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Abstract: We report, to the best of our knowledge, the first broadband polarization mode
splitter (PMS) based on the adiabatic light passage mechanism in the lithium niobate
(LiNbO;) waveguide platform. A broad bandwidth of ~140 nm spanning telecom S, C, and L
bands at polarization-extinction ratios (PER) of >20 dB and >18 dB for the TE and TM
polarization modes, respectively, is found in a five-waveguide adiabatic coupler scheme
whose structure is optimized by an adiabaticity engineering process in titanium-diffused
LiNbO; waveguides. When the five-waveguide PMS is integrated with a three-waveguide
“shortcut to adiabaticity” structure, we realize a broadband, high splitting-ratio (7.) mode
splitter for spatial separation of TE- (H-) polarized pump (700-850 nm for #.>99%), TM- (V-)
polarized signal (1510-1630 nm for #.>97%), and TE- (H-) polarized idler (1480-1650 nm for
n>97%) modes. Such a unique integrated-optical device is of potential for facilitating the on-
chip implementation of a pump-filtered, broadband tunable entangled quantum-state
generator.

1. Introduction

Optical waveguides are essential elements for constructing integrated optical circuits and
devices. In particular, the mechanism and effect of evanescent coupling between waveguides
has been widely utilized to realize many interesting photonic devices useful in integrated
optics including directional couplers. Directional couplers perform optical power exchange
between usually two closely lying waveguides via the access of this evanescent effect,
sensitive to the wavelength and polarization because of the dispersive nature of such mode
interference  couplers. They found many applications in, e.g., wavelength
multiplexers/demultiplexers and polarization splitters [1-3]. On the other hand, the study of
waveguide couplers working with broad spectral bandwidth has been in demand for important
applications in especially optical communication and networking systems (for such as power
or mode division, exchange, or switch [4-6]). In particular, the development of broadband
polarization splitters has received much attention as wavelength-independent polarization
control has become an important optical processing function in integrated optical and
emerging quantum optical circuit technologies [7-9]. Several waveguide architectures have
been proposed to implement integrated-optic polarization splitters for working in a broad
spectral band [9-12] and many of them have been demonstrated in substrates such as
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semiconductors and silica (and the incorporation of both into such as silicon-on-insulator
materials) [10,13,14]. These materials, though supporting the construction of devices in
highly compact integrated forms, are convenient only for building passive components, which
could largely reduce their roles in developing on-chip optical circuits usually comprising
active and (quadratically) nonlinear functional devices such as frequency mixers, modulators,
and switches for, e.g., optical networking and communication and quantum information
applications. LiNbO;, renowned as “the silicon of photonics”, has been long a popular (and
perhaps the most important) material for building various integrated optical circuits/devices
(reviews of the recent development in LiNbO; photonics can be found in [15-17]) because of
its versatility derived from its excellent electro-optic (EO), acousto-optic, nonlinear-optic
(NLO), and piezoelectric properties with wide optical transparent range (~0.4-5 um) [18]. It
will thus be interesting and desirable to develop a broadband polarization splitter in LiNbOs.

