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We study the effect of waveguide thickness variations on the frequency spectrum of spontaneous parametric down-
conversion in the periodically-poled lithium niobate on insulator (LNOI) waveguide. We analyze several variation models
and our simulation results show that thickness variations in several nanometers can induce distinct effects on the central
peak of the spectrum, such as narrowing, broadening, and splitting. We also prove that the effects of positive and negative
variations can be canceled and thus lead to a variation-robust feature and an ultra-broad bandwidth. Our study may promote
the development of on-chip photon sources in the LNOI platform, as well as opens up a way to engineer photon frequency

state.

Keywords: lithium niobate on insulator, spontaneous parametric down-conversion, waveguide thickness vari-

ation, frequency spectrum
PACS: 03.67.—a, 42.50.—p, 42.82.—m, 42.65.—k

1. Introduction

Thin-film lithium niobate on insulator (LNOD)!-?! is
thought to be a revolutionary platform for integrated

photonics, [34]

since it allows strong optical confinement and
a high integration density on lithium niobate (LN), a ma-
terial possessing superior optical performance,! such as
low optical transmission losses, large electro-optical and
second-order nonlinear coefficients. In recent years, LNOI-
based integrated photonic devices have achieved remark-
able breakthroughs, such as low-loss waveguides,®! high-
quality-factor microring resonators,!”-!% high-speed electro-

(11,12

optic modulators, I and broadband optical frequency comb

generation. [13:14]
Quasi-phase-matching (QPM)[!>! spontaneous paramet-
ric down-conversion (SPDC) in periodically-poled crys-

tals or waveguides,[16'17]

typically periodically-poled LN
(PPLN),[18-221 is widely used in the generation of en-
tangled photon pairs, for the merits of high efficiency
and frequency tunability. Benefiting from the strong op-
tical confinement, ultrahigh-efficiency SPDC processes in
periodically-poled LNOI (PPLNOI) waveguides were demon-

[23-251 In particular, a PPLNOI waveguide

strated recently.
source with a brightness two orders of magnitude higher than

that in the traditional PPLN waveguide was achieved in our

DOI: 10.1088/1674-1056/ac22al

lab, 23] as the cross-sectional area of the LNOI waveguide was
~ 2 orders of magnitude smaller than that of the traditional
LN waveguide. However, in practical experiment the nonlin-
ear optical performance may be affected by imperfections in

e.?-281 With stronger light con-

fabrication of the waveguid
finement, such effect in LNOI-based devices could become
greater. Recently, Tian et al.!*0! revealed that the spectrum
profile and efficiency can be greatly affected by the LNOI
waveguide cross-section dimension variations, especially the
thickness variations. Hence, with regard to developing pho-
tonic quantum technologies in the LNOI platform, it is of prac-
tical importance to study the effect of LNOI waveguide fabri-
cation imperfections on SPDC.

In this paper, we make a study on the effect of thickness
variations of the LNOI waveguide on the frequency spectrum
of SPDC. Our simulation results show that the central peak
of SPDC frequency spectrum can be greatly affected by the
waveguide thickness variations. Our study can not only give a
benchmark to the LNOI waveguide fabrication, but also pro-
vide a way for the manipulation of photon frequency state.

2. Basic principles and methods

We consider a PPLNOI waveguide with the schematic
structure shown in Fig. 1(a). The LNOI wafer consists of three
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ence Foundation, China (Grant No. BK20192001), and the National Natural Science Foundation of China (Grant Nos. 51890861, 11690031, 11974178, and
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layers from up to bottom. The top X-cut LN film with a thick-
ness of H = 600 nm is etched to a depth of # = 350 nm with
a bottom ridge width of w = 1400 nm and a sidewall angle of
6 = 60°. The middle is a 2-pum-thick silicon dioxide bonding
layer and the bottom is a 0.5-mm-thick LN or silicon (Si) sub-
strate. The length of the waveguide is L and the whole waveg-
uide is poled with a period of A. Here we consider a type-0
QPM SPDC process converting the pump photons at 780 nm
to frequency-degenerate photon pairs at 1560 nm. With the
COMSOL software we simulate the field distributions of TEqg
mode at 780 nm and 1560 nm, as shown in Figs. 1(b) and 1(c),
respectively. We can see that the waveguide is designed to be
single mode for the SPDC photons. Note that although here
we considere the X-cut LN film, our method is also applied
to the Z-cut LN film. The difference is that the extraordinary
light modes required in type-0 SPDC correspond to the TE and
TM modes for X-cut and Z-cut LN films, respectively.

1560 nm

Fig. 1. (a) Schematic of PPLNOI waveguide structure and phase match-
ing condition. Field distribution of the TEgp mode at the wavelength of
780 nm (b) and 1560 nm (c).

