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High power second harmonic generation (SHG) in MgO-doped LiNbO3 waveguides is investigated using
a three-dimensional (3D) coupled thermo-optical model. Simulations performed for a 1111.6-nm funda-
mental laser show the influence of the absorptions and the thermally induced dephasing on the conversion
efficiencies of the different waveguides. The onset of the thermally induced dephasing effect for each
waveguide is also indicated. As a result of high light intensity in the waveguide, nonlinear absorptions are
identified as the possible main factors in efficiency losses in specific cases.
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Second harmonic generation (SHG) has numerous im-
portant applications in nonlinear optics, quantum op-
tics, optical communication, etc.'=5. One of its ap-
plications is the provision of blue and green laser light
sources with greater efficiency and higher power which
cannot be generated directly by diode lasers. High power
SHG has been studied in various periodically poled bulk
crystal devices(0—8.  However, several problems, such
as non-uniformity and nonlinear drive, among others
have affected the achievement of highly efficient SHG in
single-pass bulk interactions. SHG waveguide devices can
circumvent these problems™. Tight confinement of the
interacting waves in the transverse direction provided by
a waveguide considerably increases the optical intensity
in a small area. Thus, normalized efficiency in a waveg-
uide can be increased significantly. Highly efficient SHG
has been demonstrated in the periodically poled lithium
niobate (PPLN) waveguidel"?/. However, the high power
SHG in the PPLN waveguide is limited by such effects as
photorefractive damage and green-induced infrared ab-
sorption (GRIIRA). These problems can be addressed
by MgO doping to the LiNbOs crystall®. Therefore,
periodically poled MgO-doped LiNbO3 (PPMgLN) is a
promising candidate for PPLN in SHG and optical para-
metric oscillation'%11. Highly efficient single-pass SHG
has been obtained in PPMgLN waveguide!®—>!. Unfortu-
nately, the problem of efficiency loss has been observed
in the fundamental light power of 0.2 W[!. The satura-
tion of the blue power has been observed in the incident
infrared powers higher than 0.9 W, However, the re-
sults of theoretical investigations of these problems have
not been reported.

In this letter, the optical problem of SHG in the 5
mol % MgO-doped LiNbO3 waveguides coupled with the
three-dimensional (3D) steady-state heat transfer equa-
tions is considered. The simulations are performed for
a 1111.6-nm fundamental laser. Considering that the
waveguides fabricated under different conditions have
different optical absorption properties, four PPMgLN
waveguides are investigated. The efficiency loss mainly
results from the absorptions and thermally induced de-

1671-7694/2011,/121901(4)

121901-1

phasing in the high fundamental power regime.

The electric field profiles of the fundamental field E,,
and the SHG field Fs,, in the waveguide are E,,(z,vy, 2, t)
= (Ww/2)ew(®,y) {Au(2,t) explj(wt — ku2)] + c.c.} and

E2w (l’, Y, 2, t) = (72w/2)e2w (1'7 y) {AZw (Zv t) exp[j(ZWt_
kowz)] + c.c.}, where k; (i=w, 2w) is the modal prop-
agation constant, e;(x,y) is the transverse modal profile,
and v; = 1/2/n;ceq is a normalization constant, where
n; is the refractive index, g is the permittivity of free
space, and ¢ is the in vacuo speed of light'?. The en-
velope function A; is normalized to satisfy the power in
each mode P; = |A;|%.

The SHG in the waveguide can be described by the

coupled mode equations!%:
dA, . . )
T - —jvno AL As, exp(—jAkz) — au Ay, (1)
dA2w

dZ = _J\/%Ai exp(JAkz) - (a2w + ﬁIQw)AQwv (2)
where 7 is the normalized efficiency, A is the wavelength
of the fundamental light, a; is the absorption coefficient,
( is the two-photon absorption coefficient at the SHG
wavelength, and Ak = 4m(ng, — ny) /A — 2mm/A is the
phase mismatch, where A is the grating period and m is
the grating order.

The equilibrium temperature distribution in the waveg-
uide can be described by a 3D Poisson’s equation!!3]:

V3T = —q/F, (3)

where k is the thermal conductivity and ¢ = a1, +
asw Iz, + B13, is the heat source. In the heat source,
I; = e2(x,y)A? is the light intensity.