Polarization splitters have been implemented in LiNbO; waveguides [19-21]. These
schemes were usually based on a Y-branch waveguide configuration (few were based on EO
controlled waveguide directional couplers [22]) and can show high polarization extinction
ratios (PER) through the creation or engineering of an asymmetric/heterogeneous splitting
structure to enhance the modal birefringence [19-21]. However, an increased birefringence
usually results in an increased dependence of the mode-splitting efficiency on wavelength,
limiting the operation bandwidth of the devices. Besides, the implementation of these high
PER devices relies on a careful engineering of the waveguide configuration or more often
involves a more complex fabrication procedure (such as those for heterogeneous splitters).
Recently, we have successfully demonstrated broadband and high coupling-efficiency
directional couplers in three-waveguide systems in LiNbO; [23] based on a peculiar light
transfer behavior analogous to a counterintuitive adiabatic tunneling effect discovered in
quantum physics [24-26]. In [23], two standalone adiabatic couplers with different structure
parameters have been derived for working with the TE and TM polarization modes,
respectively. Calculated coupling bandwidths of ~50 and ~200 nm in the 1.5-pm telecom
band at a cross-coupling efficiency (7.) of >97% were obtained in the two 5-cm-long LiNbO;
three-waveguide adiabatic directional couplers for fundamental TE and TM polarization
modes, respectively. The straightforward idea of combining the two three-waveguide
adiabatic directional couplers in a monolithic LiNbO; chip to build a broadband high-PER
(defined here as a PER>17 dB) polarization mode splitter (PMS) is actually not viable. The
challenge is that the two devices work optimally only for the respective design polarization
and unwanted cross talk can happen due to the presence of another polarization mode. A more
sophisticated adiabatic waveguide system is thus required to achieve a polarization splitter
advantageous over existing splitters using conventional mechanisms. In our previous study,
we have implemented a unique adiabatic waveguide splitter in LiNbO; whose polarization
splitting ratio (PSR) is wavelength dependent for the application in quantum-polarization
state preparation [27]. However, the high-PSR bands of the device do not overlap for the two
cross-polarized modes, by definition it is not a PMS. In this work, we demonstrate the first
broadband polarization splitter based on the adiabatic directional coupling mechanism in
LiNDbO;. The adiabatic waveguide scheme of the PMS has resembled that reported in [27] but
been realized with a modified dispersion and adiabaticity conditions. The unique device
exhibits a bandwidth of ~140 nm at PER of >20 dB and >18 dB for the TE- and TM-polarized
modes, respectively, which could be the record broad bandwidth in LiNbO; based PMSs. The
advance of adiabatic coupler technology in the LiNbO; platform creates advantageous
photonic elements that are featured by high fabrication tolerance, high power coupling
efficiency, and broad operational bandwidth, beneficial to readily apply them to, e.g.,
integrated optical and quantum photonic circuits on a chip (see below and [28] as potential
application examples).



2. Device design and performance simulation

The methodology used in this work for the study and design of an adiabatic waveguide
system builds on the approach presented in our previous report [23]. The optimum structure
parameters of the coupled waveguides are first determined according to the adiabatic
conditions (refer to Eqgs. (2) and (3) in [23]) to realize a system with high adiabaticity (the
process is termed here as “adiabaticity engineering”). The configuration is then confirmed by
numerically examining the mode evolution in the system using the “Beam Propagation
Method” (BPM) [29]. In this work, the adiabatic coupler systems working across the telecom
S, C, and L bands are constructed based on Ti-diffused z-cut LiNbO; (Ti:LiNbO3)
waveguides, which are the most widely used ones for supporting both TE and TM polarized
modes with low propagation losses [30]. Through the study, we found no adiabatic coupling
configurations in three-waveguide (the simplest) schemes in LiNbO; that can work as a high-
PER polarization mode splitter (i.e., no three-waveguide schemes can have proper
adiabaticity for achieving a high cross-coupling of one polarization mode while permitting a
high straight-through transmission of the other polarization mode). The result can be
attributed to the insufficient birefringence in LiNbO; in this spectral region (An<0.08).
Instead of resorting to the enhancement of the modal birefringence, we followed the
adiabaticity engineering methodology and found that an arrayed waveguide structure with
three (slash) intermediate waveguides can provide a highly polarization-dependent
adiabaticity of the light transfer between two (straight) outer waveguides and facilitate the
realization of a broadband PMS. An odd number of intermediate waveguides is used for
achieving an ideally complete power transfer in an optical adiabatic passage process, an
analogue of the mechanism of the dressed states [31] in the stimulated Raman adiabatic
passage (STIRAP) process [24] found in the quantum system. Though the polarization-
dependent adiabaticity and therefore the PER of the device can be possibly enhanced with the
increase of intermediate waveguide number (as it provides more structure parameters to
manipulate to optimize the adiabaticity engineering process), the increase of waveguide
number will also complicate the design process and the overall system configuration. Besides,
additional waveguides will inevitably introduce additional loss in the light transfer process of
finite efficiency among waveguides.
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Fig. 1. (a) Schematic configuration of a five-channel-waveguide adiabatic coupler built in
Ti:LiNbO; as a broadband polarization mode splitter. (b) and (c) Simulated evolutions of the
wave intensity in such a five-waveguide adiabatic coupler system for TE- and TM-polarized
1550-nm fundamental modes initially excited in waveguide a, respectively.



