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Abstract

We report the theory and experiment for an amplitude modulator and wavelength converter based on an electrode-
coated asymmetric-duty-cycle periodically poled lithium niobate (PPLN). In a 56%/44% domain-duty-cycle PPLN
crystal, we modulated the amplitude of the 532-nm second-harmonic output and measured a normalized half-wave
voltage of 1.1 V x d (um)//. (cm), where d is the separation of the electrodes and /. is the effective electrode length
defined by the PPLN length multiplying the deviation of the domain-duty-cycle from the 50% value. A modulation
depth of 85% was obtained in the linear modulation regime. We also derived a unified theory to describe the half-wave

voltage for two types of PPLN-based amplitude modulators.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Periodically poled lithium niobate (PPLN) is a
popular nonlinear crystal employing the quasi-
phase-matching (QPM) technique [l]. A PPLN
crystal has several desirable advantages such as
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having a large effective nonlinear coefficient, wide
transparent range, and long available crystal
length. The QPM technique alters the sign of the
nonlinear coefficient every coherence length in a
nonlinear optical material. This periodic sign re-
versal also occurs to the electro-optic coefficient in
the material. Recently, electro-optic wavelength
tuning in PPLN by applying an electric field to
either the +z or —z domains has been proposed [2].
Although, according to [2], the electric field is
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expected to penetrate throughout the whole ferro-
electric domain under the electrode, our finite-ele-
ment computer simulation showed a uniform,
unmodulated field profile in the crystallographic
x—y plane for a depth deeper than the PPLN grating
period. For example, in a 30-um period PPLN, the
periodic field profile only exists approximately
30-um from the PPLN surface. A more feasible
electro-optic wavelength tuning technique is to use
an electrode-coated asymmetric-duty-cycle PPLN,
which has been demonstrated experimentally in an
optical parametric oscillator with reduced nonlin-
ear conversion efficiency [3]. While wavelength
tuning is important for laser applications, laser
amplitude modulation is often required for infor-
mation transmission and high-resolution detection.
The same principle used in [3] can be employed for
simultanecous amplitude modulation and wave-
length conversion at a resonance wavelength. A
conceptual design of an amplitude modulator
based on an asymmetric-duty-cycle QPM wave-
guide was proposed in 1993 [4]; however, the
theoretical study was limited to a specific electrode
configuration for a given domain inversion geom-
etry in the waveguide. In this paper, we demon-
strate the experiment and derive the complete
theory for simultaneous amplitude modulation and
wavelength conversion based on a general config-
uration of an electrode-coated asymmetric-duty-
cycle PPLN crystal. We also compare this type of
modulator with the segmented PPLN modulator
[5,6] and provide a unified theory to describe the
half-wave voltage for both devices.

2. Theoretical derivations

Without losing generality, we model the theory
by using an example of second harmonic genera-
tion (SHG) in an electrode-coated asymmetric-
duty-cycle PPLN crystal. The same technique can
be applied to other phase-sensitive nonlinear op-
tical processes. In the following, we first derive the
theory in the low-efficiency regime and extend the
result to the high-conversion limit.

In a material, the phasor of the electric field of
the mixing wave i propagating in the x direction in
a nonlinear material can be expressed by

E, :Aieik,vf(;n,(x’)dx” (1)

where 4, is a slowly varying field envelope along x,
k; = 2n/4; is the vacuum wave number, and #;(x")
is the refractive index at the longitudinal position
x = x'. Throughout this paper, the subscript i is
replaced by w for the quantity associated with the
fundamental wave and 2w for that associated with
the second harmonic wave, where o is the angular
frequency of the fundamental wave. Substituting
Eq. (1) into the Helmholtz equation with second-
order nonlinear polarization [7] and applying the
slowly varying-envelope approximation, one has
the governing equation for the SHG field envelope
in a loss-less medium

dA 2w 1 dn2w (X)
dx 2my,(x)  dx

Azw — Fd33(x)eii\/; Ak(x’>dx/7

(2)

where  Ak(x') = ko An(X') = koo [H20 (%) — 16 (X')]
is the wave vector mismatch, I' = (il6n°/ny,
(x)4o)A2 is the coupling coefficient, and d;(x) is
the relevant nonlinear coefficient in a PPLN crys-
tal. When an electric field E. is applied to the
PPLN crystal in the crystallographic ¢ direction,
the refractive index experienced by wave i is
modified by the electric field according to

