality improvement in their crystal

growth is underway. Within the conventional techniques

and crystal-growth conditions, very small outside quantum

efficiency was achieved for green LDs at a wavelength of

around 550 nm, as shown in Fig. 2 [10]. This low-efficiency

region is called a green gap. Fortunately, Yanashima et al.

have recently developed new green LD structures while using

epitaxial growth for InGaN and have succeeded in fabricating

green LDs with an output power of 50-70 mW [11].

However, since the above LDs fabricated with some special

techniques and structures are costly and have a finite lifetime

(or a finite time-period where constant output power is

obtained), we employ another method to generate green beams

with THG by use of an inexpensive periodically-poled LiNbO3

(PPLN) and a commercially available 1.56-μm LDs for

wide industrial applications that require stable, long-lifetime

operations. This type of PPLN has been developed until now

[14], but its output efficiency is rather low. The device structure

proposed in the present paper can overcome this low efficiency.

In the next section, we show our device structure that

employs a cavity of dichroic mirrors to boost the efficiency.

III. DEVICE STRUCTURE AND FUNCTION

The device structure for green-THG using PPLN with a

cavity is illustrated in Fig. 3. Fig. 3 (a) is a top view of the

PPLN device, which has dichroic mirrors (dielectric multilayer

mirrors) at both ends of the device as the cavity. The cavity

enhances the SHG power inside the device, where the mirrors

reflect only the SHG beam and let the pump and THG beams

pass through the mirrors via the adjustment of the dielectric

multilayer periods. This cavity gives rise to a THG-power

enhancement owing to the THG power proportional to the

enhanced SHG power.

Fig. 3 (b) is the device cross-sectional view at a plane that

contains points A and B shown in Fig. 3 (a). The PPLN

L

E0 Cn

L

An Bn

Dn

Mirror

SiO2

LiTaO3

PPLN

A

B

Section 1 Section 2
(a)

(b)

Mirror

Fig. 3 Proposed device structure with a cavity, where the cavity is formed
with dichroic mirrors attached at both ends of the device. (a) Top view of
the device. (b) Cross-sectional view of the device at a plane that contains

points A and B in (a)

waveguide in Fig. 3 (b) is formed on a LiTaO3 substrate

with a smaller refractive index (nLiTaO3
= 2.17) than that

of the PPLN waveguide (nLiNbO3 = 2.21), thereby confining

propagating beams to the PPLN waveguide. The upper region

of the PPLN waveguide is covered with sputtered SiO2

(nSiO2 = 1.45) to protect the waveguide, where there is a

merit that this makes the fabrication of the mirrors easier at

the waveguide ends, because the ends can have a wide area

after burial of the waveguide in the SiO2/LiTaO3-sandwiched

structure.

In Fig. 3 (a), SHG is performed at Section I from a pump

beam coming from the left (i.e., outside the device), where

the period of the periodic poling is set so that the pump-beam

frequency f0 is converted to an SHG frequency fSHG = 2f0
[12], [13]. At Section II, sum-frequency generation (SFG) is

performed by the frequency mixing of the pump and SHG

beams, which gives the output frequency foutput = fSHG +
f0 = 3f0(= fTHG), where the PPLN poling period is set

so as to give foutput = fSHG + f0 = 3f0. As a numerical

example for the output frequency (wavelength), if we use the

pump frequency (wavelength) at f0 = 192.1 THz (1.56 μm),

then we can obtain fTHG = 576.5 THz (0.52 μm) as the THG

frequency (wavelength).

The next section provides THG-power analysis in the above

scheme using SHG and SFG.

IV. THG-POWER ANALYSIS

A. Computational Method

We assume that the mirrors in Fig. 3 (a) have a reflection

amplitude r for the SHG beam that travels from the inside

to the outside of the device. This r has a relation with the

transmission amplitude t as r2 + t2 = 1 (r, t: real numbers).

The total length of the PPLN waveguide is set to be 2L, where

the waveguide for both SHG (Section I) and SFG (Section II)

has the same length L. The mirrors reflect the SHG beam

back to the device with a reflectance of r2, and SHG photons

are accumulated inside the device. The enlarged SHG power

(PSHG) inside the device increases the output THG power
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(PTHG) because THG caused by SFG between the pump

and SHG beams gives a power of PTHG ∝ P0 PSHG, where

P0 is the pump power, which is a constant. Note that the

phase shifts at reflection at the device ends are adjusted by

refractive-index control of the device with such a temperature

controller as a Peltier device. If there is another phase shift

(due to another physical mechanism), it can also be removed

by the refractive-index control.

In Fig. 3 (a), we set E0 and θ to be the electric-field

amplitude of the pump beam and the phase shift of the SHG

beam at reflection with the mirrors, respectively. We then have

the following recurrence equations for the SHG electric-field

amplitudes:

An = κSHG |E0|2 + r eiθ Dn−1 e
−αL/2, (5)

Bn = An e
−αL/2, (6)

Cn = κSFG E0 An e
−αL/2, (7)

Dn = r eiθ Bn e
−αL, (8)

where An is the amplitude of the right-going SHG beam at the

halfway point, Bn is that of the right-going SHG beam at the

rightmost point, Cn is that of the SFG beam going outside the

device, Dn is that of the left-going SHG beam at the leftmost

point, n represents the beam circulation number, α is the

beam propagation loss, and κSHG,SFG is a factor related to the

SHG-, SFG-efficiency coefficient ηSHG,SFG as ηSHG,SFG =
κ2
SHG,SFG/S with S being the waveguide cross-sectional

area. In the above, no-pump-depletion approximation [9]

that ignores the power attenuation of |E0|2 was employed,

using very large |E0| compared with |An|, |Bn|, |Cn|, |Dn|.
Yet, the power attenuation of these small amplitudes

|An|, |Bn|, |Cn|, |Dn| was taken into account, because the total

path for them with n-th circulation will be far longer (at

n → ∞) than that of the pump beam with E0 passing through

the device only once.