Figure 1(a) shows the schematic configuration of such a five-channel-waveguide structure
built in Ti:LiNbO;. The structure forms an adiabatic directional coupler for the fundamental
TE-polarized mode where significant power coupling of the mode can occur from the input
(straight) waveguide a to the outmost (straight) waveguide e (far away from the evanescent
distance of the waveguide @) mediated via three slash waveguides b, ¢, and d, while the
fundamental TM-polarized mode will just go straight through the waveguide a. The scheme
thus forms a polarization mode splitter (TE- and TM-polarized modes are spatially separated
and exit from the waveguides e and a, respectively). In our current methodology, we found
that no waveguide configuration in LiNbO; could be found in this spectral region for
achieving the adiabatic tunneling of only the TM-polarized mode without significant power
coupling of the TE-polarized mode from waveguide a to waveguide e. Such a limitation is
due to the polarization-dependent mode characteristics in Ti:LiNbO; waveguides (one major
effect is that the mode size of the TE-polarized mode is about 1.46 times larger than that of
TM-polarized mode). In Fig. 1(a), Lyc; = 30 mm is the effective length of the five-waveguide
coupler system (referred to as AC1 system). The three slash intermediate waveguides are
identical and have the same inclination. Sj(x) is the distance between the inner-edges of the
waveguides 7 and j at x| (x; is the distance along the wave propagation direction with x; = 0
being in the middle of the AC1 system). Specifically, S,(-L4c1/2) = 14 pm, S,p(Lsc1/2) = 8
pm, Shc( + LAC]/Z) = Scd( =+ LACI/Z) =9 pm, Sdg(-LACI/Z) =7 pm, Sdg(LAC]/Z) =13 pm, and Sae =
60 um, AS, = Su(-Lac1/2)-Su(Laci/2), where the subscript & denotes the intermediate
waveguide b, ¢, or d, among them AS, = 6 um. All the waveguides have the same width of
wycr = 7 pm. These structure parameters are derived first via the adiabaticity engineering
method and can be optimized/confirmed via the performance simulation as aforementioned.
As a result, a relationship between the coupling coefficients (denoted as x;; for coupling
between waveguides i and /) of the two polarization modes, «7,' < k!, < k/”, can be attained

to effectively reduce the tunneling probability of the TM wave, while on the other hand a
slow adiabatic light-transfer condition for the TE wave can be satisfied (where an adiabatic
parameter (or adiabatic rate) y=ASy/xorLc;~0.16<<1 is obtained for the TE wave. Since the
coupling and the waveguide characteristic parameters for the two modes satisfy the

relationships: x;° > &;" and r'">r™, it leads to a desired relationship for the adiabaticity:
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Fig. 2. Calculated (a) splitting ratio and (b) PER of the five-waveguide PMS as a function of
the excitation wavelength for both TE- and TM-polarized fundamental modes.

Figures 1(b) and 1(c) show the simulated evolutions of the wave intensity in such a five-
waveguide adiabatic coupler system for TE- and TM-polarized 1550-nm fundamental modes
initially excited in waveguide a, respectively, using the BPM technique. In the calculation, we



have assumed the propagation constants of the straight waveguides a and e are the same (i.e.,
B. = p.) as well as those for the slash waveguides b, ¢, and d (5, = . = ;) and the coupling
coefficients of neighboring waveguides are the same (i.e., x;;:1(x1) = &1 %)) according to
our design. The results clearly show the TE-polarized mode exhibits wave evolution
dynamics as expected in a typical adiabatic light passage system, where the vast majority of
the output power has been obtained from the waveguide e (with a splitting ratio of ~99.2%)
with slight excitation of the intermediate waveguides. In the meantime, the TM-polarized
mode transmits through waveguide a with a power splitting ratio of ~99.9%. The resultant