”i,i(Ez) = Nei =+ ”33,1'”:;,-15:/27 (3)

where the choice of sign depends on the polarization
of the ferroelectric domain, 7. is the extraordinary
refractive index, and r33 1s the Pockels coefficient. In
the following the subscript + or — depends on the
choice of n, or n_ in the calculation.

To obtain the second harmonic field at the
PPLN output, one may integrate Eq. (2) over x
with the assumption of low conversion efficiency
and thus a constant fundamental power. Fig. 1
illustrates one period of the PPLN crystal that
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Fig. 1. The schematic of a crystal period in an asymmetric-

duty-cycle PPLN. The crystal period consists of two unequal-
length crystal domains with opposite ferroelectric polarizations.
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consists of two unequal domain lengths, /, and /_,
with the PPLN grating period of A =1/, +1_.

By integrating Eq. (2), the second harmonic
field generated from such a PPLN period 4,,(A) is
given by

e-idk L ]

As(A) = idsy (nT
+

e—iAk,l, —1 .
e ) @

where according to Eq. (3), the wave vector mis-
match Ak. can be further expressed by

Aky = Aky £ 0k

2n
- )vzw |:(ne,2w - ne,w)

1 1
+ (51’33,2(071;2&, - z”za«;”liw)ﬁ‘z} . (5

Assume that the PPLN crystal consists of N
periods, having a length of L = N x A. To calcu-
late the SHG field envelope after N periods, one
may integrate Eq. (2) directly to obtain

N
Az(u(N/l) _ AZ(J)(A) % Zefi(nfl)(AkJrhﬁ»Ak,L)

n=1

sin [N (Ak, 2+ Ak 0P )]
sin (Ak+ DA 4 Ak W)

. DA 1-D)4
X exp —i(N — 1)(Ak+T+Ak,%),

= Azm(/l) X

(6)

where D =/, /A is the PPLN domain-duty-cycle.
In integrating each QPM domain, the second term
on the left-hand side of Eq. (2) was eliminated,
since the refractive index remained constant in the
range of integration. Eq. (6) is similar to the far
field expression of a diffraction grating with N
periods, as the total SHG field is coherently sum-
med up from each crystal period. The SHG output
intensity after N periods is therefore

sin? [N (Ak+ DA | Af_ (D )}

sin’ (Ak+ DAL Ak w>

sin® (0k X L)
sin® (0k x 04)’

[2(9(N/1> = IZw(A)

= [ZuJ(A) (7)

where I, (A1) is the SHG intensity generated from
one PPLN period, 04 =|D —1/2| x A is the ef-
fective electrode length in each PPLN period, and
ler =N x 04 =|D—1/2| x L is the effective elec-
trode length over the whole PPLN crystal. Usually
N is a large number. For instance, a 2-cm PPLN
crystal for frequency doubling 1064 nm laser
through the third-order QPM process has ap-
proximately a thousand periods. As a result, the
sinc-like term, sin® (0k x L)/ sin® (8k x 8A), is
much more sensitive to the applied electric field
than Ip,(A). For D=1/2 and E, # 0, the grating
term is no longer a function of the electric field and
this device in practice can not be used as an am-
plitude modulator. For D =1/2 and E, =0, Eq.
(7) 1s reduced to the expected expression for a
standard PPLN SHG device [8], given by

ey = (21 / 2, ®)

with the first-order QPM phase matching condi-
tion Ak = 2n/A, where 7 is the wave impedance.