In (5)-(8), the initial conditions (i.e., n = 1) are set as

A1 = κSHG |E0|2, (9)

B1 = A1e
−αL/2, (10)

C1 = κSFG E0 A1 e
−αL/2, (11)

D1 = r eiθ B1 e
−αL. (12)

With the conditions (9)-(12), by solving (5)-(8) and setting

n → ∞, we obtain the THG intensity as

|ETHG|2 = |C∞|2 = κ2
SFGκ

2
SHG |E0|6 e−αL Γ, (13)

where

Γ =
1

1− 2r2e−2αL cos 2θ + r4e−4αL
(14)

is a THG enhancement factor, where Γ = 1 corresponds

to the no-cavity case. If we convert |ETHG|2 in (13) in

units of W/m2 to a power PTHG in units of W (where

|ETHG|2 was already converted to an optical intensity by the

multiplication of a factor
√

ε0nc/2 (ε0: vacuum permittivity,

n; waveguide refractive-index, c: light velocity)), we should

multiply |ETHG|2 by S (i.e., PTHG = S|ETHG|2), where S

is typically (3 μm)2. In this case, PTHG is of the form.

PTHG = ηSFGηSHGP
3
0 e−αL Γ (15)

= 2η2SHGP
3
0 e−αL Γ, (16)

where ηSFG is the SFG-efficiency coefficient that is related to

the SHG-efficiency coefficient ηSHG as ηSFG = 2ηSHG, which

is obtained from ηSHG ∝ f2
0 and ηSFG ∝ f0fSHG = 2f2

0 [15].

THG efficiency defined as T = PTHG/P0 is then given by

T = 2η2SHGP
2
0 e−αL Γ, (17)

which also increases with increasing Γ.

The next subsection provides numerical results on the

enhancement factor Γ and the enhanced power PTHG using

realistic device parameters.

B. Numerical Results and Discussion

In this subsection, Γ is first computed with experimental

values of L = 3.0 mm and α = 0.253/cm (1.1 dB/cm) [16].

Here, the phase shift 2θ is set to be 2πl (l is an integer)

by the refractive-index adjustment via temperature control.

In this case, the dependence of Γ on the mirror reflectance

r2 is shown in Fig. 4 by the blue curve. In Fig. 4, we

observe that Γ becomes large monotonically as r2 increases via

steady accumulation of SHG photons. At r2 = 1 (i.e., 100%

reflectance), Γ = 50.3 is obtained; that is, PTHG at r2 = 1 is

50.3 times greater than that without the cavity (i.e., at r2 = 0).

Since the value of Γ at around r2 = 0 (in the no-cavity case)

is not clearly seen in Fig. 4, a figure with the logarithmic plot

of the vertical axis is given in the inset of Fig. 4, where we

can see that Γ actually starts from 1 at r2 = 0.
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Fig. 4 Mirror reflectance r2 dependence of the THG enhancement factor
Γ. The inset shows a figure with the logarithmic scale of the vertical axis

We then calculate the size of PTHG at r2 = 1 by use

of ηSHG ≈ 50 %/W [16] at P0 = 100 mW, and obtain

PTHG ≈ 23.3 mW (i.e., T ≈ 23.3 %) by the cavity effect.

For a comparison, we show PTHG at r2 = 0 (i.e., without

the cavity): PTHG ≈ 0.46 mW (i.e., T ≈ 0.46 %). In this

THG-power enhancement, very large SHG power has been

achieved at r2 = 1, which could cause THG power instability

via a phase shift due to the large SHG power density. Since

this cannot be avoided in principle, an appropriate setting of r2

(which should be set less than 1 while keeping Γ large) [17]

will be necessary in practical use of the proposed method;

even in this case, several tens of Γ will be obtained.
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V. SUMMARY

We have analyzed THG power PTHG and its enhancement

factor Γ in a cavity-type PPLN device that makes possible

highly-efficient THG, where THG is performed by SFG

between a pump beam and a SHG beam produced by the

frequency-doubling of the pump beam. The proposed device

design with a cavity composed of dichroic mirrors has had a

function that the mirrors perfectly reflect the SHG beam back

to the device and let the pump and THG beams pass through

the mirrors. This has given rise to a THG-power enhancement

because the THG power is in proportion to the increased SHG

power. By analyzing the THG-efficiency dependence on the

mirror reflectance r2, we have demonstrated that very high

THG efficiency can be achieved near r2 = 1 when compared

with that of a cavity-free PPLN device (i.e., with r2 = 0). The

proposed device has various photonic high-tech applications,

including the absolute-frequency determination of the optical

comb and the full-color, high-resolution laser projectors that

guarantee stable, long-lifetime operations.
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