PER, defined as 7, =10log(P/" /P™) and r,, =10log(P™ /P'") for TE- and TM-

polarized modes, respectively, when a wave in 45° polarization state is input, where P, and P,
are the output powers obtained from waveguides e and a, respectively, are rrg = 35.2 dB and
rrv = 20.9 dB at 1550 nm. Figures 2(a) and 2(b) show the calculated splitting ratio (for a
purely TE- or TM-polarized input wave) and PER of the five-waveguide PMS (Fig. 1(a)) as a
function of the excitation wavelength, respectively, for both TE- and TM-polarized
fundamental modes. It can be found that a bandwidth of ~140 nm for the TE- (TM-) polarized
mode at a high PER of >20 dB (>18 dB) and (at the same time) a high splitting ratio of >98%
(>99%) can be achieved in this unique Ti:LiNbO; PMS, which is to the best of our
knowledge the broadest bandwidth ever reported in integrated optical LiNbO; polarization
mode splitters.

The total losses of the five-waveguide PMS are ~2.8 dB and ~1.3 dB for the TE- and TM-
polarized modes, respectively, according to the BPM simulation. In particular, it shows a
certain amount of power is lost at the ends of the intermediate waveguides (see Figs. 1(b) and
1(c)). The loss can be further minimized by increasing the adiabaticity of the waveguide
system via, e.g., using a longer effective coupler length (L4¢;) as suggested in our previous
study for three-waveguide adiabatic coupling systems [23]. Here we limit our study to L, =
30 mm to allow the device to integrate with another adiabatic coupler to form a three-port
mode splitter for quantum photonic applications in a reasonable total device length (see
below).

Os op Oi x104 x10% x104
T 1 1 577 - 5 N 5 -
Lol | ] i I i ]
=0 I“ : " S S 3
3 1 F o~ 34 1 L —~ 34 _ L
af i RN | HER
=27 FoR 27 ‘ ro= 27 C
3 i ] i ]
. N 17 n 17 n
xl L ] [ ]
R R R RN RN R RN '-_ 0_-\‘\'I‘\\I'I'I'\'I'I‘\‘\'-_ 0_-'\'\'I'\'I'\'\'I'\'I‘\'_
Z ¥ -20 0 20 40 60 -30 0 30 60 30 0 30 60
abcde y (um) ¥y (um) ¥ (1m)
(a) (b) 775 nm (TE) 1550 nm (TE) 1550 nm (TM)

Fig. 3. (a) Schematic of the integrated adiabatic waveguide polarization mode-splitter
(IAPMS) device. (b) Simulated evolutions of the wave intensity in the IAPMS for TE (or H)-
polarized pump at 775 nm, TM (or V)- and TE (or H)-polarized signal and idler waves at 1550
nm.

We further demonstrate that such a high-performance integrated broadband and high-PER
polarization splitter can be applied to facilitate the on-chip generation of entangled quantum
states. In our previous study, we have developed a mode splitter whose PSR is wavelength
dependent, used for spatial splitting of the cross-polarized, nondegenerate signal and idler pair



photons generated in a type-II spontaneous parametric down conversion (SPDC) process, in
which different quantum polarization-path states can be prepared [27]. However, among the
states, an entangled Bell state can only be produced at a specific splitting ratio (50%/50%),
and besides, it increases the difficulty of building an efficient timing-compensation
mechanism in the device when operated at this non-polarizing splitting condition as both
polarization modes are split equally into two paths. In this work, we further propose a
waveguide scheme similar to that in [27] but instead working as an on-chip achromatic
(wavelength-independent), high-PER polarization mode splitter in the telecom bands for
implementing a broadband tunable Bell state generator.