Although Eq. (7) does not have the typical si-
nusoidal expression for most electro-optic modu-
lators, one may define the half-wave voltage to be
the one that is required to vary Eq. (7) from its
maximum value to its first zero, corresponding to a
voltage that changes the phase ok x I by ©. With
the help of Eq. (5), the half-wave voltage has the
familiar form

d )~2w
(D - 1/2)L (}”3372“,7’12’2“ - }"337,,,}’127(0)
d )“2(0
=7 ’ (9)

3
Letr (3320713 50 — T33.013,,)

I/TC:

where d is the separation of the two electrodes, 33 ; is
the electro-optic coefficient pertaining to wave i, and
ne; 1s the extraordinary refractive index seen by the
wave i. [t is seen that at a 50% domain-duty-cycle,
Eq. (9)isno longer valid and the half-wave voltage is
impractically large, governed by the term L, (A).
For the first-order QPM process, nonlinear
conversion efficiency decreases when the domain-
duty-cycle deviates from the 50% value. However,
in the blue and green spectrum, first-order PPLN
periods are usually small and difficult to fabricate.
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As a result, the third-order QPM process, having a
grating period three times that for the first-order
QPM process, is often the choice of frequency
conversion involving mixing wavelengths compa-
rable or shorter than 500 nm. For the third-order
QPM SHG process, the conversion efficiency for
D = 1/2 is the same as that for D = 1/6 or 5/6 [8].
Therefore choosing the domain-duty-cycle
D =1/6 or 5/6 allows the very QPM wavelength
converter to function simultaneously as an am-
plitude modulator without sacrificing nonlinear
frequency conversion efficiency, if the third-order
QPM process has to be used. Fig. 2 plots Eq. (7) as
a function of the electric field E, for frequency
doubling 1064 nm laser in a 45 mm long and 500
um thick third-order PPLN crystal with D =1/6
or 5/6, nes, = 2.2369, ne,, = 2.17583, r332, = 30.9
pm/V, and r3;,, = 29.4 pm/V. The half-wave volt-
age is about 360 V or 1.1 (V cm/pm) xd (um)/ I
(cm), where d is the separation of the electrodes.
For a waveguide device of a few centimeters in
length, the electrode separation is on the order of
10 um and the half-wave voltage can be less than
10 V.

For certain applications, it is important to
choose the modulation point in the sinc-like curve.
In Eq. (5), the E.-dependent wave vector mismatch

Normalized intensity

—_— TN . .
-1500 -1000 -500 500
Electric field E, (V/mm)

1000 1500

Fig. 2. The calculated SHG intensity versus the electric field £,
for frequency doubling 1064 nm laser in a 45 mm long and 500
um thick third-order PPLN crystal with D=1/6 or 5/6,
Nepw = 2.2369, 1, = 2.17583,  rp, =309 pm/V, and
33,0 = 29.4 pm/V. The half-wave voltage is about 360 V.

2n 1 1
= T [ ( 5 1”33,2wf12,2w - 5 V33,w”2,w> Ez:| ) (10)

is a function of temperature. Because the term
I,(A) is relatively insensitive to temperature com-
pared to the sinc-like grating term, one may simply
adjust the PPLN crystal temperature to select the
modulation point along the grating curve sin’
(0k X I)/ sin® (5k x 0A).

It is instructive to compare the asymmetric-
domain-duty-cycle PPLN modulator with the
segmented PPLN modulator demonstrated by
Chang et al. [9]. Fig. 3 depicts the schematic of the
segmented PPLN modulator, wherein an elec-
trode-coated lithium niobate section is sandwiched
between two symmetric PPLN sections. In the low-
conversion limit, the SHG output intensity is a
result of the interference between the two SHG
fields, E»,; and E,,,, from the first and second
PPLN sections, given by

12(/) = 412(1)‘1 0052 (Akld/z)v (1 1)

ok

where
2n
/12«)

1 3 1 3
+ 37332020 ~ 3 B0l E.|,

is the phase mismatch in the dispersion region and
Ly = ((2d53 T /Tm) sin(an))zsincz(Akml/Z) is the
SHG intensity generated from the first or the sec-
ond PPLN crystal section under the mth-order
QPM phase matching condition

Ak

|:(ne,2w - ne,w)

21 21m
Ak = — — -,
km }vzm [(ne72u> ne,w)] A
From (11), the half-wave voltage is given by
d A2
V-,[ - 2 ) (12)

/ 3
733200 2y — r33vwng,w

which has the same form as that for an asym-
metric-duty-cycle PPLN modulator, except that
the latter has an effective electrode length of
lg = (D—1/2)L.