Although the depletion of the fundamental wave can
be neglected in bulk crystal SHG devices, it is not possi-
ble in the SHG waveguide devices with high conversion
efficiency!'*1%!. The finite difference method is adopted
to calculate the equilibrium temperature and the SHG
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power. The coupling of the light field with temperature
is achieved through the temperature-dependent refrac-
tive index equations!'®. Grating period is A = 7.92
um. The corresponding quasi-phase-matching (QPM)
temperature is 57.13 °C. Thermal conductivity is k= 4
W/mK. The effective widths of the fundamental (SHG)
TMgyp modal fields in the z and y directions are set
as We1= 5 pm (W = wg1/v2) and wy1= 5.5 pm
(wy2 = wy1/V2), respectively?. Boundary tempera-
ture of the waveguide is equal to the QPM temperature.
The GRIIRA and two-photon absorption coefficients are
different in the waveguides fabricated under different
conditions. Therefore, four PPMgLN waveguides with
different absorption coefficients are considered7—20],
Waveguide I is an ultra-low loss waveguide where absorp-
tion can be neglected. Waveguide II is a conventional
waveguide where a,=0.02 cm™!, a2,=0.04 cm~!, and
B=2 cm/GW. Waveguide III has larger linear absorp-
tion coefficients where a,,=0.098 cm™!, a9,=0.15 cm™1,
and /=2 c¢cm/GW. Waveguide IV has the absorption
coefficients where a,=0.02 cm™", @2,=0.04 cm™!, and
B=2x10% cm/GW. Additionally, the GRIIRA can be
neglected for the 5 mol% MgO: LiNbO3 crystal®). The
normalized efficiency is assumed to be 200% W~!.cm?.
As shown in Fig. 1, the crystals have a length, width,
and height of 20, 3, and 0.5 mm, respectively. Waveg-
uides are applied on the top of the crystals with a width
of 5 pum and a height of 3 ym. The calculations are per-
formed for 50x35 x 20000 (um) regions and discretized
into 50x35x 200 point grid for the thermal field, modal
envelope, and light intensity. The fundamental laser em-
ployed is a continuous wave (CW) laser at 1111.6 nm
with a maximum power of P,=1 W. Therefore, the laser
intensities inside the waveguide are lower than the pho-
torefractive damage threshold[®!.

The functions of the SHG power are calculated versus
the fundamental power for the four different waveguides.
For each waveguide, the calculations are carried out in
three cases, as shown in Fig. 2. First, temperature
variations caused by the absorption of light (diamond
lines) are taken into account. Second, heat generation
is neglected (solid circles). Third, absorptions are ne-
glected (solid line). In waveguide I, the absorptions can
be neglected. Therefore, the simulation data are in good
agreement with the results of theoretical calculation us-
ing Py, = P, tanh?®(\/noP,), as shown in Fig. 2(a). In
waveguide II, the simulation and calculation results are
in a good agreement with each other when the fundamen-
tal wave power is lower than 0.3 W. Discrepancies are
observed when the fundamental power is higher than 0.3
W. The SHG power in the calculation is higher than the
simulation results. This is the first discrepancy which
is caused when the absorptions in the calculation are
neglected. Below the fundamental power of 0.3 W, the
calculation can provide good approximation of the ab-
sorptions by lowering the normalized efficiency. Above
0.3 W, the calculation does not work well and the rela-
tion among SHG power, fundamental wave power, and
absorptions must be given by a more accurate equation.
Two simulation results are different when the fundamen-
tal light power is higher than 0.6 W. This is the second
discrepancy which is mainly attributed to the thermally
induced dephasing. In addition, the saturation of the
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Fig. 1. Optical setup of the SHG in the PPMgLN waveguide.

1.0 1.0
@) D)
E 0.8 08
7 0.6 0.6
§ 0.4 C 0.4 C
&) L L
= 0.2 i 0.2 i
@ 0'0 1 1 1 1 1 1 1 0'0 1 1 1 1 1 1 1 1
00 02 04 06 08 10 00 02 04 06 08 10
0.15
sl © [ @
g T 0.10 F
5041 i
% L
9 L 0.05 |
) 0.2 L
= L
m0.0 L1 | g 1
00 02 04 06 08 10 00 02 04 06 08 10
Fundamental power (W) Fundamental power (W)

Fig. 2. (a) SHG power versus fundamental light power of
waveguide I (diamond lines) obtained by simulations and the-
oretical calculation (solid line). (b)—(d) SHG power versus the
fundamental light power obtained by simulations when the
thermal field distributions are considered (diamond figures)
and neglected (solid circles), and the theoretical calculations
(solid line) of waveguides II-IV.