Table 1. Summary of the structure and fabrication parameters of the devices developed
in this work and in [27]

Structure-Adiabaticity | Fabrication-Dispersion
Based on an integrated five-waveguide (with three slash intermediate
waveguides) and three-waveguide (with two taper outer waveguides)
adiabatic coupling structure
Device Design target Adiabatic Ti-
Key structure parameters .
(at Lyc1/2) (um) parameters (at layer Mode index change
4cl 1.55 um) thick-
Spe = ness
Sab g}d Sie | Sae | 7 Y™ (nm) An, An,
A wavelength- and 0.0119 0.0052
Ref polarization-
[27]. dependent adiabatic 1 10 14| 67 0.32 0.45 9%
coupling device An./An,=2.29
A broadband, high 0.0159 0.0089
This PERadiabatic | ¢ | o | 13 | 60 | 016 | 023 | 130
study polarization-mode
splitter AnJAn,=1.79

We found the splitting spectra of the waveguide system studied in [27] (showing high-
PSR bands do not overlap for the two polarization modes) can be modified via the
adiabaticity and dispersion engineering techniques (as discussed in the sections 2 and 3). The
engineering modifies the modal properties in the waveguide system, leading to the realization
of the first and a genuine broadband PMS in LiNbO; (where the two cross-polarized modes
now work in the same band broadly spanning telecom S, C, and L bands with high PER, see
Fig. 6 below). Table 1 lists the structure and fabrication parameters of the devices developed
in this work and in [27] for a more explicit comparison. It also shows a better adiabaticity and
a less modal birefringence have been obtained with the device studied in this work for
reaching an increased PER and bandwidth. Figure 3(a) shows the schematic of such a
waveguide system in Ti:LiNbOj; that integrates two adiabatic directional couplers with one in
the front section being exactly the five-waveguide structure (4C1) shown in Fig. 1(a) and the
other one located downstream being a three-waveguide adiabatic passage structure (4C2).
AC2 is used to further spatially transfer the TM-polarized wave transmitted from AC1
through waveguide a to the outer waveguide g mediated by single slash waveguide f. In AC2,
the two outer waveguides are tapered in opposite direction to effectively shorten the adiabatic
coupling length (L4 = 15 mm), as suggested by the “shortcut to adiabaticity” technique [32],
for reducing the total length of the device. An interesting comparison can be made to a 50-
mm long, three-waveguide adiabatic coupler built in Ti:LiNbO; reported in [23] without
using the taper waveguide design. The output characteristic (see power splitting spectrum in
Fig. 7(d) in [23]) of this 50-mm long device for TM-polarized mode has resembled that
obtained with the 15-mm long AC2 (see Fig. 6(b) below), implying a length reduction of a
factor of 3.3 can be achieved using the “shortcut to adiabaticity” design. The tapering rate



used in AC2 is (Wyc1-Wac2)/Lyca, Where wye = 5 um. The corresponding propagation
constants of the waveguides @ and g in AC2 then vary per the taper structure as f,(x;) = B.-(x,
+ Ly2/2)0p and fg(x2) = P + (x2-L4c2/2)0P, respectively, where x; is the distance along the
wave propagation direction with x, = 0 being in the middle of the AC2 system and Jf is the
gradient of the propagation constant formed in the taper waveguides. Other structure
parameters are: Sa/('LACZ/Z) =8 pm, Sa/(LAC2/2) =3 pm, ng(-LAcz/z) =3 pm, and ng(LAcz/Z) =
8 um. We don’t apply the taper design to AC1 for adiabatic light transfer of the TE-polarized
mode because we found it would lead to a high propagation loss in the taper structure due to
the relative large mode size of the TE-polarized mode (which is 1.46 times larger than the
TM-polarized mode as aforementioned).
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Fig. 4. Schematic of a pump-filtered, broadband tunable Bell-state generator based on the on-
chip integration of the IAPMS with a type-II PPLN SPDC pumped by a laser tunable around
775 nm.