Since Ak and Ak, in Eq. (11) are both temper-
ature dependent, it is usually difficult to select the
modulation point by varying the temperature in a



Y.H. Chen et al. | Optics Communications 223 (2003) 417-423

unpoled dispersion
section coated with

421

metal electrodes / \ \/

Fig. 3. The segmented PPLN modulator in [9], where a dispersion lithium niobate section is sandwiched between two symmetric PPLN
sections. The length of the dispersion section varies from /4 to /4 + 6/, where /. is the coherence length.

segmented PPLN modulator. As a result, Chang
et al. fabricated the device in Fig. 3 with an ad-
justable dispersion length so as to select the mod-
ulation point. In addition, any asymmetry existing
in the two PPLN crystal sections could influence
the spatial coherence between E»,; and E»,,, and
decrease the modulation depth of this device [5].
On the other hand, the asymmetric-duty-cycle
modulator has no such an issue.

The previous analysis was based on a low-
conversion-efficiency assumption. In the high-
conversion regime, the power of the fundamental
wave also varies with distance and the exact value
of the local SHG field has to be solved iteratively
from a full set of coupled-wave Eq. (10). To un-
derstand the behavior of such a device in the
high-conversion limit, we numerically solved the
couple-wave equations for frequency doubling a
1064-nm laser in a first-order PPLN crystal with a
40%/60% domain-duty-cycle. The PPLN crystal
has a 10-mm length and 500-pum thickness. In the
simulation, we injected different pump powers to
obtain 34%, 84%, and 94% peak efficiencies under
the perfect phase matching condition and then
started to apply an external voltage to vary the
SHG efficiencies. Fig. 4 shows the calculated SHG
conversion efficiency as a function of the electrode
voltage for different peak efficiencies. When a
voltage is applied to this device, the QPM phase
matching condition is detuned and the shape of the
curves in Fig. 4 is similar to that with the detuning

Ak in the abscissa [10,11]. Therefore, it is not
surprising that the high-efficiency curve in Fig. 4
looks like a Jacobi elliptic function and the low-
efficiency curve in the same plot remains a sinc
function. Due to the narrow acceptance band-
width in the high-conversion limit, the half-wave
voltage decreases about 10 times when the con-
version efficiency varies from 34% to 94%.

Peak conversion efficiency

N
o
J

— 94%
----- 84%
) o 34%
0.8+ HN
§ 1
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£ 0.6-
£o.
S
[
[ -
2 0.4
Q
3
o
% 0.2
-15000 -10000 -5000 0 5000 10000 15000

Electrode Voltage (Volt)

Fig. 4. The calculated SHG conversion efficiency versus the
electrode voltage for frequency doubling 1064-nm laser in a
first-order PPLN crystal with a 40%/60% domain-duty-cycle.
The PPLN crystal has a 10-mm length and 500-pm thickness.
Due to the narrow acceptance bandwidth in the high-conver-
sion limit, the half-wave voltage decreases about 10 times when
the peak conversion efficiency varies from 34% to 94%.
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3. A proof-of-principle experiment

To conduct a proof-of-principle experiment, we
fabricated a third-order PPLN crystal for fre-
quency doubling a 1064-nm wavelength laser. The
PPLN has a grating period of 20.4 um, a length of
45 mm, and a thickness of 0.5 mm. In general, it is
difficult to control the domain-duty-cycle in the
PPLN fabrication process. With an available
photomask for fabricating ~50% domain-duty-
cycle PPLN, we deliberately over poled the lithium
niobate crystal in the electric field poling process
to obtain a 56%/44% duty-cycle PPLN crystal. The
domain-duty-cycle was calculated by averaging the
domain lengths under a microscope. We pumped
the electrode-coated PPLN with a 300 mW
Nd:YVO, laser and generated a maximum power
of 1.5 mW at the 532 nm wavelength.