Considering the pump coupling to be optimized to ex-
cite the fundamental mode in the waveguide, and using a
continues-wave (cw) laser light with a single frequency ®, as

the pump, we can write the two-photon term of SPDC as[28-30]

) = [ dvrLanal(oo+v)al(@o—v)0), (1)

where v is frequency detuning from the signal and idler central
frequencies @y and Wy (W50 = Wi = O /2). The coefficient A
absorbs all the constants and slowly varying functions of fre-
quency, given by A = i/2/73(ngd33LE, @y, /3cn}), 1> where
¢, ds33, Ep, ngo and ny are the light velocity in vacuum, effec-
tive nonlinear coefficient, pump amplitude, the group refrac-
tive index and the refractive index of light at frequency ®,/2,
respectively. The joint spectral amplitude function f(LAk) is
determined by the phase-matching function, written as

L
f(LAk)oc%/ eithidgz, @)

Jo
where z is the propagation direction, and Ak is the phase mis-
match expressed as

Ak =k, — ks — ki — G, 3)

with kp, ks, and k; representing the wave vectors of the pump,
signal, and idler fields, respectively. The reciprocal wave vec-
tor G = 2m/A results from periodic poling and here the pe-
riod is designed to make the perfect QPM condition of Ak =0
be satisfied at the central frequencies, namely, in the case of
v = 0. Note that here a normalization factor of 1/L is intro-
duced for normalization by the amplitude when Ak = 0, and in
our simulation the length is fixed to L = 6 mm. For the case
of single-frequency pump, the joint spectral intensity can be
obtained by tracing the frequency of either photon, given by

P(A) = | f(LAK)?, (4)

and the function relation of Ak and wavelength A is expressed
as

27an(dy)  27n(A)  2an(A)
=TT T 6o

where A/~ ! = lp_l — AL and n is the effective refractive in-

Ak

dex. Note that all the wavelengths in this paper denote the
vacuum wavelengths.

For a homogenous waveguide, phase mismatch Ak does
not change along the z direction of the waveguide, and conse-
quently, the joint spectral amplitude function given by Eq. (2)
can be calculated as

LAk LAk
JF(LAk) o< sinc <> exp (—i) , (6)
2 2
and the joint spectral intensity is then given by
LAk
P(A) o< sinc? (2> . (7

According to Maxwell’s equations, the field nature of a waveg-
uide is determined by its boundary conditions relating to the
waveguide dimensions, such as thickness and width. For the
strong-confined waveguide, a slight variation in dimension
could have a great effect on the optical properties, like the
refractive index, inducing the change of the phase-matching
function. Here we focus on the effect of the thickness vari-
ation, denoted by AH(z), which would be a function of z for
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an inhomogeneous variation. As a result, phase mismatch Ak
becomes

AK(z) = Ako+ 8k (2), @®)

where Ak( represents the phase mismatch when AH(z) = 0,
namely, H = 600 nm, and J6k(z) is the change of phase mis-

match. In this case, the integration in Eq. (2) may be resolved
[31]
as

FLAK) l/L Qi FAKE)AE 4, _ l/LeiAkozeiféék@)dedZ
L Jo L Jo

©)
We simulate the values of 8k for signal/idler wavelength rang-
ing from 1200 nm to 1700 nm when AH = 420 nm, with the
result shown in Fig. 2. We can see that 8k can be considered to
be independent of the wavelength. When the thickness change
range is small, we can consider dk to be a linear function of the
thickness increment AH, namely, 8k = agpAH,3% and we can
estimate ap = —1.64 x 102 m~2 from the simulation result.
Therefore, Eq. (9) is rewritten as

L .
F(LAK) o< % / eitkoz a0 JgAH(S)dE - (10)
0

4

2} —— AH=-20 nm
4 — AH=0
'E —— AH =20 nm
<« 0
=
5 ol

—4

1200 1300 1400 1500 1600 1700
Wavelength (nm)
Fig. 2. Change of phase mismatch 8k against wavelength under different

thickness, with the thickness variation AH deviated from the designed thick-
ness of 600 nm shown in the box.

3. Results

With numerical simulations via the COMSOL software,
we can get the effective refractive index for different wave-
lengths, and then according to Egs. (10) and (4), we can calcu-
late the joint spectral amplitude function and the joint spectral
intensity under any form of thickness variations, respectively.

We first simulate the joint spectral intensity in the case
of the ideal designed structure when AH(z) = 0, namely,
H = 600 nm, which is given by Eq. (7). The simulation re-
sult is plotted in Fig. 3, which shows a sinc-square-type curve
and the full width at half maximum (FWHM) can be estimated
to be 159 nm.