The integrated adiabatic waveguide polarization mode-splitter (IAPMS) device shown in
Fig. 3(a) can be further integrated with a type-II periodically poled lithium niobate (PPLN)
SPDC pumped by a laser tunable around 775 nm (see Fig. 4). The system then works as a
pump filter in combination with a signal and idler (cross-polarized) mode splitter for doing
timing compensation on chip over a broad band. In our design, the residual pump wave will
transmit through waveguide a and exit at port O, while the TM- and TE-polarized (signal and
idler) waves will adiabatically tunnel to waveguides g and e and exit at ports O, and O,
respectively. Though conventional directional couplers can be used to separate the pump
wave (shorter wavelength mode) from the signal/idler wave (longer wavelength mode), they
usually suffer from the low fabrication tolerance and limited working bandwidth (i.e.,
sensitive to the working wavelength) as we have discussed in the Introduction section,
hindering them from being a practical element for building an on-chip system like the one
shown in Fig. 4 for a broadband tuning application. The simulated evolutions of the wave
intensity in such an integrated adiabatic waveguide mode-splitter system (for TE (or H)-
polarized pump at 775 nm, TM (or V)- and TE (or H)-polarized signal and idler waves at
1550 nm) are shown in Fig. 3(b). The timing-compensation mechanism can be built in the
downstream section of the waveguide e (see Fig. 4) using e.g., the EO group-index
modulation method; the IAPMS device could thus be an on-chip solution of a bulky free-
space timing compensator based on an optical delay line after a polarization beam splitter
[33,34]. Because the proposed integrated device features high pump, signal, and idler splitting
ability, the purity of the generated photon-pair states can be maintained for approaching
maximal entanglement [35].

3. Device fabrication and output performance characterization

We fabricated the IAPMS device (Fig. 3(a)) in a 51-mm long, 10-mm wide, and 0.5-mm thick
z-cut LiNbOj; chip. The derived architecture of the waveguide system was first constructed by
a Ti strip layer of a thickness of 130 nm over the -z surface of the chip. Ti:LiNbO;
waveguides were then formed by performing the thermal indiffusion process to the sample in
a 3-zone furnace at 1035°C for 12 hours under a Li,O rich circumstance (application of



LiNbO; powder) and a constant oxygen flow [36]. In this work, the modal dispersion has
been engineered via the adjustment of the diffusion condition (mainly the Ti-layer thickness)
to achieve proper modal properties (mode sizes and indices) derived with the aid of the BPM
for implementing a broadband, high PER PMS in Ti:LiNbO; waveguides. The resultant
refractive index profiles are with surface index changes of An, = 0.00893 and An, = 0.01592
and e depths of d, = 5.0 pm and d, = 5.12 um (derived by a prism coupler [37] at 532 nm)
for the guiding of single TE and TM (fundamental) modes in a 7-um-wide channel waveguide
in the spectral range 1400-1700 nm. One of the important features of adiabatic couplers is
their high tolerance to the fabrication errors. Figure 5 shows the calculated splitting ratios
obtained from the three output ports Oy, O;, and O, of the integrated adiabatic waveguide
device as a function of the waveguide depth for the input of a 1550-nm TM-polarized wave,
respectively. The output results of a typical heterogeneous Y-branch polarization mode
splitter with one arm made by Ti diffused waveguide and the other arm made by proton-
exchanged waveguide, an analogue of that studied in [20], are also calculated for comparison.
It clearly shows the adiabatic waveguide device can have much higher fabrication tolerance
where a splitting ratio of >97% at TM arm (O;) can be maintained over a large variation of
the fabrication-dependent waveguide depth of from 5.1 to 6.0 pm (which is 5.36-5.53 pm for
the Y-branch scheme).
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The measurement of the fabricated IAPMS device was performed in an optical testbed
using a linearly-polarized external cavity laser (ECL) tunable between 1495 and 1640 nm as
the light source and a photodetector and an infrared CCD as the output power and mode
profile measurement system (the testbed is basically identical to that employed in [23]). An
input power of <~1 mW was used. Figures 6(a) and 6(b) show the measured and calculated
normalized output powers (normalized to the total output power) from the three output ports
(i.e., the splitting ratios) of the LiNbO3; IAPMS as a function of wavelength (1000-1800 nm)
for TE- and TM-polarized modes, respectively. The experimental data outside the ECL tuning
range were obtained with distributed feedback laser diodes of different wavelengths. The
measured data are in good agreement with the simulation prediction, showing a high splitting
efficiency (>97%) over a broad bandwidth of >120 nm (1510-1630 nm) and >170 nm (1480-
1650 nm) for the TM and TE polarization modes, respectively. Figure 7 shows the captured
output mode intensity profiles from the device for several different excitation wavelengths.
Moreover, the unique device has a broad transmission band for the TE-polarized pump
throughout the waveguide a (>99% splitting efficiency between 700 and 850 nm), as the
calculated data shown in Fig. 6(a).