SHG power has been observed in the fundamental light
power higher than 1 W. With increasing absorptions in
waveguide ITI, the discrepancies appear earlier (P, >0.2
W). Similarly, the first discrepancy is produced when the
absorptions in the theoretical calculation are neglected.
The other discrepancy is obtained when the heat gen-
eration in one of the simulations is not considered. In
waveguide IV, a significant drop-off from the theoretical
calculation is observed as the fundamental light power
increases to values greater than 0.1 W. The comparison
of the three results shows that the dominant effect for
the efficiency loss is absorptions under the condition of
fundamental light power lower than 0.3 W. Moreover,
the thermally induced dephasing occurs when the fun-
damental light power is greater than 0.3 W. With the
large two-photon absorption at the SHG wavelength, the
conversion efficiency decreases very rapidly. Figure 2(d)
shows that the two-photon absorption is the main effect
that reduces the conversion efficiency. The influence
of the thermal dephasing is slight. Based on the data
of the four waveguides, the drop-off from the theoret-
ical calculation as the fundamental power increases is
mainly caused by two effects, namely, absorptions and
thermally induced dephasing. To obtain the description
of the thermally induced dephasing, the relation among
SHG power, fundamental wave power, and absorptions
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should be described by a more accurate equation other
than the tanh? relation.

To investigate the thermally induced dephasing, we
calculated the temperature and the power distribution
along the beam propagation direction in waveguide IIT
at the fundamental power of 1 W. Figure 3 shows that
the waveguide temperature has increased by more than
0.5 °C and the temperature varies along the light prop-
agation axis. The variation is caused by the different
fundamental and SHG light absorption coefficients. The
temperature increase in the front part of the waveguide
is mainly attributed to infrared absorption. In the mid-
dle part of the waveguide, the temperature increase is
mainly dominated by the SHG absorption. Consequently,
the temperature reaches the peak with increasing SHG
power. The thermal field changed the refractive index
and disturbed the QPM condition. Thus, the SHG power
begins to decrease, and the fundamental light power be-
gins to increase. At the end of the waveguide, the SHG
power reaches the minimum value. In the case of the
high power SHG, a device of proper length can improve
the conversion efficiency.

The transverse distribution of the fundamental and
SHG intensities and the corresponding temperature dis-
tribution at the middle of the waveguide are shown in
Fig. 4. A large difference between the QPM temperature
and the actual temperature is observed. This is caused
by the heat generation of the laser beam. The transverse
profiles of the light fields are determined by the refrac-
tive index profile of the waveguide. The heat generation
of the waveguide is mainly produced by the absorption
of the SHG power, and the temperature distributions
are different in the  and y directions. By adjusting the
waveguide temperature, the SHG power can be corrected
partially. However, the loss caused by the axial variation
of the temperature cannot be corrected.

In conclusion, we investigate the efficiency loss of the
high power SHG in the PPMgLN waveguides. In the
lossless waveguide, the capability of theoretical calcu-
lation to provide good approximation of the simulation
data is demonstrated. In the normal waveguide, sig-
nificant drop off from the tanh? relation is achieved.
The final results show that neglecting the absorptions
in the tanh? relation is the main factor for the drop-off
before the onset of the thermally induced dephasing. In
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Fig. 3. Final distribution of the fundamental (dashed line)
and SHG (solid line) powers along the beam propagation
direction with the corresponding temperature distribution
(dashed dotted line) at =25 pm, y=2.5 pm.
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Fig. 4. Intensity distribution of SHG (solid line) and funda-
mental light (dashed line) in the (a) « and (b) y directions
with corresponding temperature distribution (dashed dotted
line) in the z (at z=10000 pm and y=2.5 pm) and y directions
(at z=10000 pm and z=25 pm)

addition to absorptions, thermally induced dephasing is
the other effect that reduces the conversion efficiency.
Heat generation is directly related to the green light ab-
sorption at high fundamental powers. In the waveguides
with large nonlinear absorption, the efficiency loss is at-
tributed to the nonlinear absorption rather than thermal
dephasing. The observation that the thermally induced
dephasing starts at different fundamental powers in the
PPMgLN waveguides indicates that thermally induced
dephasing can be obviated by carefully controlling the
crystal growth to reduce light-absorbing defects.
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