Then we consider the linear deviation case, i.e., AH is a
linear function of z, expressed as

AH(z) = xz+ 0, (11)

where kK and ¢ are two parameters determining the range of
AH. Then the joint spectral intensity can be calculated as

1

L 1
Pz(),) o< ‘L/o exp{i {(Ako-‘raoc)z-i- 2aoK‘12:| } dz

2

(12)
A specific case is kK = 0 and AH = ¢, which is the homogenous
case, i.e., AH does not change along the waveguide. Thus, we
can obtain the joint spectral intensity as
L(Aky+apo) ]
— 5 |

In Fig. 4, we show the simulation results of joint spectral in-
tensities for AH = +0.4 nm, £0.8 nm, =1.2 nm, and £1.6 nm.

1.0
0.8f
0.6
0.4f
0.21
0 b . . . A

1400 1450 1500 1550 1600 1650 1700 1750
Wavelength (nm)

Py(A) o sinc [ (13)

Normalized intensity

Fig. 3. Joint spectral intensity of the SPDC in the designed structure.

0.2 (a) AH=-0.4nm 0.8 (b) [ =0.4 nm
0.1 0.4
0 0
1400 1500 1600 1700 1800 1400 1500 1600 1700 1800
0.04 (C) AH=-0.8 nm 0.8 }(d) A 0.8 nm
z
£ 0.02 0.4
2
i 0 0
g 1400 1500 1600 1700 1800 1400 1500 1600 1700 1800
X 0.02
Tg (e) AH=-1.2 nm 0.8 L(f) AH=1.2 nm
-
Zo 0.01 0.4

0
0 1400 1500 1600 1700 1800 1400 1500 1600 1700 1800

0.02

(g) AH=-1.6 nm 0.8( AH=1/G nm

0.01 0.4

0
1400 1500 1600 1700 1800
Wavelength(nm)

0
1400 1500 1600 1700 1800
Wavelength(nm)

Fig. 4. Joint spectral intensity of the SPDC in the PPLNOI waveguides un-
der different homogenous thickness variations AH, with the corresponding
values of AH shown on the top right corner.

For k # 0, this model corresponds to a linear variation of
thickness ranging from ¢ — Kk to ¢ 4+ K when z changes from
0to L. In Fig. 5, we present some typical simulated results of
the joint spectral intensities for several values of kK and ©.

By comparing the simulation results shown in Figs. 4
and 5 with the ideal joint spectral intensity plotted in Fig. 3,
we can see that the thickness variation in several nanometers
may have a distinct effect on the joint spectral intensity, such
as narrowing or broadening the main peak, shifting the main
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peak and splitting to multi-peaks. The original peak lies at
1560 nm, namely, the designed wavelength satisfying the per-
fect QPM condition of Ak = 0. The multi-peaks mean that,
due to the thickness variations, some non-degenerate phase-
matching amplitudes become bigger and may surpass the de-
generate term. In particular, two prominent nondegenerate
peaks occur in Figs. 4(d), 4(f), 4(h), and 5(k). In addition, from
Fig. 5(2)-5(i), we can find that when AH = 0 lies at z = L/2
the joint spectral intensity is not affected much by the thick-
ness deviation, and the main peak is still at 1560 nm with a
much broader bandwidth. For instance, as shown in Fig. 5(i),
the bandwidth can be estimated to be 293 nm, which is nearly
twice the value of the original bandwidth.

0.8} (a) Aﬁ]ﬁl"o‘ﬁ] 0.2 (P) iy
or [-0.2-0] or [—0.8-0]
0.4 0.1

0 0
1400 1500 1600 1700 1400 1500 1600 1700

0.12
AH :

0.08[© o] 0.08 [ (d)

: o [-1-0]

0.04 0.04

AH (nm):
[0——1.2]
or\[—1.2-0]

(0] 0
1400 1500 1600 1700 1400 1500 1600 1700

0.12 AH (nm):

> (e) (01 d] ) AH (um):
Z 0.08 L Crabal| 0-10 [0-—1.6]
2 0.04 0.05

8

° 0 0

g 1400 1500 1600 1700 1400 1500 1600 1700
g o0si(e oo AH (nm):
5} [0.4-0.4]

A 04

0 0
1400 1500 1600 1700 1400 1500 1600 1700

0.3 — - nm):
(i) 0.8 () Ar

0.2 or [0.6-0]
AH (nm):
[1.5--1.5] 0.4

0.1 or [-1.5-1.5] o

1400 1500 1600 1700 1300 1500 1700 1900

0.6 (k) H ([3::;%]: 0.3 (1 AH ([(r)lm‘)t]:

0.4 or [2-0] 0.2 or [4-0]

0.2 0.1

0 0
1300 1500 1700 1900 1300 1500 1700 1900

Wavelength(nm) Wavelength(nm)

Fig. 5. Joint spectral intensity of the SPDC in the PPLNOI waveguides un-
der the linear thickness variation AH along the waveguide, with the value
ranges when z changes from O to L shown on the top right corner.