1550 nm

1550 nm 1560 nm 1590 nm

(b) TM mode

Fig. 7. Captured output mode intensity profiles from the device for several different excitation
wavelengths.



4. Potential applications in quantum photonics

The results obtained above imply that a broadband tunable Bell-state generator can be
realized with the system shown in Fig. 4. An important advantage is that the generated
(degenerate) signal and idler pair photons (V- and H-polarized modes) and the corresponding
H-polarized pump wave from the type-II PPLN SPDC source can now be processed in a
spectral band within the broad working bandwidth of the IAPMS device (Fig. 6). The
polarization-entangled states,

|‘1’i>=%(|HA(/1)>|VB(/1)>’£€’”’IVA(1)>|HB(A))) (1)

(where the subscripts 4 and B label the photons entering the paths 4 and B after the non-
polarizing beam splitter (NPBS) in the coincidence measurement setup and ¢ is the relative
phase between the two states. Here ¢ = 0 is presupposed for a maximally-entangled Bell state)
can be generated (probabilistically (50%) [34]) in signal/idler wavelength (A = A, = 1; for
degenerate process) range from 1520 nm to 1560 nm, tunable via the pump wavelength (from
760 nm to 780 nm) and the quasi-phase-matched condition (via, e.g., temperature from 20°C
to 220°C) of the PPLN (with a grating period of 9.4 um) SPDC section. The non-classicality
of the source can be confirmed by a Hong—Ou—Mandel (HOM) interferometer [38] whose
functionality can be enabled in the system shown in Fig. 4 by applying a proper voltage (V. =
V") to the aperiodically poled lithium niobate (APPLN) EO polarization mode converter
(PMC) [36,39] built in a section downstream of the timing compensator located in one output
arm of the IAPMS. An APPLN has been used to implement muti-/broad-band devices [39].
The PMC works as an on-chip polarization rotator, when driven at Vy,’, it will rotate the
polarization mode of the idler (here TE polarized) to be identical to the signal mode (TM
polarized) to perform the interference measurement. Furthermore, the broadband IAPMS
device also benefits the on-chip implementation of non-degenerate polarization-entangled
quantum light sources producing

)= 7+, )|, ) @
or
)=, e ) ®

states based on a type-II cascaded/integrated PPLN SPDC source designed for producing two
non-degenerate photon pairs with one in a |H V) state and the other in a |VH ) state [40] or a

type-0 and type-I cascaded/integrated PPLN SPDC source designed for producing two non-
degenerate photon pairs with one in a |HH > state and the other in a |VV> state, respectively.

Since the determination of the non-degenerate wavelengths (4, and 4;) of the photon pairs are
simultaneously subject to two quasi-phase-matching conditions of the two down-conversion
processes, the wavelengths A, and 4; could be found to be far apart in spectrum even in two
ends of a telecom band [40]. The IAPMS device demonstrated in this work, having a working
bandwidth spanning telecom S, C, and L bands, has thus a great advantage of being ready to
integrate and work with such non-degenerate SPDC sources; in other words, the device
supports (or accommodates to) the versatile design of the SPDC sources built in LiNbO;
waveguide platform because of its broad bandwidth. In this non-degenerate source scheme,
the quantum entangled states can be generated and tested in the system shown in Fig. 4 with
the NPBS in the HOM interferometer (operated at ¥, = Vy,°) being replaced by a dichroic
mirror for a deterministic splitting of the non-degenerate photons by wavelength [40].