Fig. 5 shows the SHG temperature tuning-curves
with voltages of —1.2, 0, +1.2 kV applied to the
PPLN crystal. It is evident from the figure that the
electric field indeed altered the SHG output power.
The temperature tuning 0.5 °C/kV is consistent with
the theoretical value calculated from the Sellmeier
equation and Eq. (7) for D = 56%. Clearly, one may
choose the modulation point on the sinc-like curve
simply by varying the temperature.

Fig. 6 shows the SHG output power versus the
applied voltage at 36.5 °C. Due to the voltage limit
of our power supply, we only traced out a portion

Voltage applied
—eo— 0V
—O—-1200V
—o— +1200V

0.0204

)

SHG power (A.U

Temperature (°C)

Fig. 5. The SHG temperature tuning-curves with voltages of
—-1.2,0, +1.2 kV applied to the PPLN crystal. The temperature
tuning 0.5 °C/kV is consistent with the theoretical value cal-
culated from the Sellmeier equation and Eq. (7) for D = 56%.

0.025- (Y
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Fig. 6. A ~2kV half-wave voltage was measured for the 45 mm
long, 0.5 mm thick, 56%/44% domain-duty-cycle PPLN mod-
ulator, which is consistent with the theoretical prediction.

of the sinc-like curve in Eq. (7). Nonetheless, it
clearly shows a half-wave voltage of ~2 kV, which
is in good agreement with the normalized half-
wave voltage 1.1 (V cm/pum) x d (um)/legr (cm)
predicted in theory, if one takes into account the
4.5 cm crystal length, the 0.5-mm crystal thickness,
and the D = 56% domain-duty-cycle.

Fig. 7 shows the modulated SHG signal with a
modulation depth of 85% when a 600 V peak-to-
peak, 200 Hz voltage was applied to the electrodes.
To achieve linear modulation in Fig. 7, the mod-
ulation point was chosen by setting the crystal
temperature +0.35 °C from the phase-matching
temperature.

4. Summary

We have demonstrated the feasibility of simul-
tanecous amplitude modulation and second har-
monic generation in an asymmetric-duty-cycle
PPLN crystal. We also derived the theory that
fully characterizes this device. We measured a
normalized half-wave voltage of 1.1 (V cm/pm)x
d (um)/le (cm) from a third-order SHG PPLN
crystal, which is in good agreement with the the-
ory. We also derived a unified theory for the half-
wave voltage for the asymmetric-duty-cycle and
the segmented PPLN modulators [5,9]. Compared
to a segmented PPLN modulator, an asymmetric-
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Fig. 7. The modulated SHG signal with a modulation depth of 85% when a 600 V peak-to-peak, 200 Hz voltage was applied to the
electrodes. Linear modulation was achieved by setting the crystal temperature +0.35 °C from the phase-matching temperature.

duty-cycle PPLN modulator has the advantage of
a better modulation depth and the ease of choos-
ing modulation point through temperature. For
high-order QPM processes, it is possible to achieve
amplitude modulation in an asymmetric-duty-cy-
cle PPLN crystal without sacrificing nonlinear
conversion efficiency, although it is in general
difficult to fabricate a PPLN with a specified
domain-duty-cycle. To achieve simultaneous
amplitude modulation and wavelength conversion,
the same technique described in this paper can be
applied to other phase sensitive nonlinear optical
processes, including sum frequency generation,
different frequency generation, and optical para-
metric generation. This technique is particularly
important for applications involving both wave-
length conversion and information transmission.
For example, optical communication and laser
trace-gas sensing are among possible applications.
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