In fact, the surface of LNOI has certain irregular undu-
lations, namely, roughness, and the root mean square (RMS)
of the roughness is usually less than 1 nm.!>8! In the entire
wafer range, LNOI also has random fluctuations on thickness.
For example, the commercial LNOI film from NANOLN Inc.
has a thickness variation around 35 nm in a large range on a
whole wafer.[33! To analyze the fluctuation noise on thickness,
we introduce a noise parameter 7(z) and rewrite Eq. (11) as

AH(z) = kz+ 0+ 1(2). (14)

For the white noise, 7(z) fluctuates randomly around its aver-
age 7, and therefore, the integration in Eq. (10) can be calcu-
lated as [; 7(§)d& = 7. Hence in this case the noise model is
equivalent to AH(z) = kz+ o', witho’ = o+ 7.

The 1/ noise is another type of noise spectrum regarding
to long-range fluctuations, which is characterized by spatial
correlations.?”] We model the 1/ f noise following the method
in Ref. [27], and simulate the resulted joint spectral intensity.
We find that the 1/ f noise can bring a distinct effect to the joint
spectral intensity. We present several typical results in Fig. 6,
including the effects of narrowing, broadening, and splitting
the central peak.

The above analysis is based on the numerical simulations
of Ak. To further explain the effect in physical mechanism, we
expand the signal and idler wave vectors around the central
frequencies up to the second order in the detuning v, respec-

tively,
50 +V n 1
(@ +v) = MO0 StV SV ()
n(Wo—V ng 1 0
kon =)= "B 21 s D )

where 1 and g are the group velocity and group velocity dis-
persion (GVD) of light at the central frequency @y = Wiy =
®,/2, expressed as

w— 22 , a7
4K ooy /2
d%k

o= as)
o 0=wp/2

Then the phase mismatch given by Eq. (3) can be written as
Ak =~ —goVv>. (19)

In this context, with a thickness increment AH (z), Eq. (8) be-
comes
Ak(z) ~ —gov? + apAH (z). (20)

With numerical simulation, we can obtain the GVD value as
g0 = —80 x 1073% s2/mm. Note that if substituting the value
into Eq. (7), we would get a slightly broader bandwidth than
159 nm shown in Fig. 3, as this value only considers the dis-
persion up to the second order. However, such approximation
is adequate to explain the effect on the spectrum.

It is well known that an efficient nonlinear process oc-
curs when phase matching condition Ak = 0 is satisfied. In
our design the phase matching frequency position is at v = 0,
while due to the thickness variation the phase mismatch be-
comes Ak(z) = apAH(z).
given in Eq. (13), we can calculate that thickness deviations of

Thus, for the homogenous case

AH = £0.11 nm and 40.16 nm would induce reducing factors
of 0.9 and 0.8 to the amplitude at v = 0, respectively. We can

110313-4
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1.0 1.0
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Fig. 6. Joint spectral intensity of the SPDC in the PPLNOI waveguides under thickness variations of 1/ noise model. The ranges of 1/f noise
fluctuations shown in (a), (c), (e), and (g) are £0.8 nm, 0.2+ 1 nm, £2.5 nm, and 0 to —1.4 nm, respectively.

also find that when AH > 0 phase matching condition can be
satisfied at v = j:\/aoT/go, and hence two prominent peaks
appear at two nondegenerate positions as shown in Figs. 4(b),
4(d), 4(f), and 4(h). On the other hand, when AH < 0O there
is no phase matching frequency position, and therefore, as
shown in Fig. 4(a), 4(c), 4(e), and 4(g), the whole amplitude
is reduced despite the appearance of inefficient peaks. For the
inhomogeneous variations, the phase matching frequency po-
sition changes with different z, and hence the total effect is a
collective integration on z as shown in Eq. (10), and would be
decreased compared with the homogenous case, as shown in
Figs. 5 and 6.

4. Conclusion

We presented a detailed study on the effect of waveguide
thickness variations on the frequency spectrum of photon pairs
generated from SPDC in the PPLNOI waveguide. We first

gave a general analysis on the effect and then numerically sim-
ulated the effect of several thickness variation models, includ-
ing homogenous error, linear variation, white noise, and 1/f
noise. We found that, due to the strong optical confinement
in the LNOI waveguide, variations in several nanometers can
have distinct effects on the joint spectral intensity. The central
peak of the joint spectral intensity curve in the designed ideal
case may be narrowed, broadened, and split to multi-peaks or
two prominent peaks. We also found that the effects of pos-
itive and negative variations could be canceled, resulting in
a variation-robust feature and a much broad bandwidth. Our
study may be beneficial for the design of integrated photon
sources in the LNOI platform and promote the development
of LNOI-based photonic integrated technologies. Our analy-
sis could provide a method for manipulating SPDC frequency

states as well.
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