Table 2 summarizes the output characteristics, built-in functions, and range of the
quantum photonic applications of the IAPMS studied in this work. The relevant information
of the polarization- and wavelength-dependent mode splitter presented in [27], interesting for
different quantum-polarization states preparation, is also list for the comparison.

Integrated robust broadband tunable Bell-state generators are of great potential for a wide
range of applications in quantum photonics. Having access to a high quality photon-pair
source will allow experimental tests of novel concepts, such as devices designed for quantum
tomography [41,42], quantum state manipulation and storage [43], quantum state in-line
reconstruction [44], quantum mechanics tests [45] and many others [46]. Tunability makes
this source extremely versatile, while broadband operation gives the option to select the right
output wavelengths for the task. Broadband performance also means that this concept is
tolerant to minor fabrication imperfections. Finally, polarization splitting allows using the
device for both path-encoded and polarization-encoded state generations, unlike previous
implementations not supporting this feature [47].

Table 2. Summary of the output characteristics, built-in functions, and range of the
quantum photonic applications of the devices studied in this work and in [27]

Output characteristics Quantum photonic applications
. Splitting spectrum L
Device
Mode - Built-in functions Application
Description Bandwidth range
P (PSR>97%)
1. Pump filtering.
2. Wavelength-
TE ~70 nm (1600- dependent Working with
1670 nm) polarization non-degenerate
High polarization- L .
splitting ratio (PSR) splitting ratio. type-11 SPDC
Ref P & 3. 50%/50% non- sources for
bands do not overlap for o
[27]. - polarizing beam quantum-
the two cross-polarized LS L
modes splitting polarization
(narrowband). states
™ ~90 nm (1425- 4. EO timing preparation
1515 nm) compensation
(less efficient).
1. Pump filtering. . .
TE ~170 nm (1480- 2. Broadband Worﬁg/g_l‘/"_,}tlh
Both cross-polarized 1650 nm) (achromatic) notrig)e enerate/d
This modes work in a band polarization- o egnerate
stud broadly spanning mode splitting. 50%1 rces for
y telecom S, C, and L 3. EO timing broadband
™ bands with high PSR ~120 nm (1510- compensation. tunable Bell
1630 nm) 4. EQ polarization state generation
rotation.

The core LiNbO; chip (integrating a 20-mm long PPLN SPDC source and a 51-mm long
IAPMS) in the pump-filtered, broadband tunable Bell-state generator schematically shown in
Fig. 4 can be implemented in a 3” or 4” commercially available LiNbO; wafer. To effective
reduce the structure length of the on-chip LiNbO; photonic devices demonstrated in this
study, some emerging materials such as the thin-film lithium niobate-on-insulator (LNOI)
could be of potential interest, as the material is possible to achieve a high adiabaticity for the
passage of light in a much smaller footprint size (typical LNOI device is on the order of few
mm?) [48] due to its high index-contrast waveguide structure. Compact adiabatic couplers
have been demonstrated in CMOS-compatible materials [49], though their on-chip
compatibility with active/nonlinear photonic devices (such as EO modulators and SPDC
sources) still remains an issue as discussed in the Introduction section.



5. Conclusion

We have designed and constructed a broadband integrated adiabatic waveguide system (the
IAPMS system) cascading a five-waveguide (with three slash intermediate waveguides) and a
three-waveguide (with two taper outer waveguides) structures for performing adiabatic light
transfer of TM- and TE-polarized (signal and idler) fundamental modes to two different
output ports in a broad bandwidth of >120 nm (1510-1630 nm) and >170 nm (1480-1650
nm), respectively, at a high splitting efficiency of >97%. Besides, TE-polarized modes in the
(pump) band from 700 to 850 nm can transmit straight-through the IAPMS to the third port at
a high splitting efficiency of >99%. The results characterized from the device are in good
agreement with the simulation prediction. The unique device can be attractive for applications
in integrated optical and quantum optical circuits. In particular, it can be further integrated
with PPLN SPDC sources, where the IAPMS can act as an on-chip pump filter, signal and
idler mode splitter, timing compensator, and polarization rotator for facilitating the building
of a broadband tunable polarization-entangled Bell-state generator.
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